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A B S T R A C T

The emergence of three-dimensional (3D) network-on-chip (NoC) has revolutionized the design of high-
performance and energy efficient manycore chips. However, in general, 3D NoC architectures still suffer from
high power density and the resultant thermal hotspots leading to functionality and reliability concerns over
time. The power consumption and thermal profiles of 3D NoCs can be improved by incorporating a Voltage
Frequency Island (VFI)-based power management strategy and Reciprocal Design Symmetry (RDS)-based floor
planning. In this paper, we undertake a detailed design space exploration for 3D NoC by considering power-
thermal-performance (PTP) trade-offs. We specifically consider a small-world network-enabled 3D NoC (3D
SWNoC) in this performance evaluation due to its superior performance and energy-efficiency compared to any
other existing 3D NoC architectures. We demonstrate that the VFI-enabled 3D SWNoC lowers the energy-delay-
product (EDP) by 57.3% on an average compared to a 2D MESH without VFI. Moreover, by incorporating VFI,
we reduce the maximum temperature of 3D SWNoC by 15.2% on an average compared to the non-VFI
counterpart. By complementing the VFI-based power management with RDS-based floor planning, the 3D
SWNoC reduces the maximum temperature by 25.1% on an average compared to the non-VFI counterpart.

1. Introduction

Three-dimensional Network-on-Chip (3D NoC) achieves better
performance and lower energy consumption than its two-dimensional
(2D) counterparts [1–3]. Through the use of multiple planar layers and
vertical communication capabilities, the 3D NoC enables smaller
overall footprints with significant performance improvement over
conventional 2D NoCs. In spite of this inherent performance benefits,
3D NoCs still suffer from thermal issues inherent in 3D ICs [1,2,4].
However, most of the existing works on 3D NoC focus only on the
performance improvement without considering the effects of thermal
hotspots. Creation of thermal hotspots adversely affects the perfor-
mance of the manycore chip, compromising reliability and signal
integrity, and eventually gives rise to possible higher cooling cost.
High power density often leads to IR-drop issues, bias voltage
instability and thereby imposes significant challenges for overall 3D
system design. [5,6]

Voltage-Frequency Island (VFI)-based power management is a
well-known methodology to lower the overall energy consumption
within a given performance constraint [7,8]. Hence, it has been
considered as an effective solution and employed to handle the thermal
hotspots of conventional 2D as well as 3D manycore chips [9].

However, most of the existing VFI methodologies in 3D manycore
chip use the conventional MESH-based NoC architectures [7,8]. As
shown later in this work, incorporation of VFI-based power manage-
ment for the MESH NoCs can introduce significant performance
penalty and energy overheads for inter-VFI communications and
thereby, fails to exploit the full benefits offered by VFIs under a given
performance constraint. Hence, VFI-enabled 3D NoCs should incorpo-
rate a more efficient network topology to minimize the performance
penalty and maximize the potential advantages of voltage-frequency
(V/F) scaling.

A small-world network-enabled 3D NoC (3D SWNoC) is capable of
outperforming traditional MESH-based and other irregular counter-
parts [10]. By adopting the power-law-based [11] small-world con-
nectivity, the SWNoC reduces the average hop count and communica-
tion path length, and consequently, achieves significant performance
gain and lower energy consumption compared to traditional multi-hop
MESH NoCs. In a 3D SWNoC architecture with VFI-based power
management, the vertical links can act as the long-range shortcuts for
inter-VFI data exchange. This will ultimately mitigate the performance
penalty inherent in any VFI-based design. Moreover, by adopting the
Reciprocal Design Symmetry (RDS)-based floor planning [12] on top of
VFI-based power management, we improve the thermal profile even
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further. In RDS, we reduce the direct overlap of high power consuming
core area to alleviate creation of thermal hotspots.

In this paper, we present a holistic design flow to address power,
thermal, and performance (PTP) trade-offs of 3D SWNoC-based
manycore chips. The salient contributions of this paper are as follows-

• We propose a joint optimization methodology by considering both
performance and thermal profiles of the 3D SWNoC simultaneously.
The optimization methodology is generic for any NoC architecture
and results in significant thermal profile improvement while giving
rise to insignificant performance penalty.

• We focus on the power, thermal, and performance trade-offs of 3D
SWNoC-based manycore chips. In this work, we analyze and
quantify the impact of topology, power management and RDS
techniques with varying number of planar layers.

• We propose VFI- and RDS-enabled 3D SWNoC architecture to
minimize the performance penalty and alleviate any possible
thermal hotspots. We have also presented the comparative analysis
of Non-VFI and VFI-based NoC with the different layer structures
(2D and 3D), topologies (MESH and SW) and placement mechan-
isms (STACK and RDS).

The rest of the paper is organized as follows. Section 2 discusses
previous research and developments pertinent to this study. Section 3
presents the design of 3D SWNoC architecture with VFI-based power
management and RDS placement. Section 4 describes the thermal
optimization incorporating the VFI clusters. Section 5 details the
experimental analysis, and finally, Section 6 concludes this paper.

