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Abstract—In many of today’s system-on-chip (SoC) designs, the
cores are partitioned into multiple voltage and frequency islands
(VFIs), and the global interconnect is implemented using a packet-
switched network on chip (NoC). In such VFI-based designs,
the benefits of 3-D integration in reducing the NoC power or
delay are unclear, as a significant fraction of power is spent in
link-level synchronization, and stacked designs may impose many
synchronization boundaries. In this brief, we show the quantitative
benefits of the 3-D technology on NoC power and delay values
for such application-specific designs. We show a design flow for
building application-specific NoCs for both 2-D and 3-D SoCs with
multiple VFIs. We present a detailed case study of NoCs designed
using the flow for a mobile platform. Our results show that power
savings strongly depend on the number of VFIs used (up to 32%
reduction). This motivates the need for an early architectural
space exploration, as allowed by our flow. Our experiments also
show that the reduction in delay is only marginal when mov-
ing from 2-D to 3-D systems (up to 11%), if both are designed
efficiently.

Index Terms—Networks on chip (NoCs), three-dimensional ICs,
topology, voltage and frequency island (VFI).

I. INTRODUCTION

HREE-DIMENSIONAL stacking is emerging as a
promising integration option for systems on chip (SoCs)
[1]-[3]. One of the major advantages of 3-D stacking is that
global wire length could be much shorter than in 2-D systems.
Long global wires in 2-D can be replaced by shorter local wires
and efficient vertical interconnects, as the footprint of each layer
and the distance between layers are small [1]. Networks on chip
(NoCs) have recently evolved as the paradigm for designing the
interconnect for both 2-D and 3-D systems [7], [12].
Distribution of clock trees is a major design challenge today.
With advancing technology generations, the clock frequency
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and the design area increase, and only a portion of the chip
can be covered in a single clock cycle [6]. For ease of design,
many complex systems are partitioned into multiple voltage and
frequency islands (VFIs). Each island is synchronous, using
the same frequency and voltage lines. When the cores inside
a VFI are not used for a particular application, the entire VFI
can be shut down to save power. The cores in a VFI can
be connected using a local interconnect (a local NoC). The
local interconnects are then connected using a global NoC.
The global NoC can itself be synchronous or asynchronous,
and the latter case is called the globally asynchronous, locally
synchronous (GALS) paradigm.

NoC links that cross from one VFI to another change fre-
quency domains and, therefore, require a frequency converter.
In 3-D systems, even if the whole design is synchronous,
ensuring a zero-clock skew across different layers is difficult
[29]. In this case, mesochronous synchronizers are needed for
the vertical links. For example, in [29], an efficient design of
such synchronizers for vertical links is presented.

In such VFI-based designs, the benefits of 3-D integration in
reducing NoC power or delay are unclear. Earlier works either
made comparisons using standard topologies (such as meshes)
or did not consider VFI partitioning [12], [24], [25]. The
objective of this work is to make a comparative study of NoCs
for 2-D and 3-D implementation of SoCs. Our aim is to show
quantitative benefits of the 3-D technology on NoC power and
delay values. We show a design flow for building application-
specific NoCs for both 2-D and 3-D SoCs with multiple VFIs.
We present a detailed case study of NoCs designed using the
flow for a mobile platform. Our results show that when the
whole design is synchronous, 3-D designs give very low power
savings (11%), as the mesochronous converters incur a lot of
power overhead. As the number of VFIs increases, 3-D SoCs
have large NoC power reductions (up to 32%) due to reduction
in wire lengths. However, after a sweet spot, the gains fall again,
as the wires get shorter in 2-D due to the use of more switches,
and the contribution of converter power to overall power also
becomes significant. Our results show the need for an early
architectural design space exploration of the whole space, and
our tools facilitate the same. Our experiments also show that the
reduction in delay is only marginal when moving from 2-D to
3-D systems (up to 11%), if both are designed efficiently. This
is because the number of links in 2-D that are long enough to
require pipelining is less, and the frequency converter delay is
dominant when compared with the wire delay.
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II. RELATED WORK

An introduction to the NoC paradigm with its benefits is pre-
sented in [6] and [7]. The problem of synthesizing application-
specific topologies for 2-D systems is investigated in [8]-[10].
Methods to shutdown VFIs, like power gating, are presented in
[13]-[15]. These methods have to be used in conjunction with a
topology synthesis algorithm that can generate NoCs that sup-
port VFI shutdown in order to achieve the actual shutdown of
cores. Architectures for GALS NoC and for multisynchronous
NoC are presented in [16] and [17]. In [18] and [19], methods
to partition cores to VFIs and to build NoC-supporting VFIs
are investigated. The design of GALS adapters for NoCs is
presented in [20]. However, these works do not address 3-D
design issues.