2. Related work

Most of the existing 3D NoCs predominantly utilize conventional
MESH-based architectures [13,14]. However, it is well known that the
MESH-based architecture suffers from high network latency and
energy consumption due to its multi-hop communication. One of the
major benefits of 3D-integration is the reduction of overall intercon-
nect length by using the shorter vertical links. Consequently, by
exploiting the shorter vertical links to reduce the network latency,
NoC-bus hybrid architecture was proposed in [15]. This NoC archi-
tecture used a central bus arbiter and dynamic Time Division Multiple
Access (dTDMA) technique for bus access in the vertical dimension. To
improve the overall energy efficiency of the system, a 3D Dimensionally
Decomposed (DimDe) NoC router architecture was developed [14].
Reducing the number of input ports, an improved version of 3D NoC
router architecture was developed in [16]. All of these architectures
have buses in the vertical-dimension, so they are subject to traffic
congestion and high latency under high traffic injection loads when the
network size increases.

To exploit the advantages of 3D integration, several works have
addressed the synthesis of application-specific NoC architectures. The
Sunfloor 3D was proposed for developing application-specific 3D NoCs
[17]. The design and synthesis of application-specific 3D NoC archi-
tectures were also investigated in [18,19]. Later, a more general-
purpose 3D NoC was proposed in [20] using an Integer Linear
Programming (ILP)-based algorithm to insert long-range links to
develop low diameter and low-radix architecture. The main focus of
all the above-mentioned 3D NoC architectures is the performance
improvement without considering the thermal concerns. Hence, in
most of the cases, these architectures are subject to thermal hotspots.

Increasing power density and the resultant thermal hotspot are
well-known limitations of 3D integration. There is a significant body of
existing work that has dealt with various thermal issues in 3D ICs. The
microfluidic channel (MFC)-based design is one of the most popular
approaches to mitigate the thermal hotspot problem [4,21,22]. In
addition, redundant TSV has also been utilized as the conducting
channel between the dies of 3D ICs for dissipating the heat. In this

context, a clustering-based redundant TSV insertion technique was
proposed to remove heat in 3D ICs [23]. However, insertion of extra
TSV is costly and affects the performance of neighboring TSVs. To
spread the heat widely and effectively for overall 3D ICs, cooling
architecture using thermal sidewalls, inter-chip plates, and a bottom
plate (thermal-SIB architecture) is proposed in [24].

Thermal-aware task mapping is another popular design methodol-
ogy to mitigate temperature hotspots in 3D IC. In [25], a genetic
algorithm is used for thermal and communication aware task mapping
in 3D design space. To predict the peak temperature profile of 3D IC,
an accurate learning-based model is proposed in [26]. Several floor
planning and TSV-placement methodologies are proposed for thermal-
and leakage-power-aware 3D IC design [27–29]. However, in a 3D
NoC, addressing only the thermal issues without considering the
performance always results in suboptimal solutions. In this context,
we propose a holistic design methodology and advocate to consider the
power, thermal, and performance (PTP) tradeoffs simultaneously for
designing an efficient 3D NoC architecture.

3. Design of 3D NoC architecture with VFI and RDS

In this section, we discuss the design methodology of a high perfor-
mance, energy and thermal efficient 3DNoC architecture. First, we describe
the details of only performance oriented 3D NoC design. Subsequently, to
improve the energy efficiency further, we present the design methodology
to incorporate VFI-based power management in the adopted 3D NoC
architecture. We consider the small-world network-enabled 3D NoC (3D
SWNoC) as the testbed to incorporate VFI-enabled power management.
The 3D SWNoC architecture outperforms other regular and irregular NoC
architectures in terms of network latency and energy efficiency [11]. Hence,
we principally focus on this architecture. In addition to the VFI-based
power management, we also consider the Reciprocal Design Symmetry
(RDS)-based vertical placement to further reduce the power density and
alleviate thermal hotspots in 3D SWNoC.

3.1. High performance 3D small-world NoC (SWNoC)

A small-world (SW) network lies between a regular, locally inter-
connected mesh network and a completely random Erdös-Rényi
topology. The average shortest path length of SW graphs is bounded
by log(N), where N refers to the number of nodes [30]. Hence, the
SWNoC overcomes the limitations of multi-hop communications
inherent in conventional MESH NoCs [10]. We consider the small-
world network enabled 3D NoC architecture due to its superior
performance compared to other existing 3D NoC architectures [11].
In our adopted 3D SWNoC topology, each core is connected to a nearby
router and the routers are interconnected using planar metal wires and
vertical links. The vertical links are enabled by through-silicon-vias
(TSVs). Fig. 1 shows illustration diagram of small-world enabled 3D
NoC (3D SWNoC) with TSVs as vertical links.

Fig. 1. Conceptual view of 3D SWNoC with TSV. For simplicity, only one logical XY-
plane SW connection is shown here.
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