A description of 3-D integration technologies and methods
for 3-D thermal-aware floor-planning are presented in [1]-[5].
Router architectures, evaluations of regular NoC topologies,
and thermal-aware mapping methods on NoC topologies for
3-D ICs are described in [21]-[23]. Methods to design NoCs
for 3-D ICs are presented in [11] and [12]. However, none of
these works support the design of NoCs for 3-D designs with
multiple VFIs.

In [24] and [25], the authors present power and latency
comparisons between 2-D and 3-D NoCs. However, these
works compare regular NoC topologies. While regular topolo-
gies are suitable for systems with homogeneous cores, most
SoCs require application-specific custom NoC topologies with
minimum-power delay overhead [10]. In [12], the authors make
a comparison between application-specific NoC topologies for
2-D and 3-D ICs, but assume that the entire design is fully
synchronous.

III. 3-D ARCHITECTURE

We assume a 3-D manufacturing process based on the wafer-
to-wafer bonding technology. Here, through silicon vias (TSVs)
are used for establishing vertical interconnections. A vertical
link requires a TSV macro on one of the layers (for example, the
top layer), where the via cuts through the silicon wafer. In the
bottom layer, the wires of the link will use a horizontal metal
layer to reach the destination. For links that go through more
than one layer, TSV macros are required in all the intermediate
layers. However, it is important to note that the macros need not
be aligned across the layers, as the horizontal metal layer can
be used to reach the macro at each layer as well. Stacked TSVs
are not used as the alignment of the TSVs would complicate
floor planning. The area of the TSV macros for a particular link
width is taken as input. For the synthesized topologies, our tool
automatically places the TSV macros in the intermediate layers
and on the corresponding switch ports. Our synthesis process
automatically places the TSV macros at different layers for the
different vertical interconnects.

IV. DESIGN APPROACH

Here, we present a brief description of the method to syn-
thesize NoCs for multiple VFIs. The algorithm takes as input

the description of the application and the optimization ob-
jective and library of the area, which are the power models
of the NoC components. The application description specifies
information on the number of cores, their size, position, and
VFI assignment. We also, optionally, take the input floor plan
(without the NoC) to better estimate the power consumption
and latency of wires. Our synthesis method automatically in-
serts the NoC components in the floor plan as needed. The
application description also contains the communication de-
scription. We target embedded systems, where the tasks are
usually statically mapped to physical cores. The bandwidth
and latency requirements between the physical cores define
the communication description, which is given as input to
the synthesis algorithm. The optimization objective can be
chosen between minimizing power and latency. The models
of the NoC components are generated by synthesizing their
register transfer level code for the targeted technology. These
models are used to estimate power consumption, area, la-
tency, and operating frequency. The design flow explores dif-
ferent design points by varying the number of switches and
will design the best topologies that have different tradeoffs
between power, area, and latency. An example of an out-
put topology with the cores assigned to VFIs is presented
in Fig. 1.

NoC architectural parameters, such as the width of the links,
are varied, and the topology design process is repeated for
each architectural point. In the following step, the number of
switches needed to connect the cores is varied, and different
topologies are synthesized. For a particular switch count, in
the next steps, we determine the connectivity between the
switches and the cores and the 3-D layer assignment of the
switches.

The synthesis algorithm works as follows. We first find the
minimum operating frequency in each VFI. Then, we calculate
the minimum number of switches required in each VFI as a
starting point. We vary the number of switches in each VFI
and construct the best topology for each design point. To
construct the topology, we assign the cores in each VFI to the
switches in that VFI. When the cores are assigned to switches,
the algorithm tries to assign cores in a VFI that have high
bandwidth communication or tight latency constraints to the
same switch. After this step, the algorithm finds paths for the
flows between cores that are assigned to different switches. To
allow for shutdown of VFIs, a restriction is imposed. A link
between switches in different VFIs can only be opened if the
source switch is in the same VFI as the core that initiates the
communication flow, and the destination switch is in the same
VFI as the core that is the target of the communication flow. A
full description of the synthesis algorithm for 2-D is provided in
[28]. After the routing step, a floor plan of the NoC is generated
starting from the original positions of the cores given as input.
The floor-planning routine tries to minimally affect the initial
positions of the cores.

For designing 3-D NoC topologies, we also consider the
number of TSVs that can be used between two layers as an
additional constraint as in [11]. The algorithm only establishes
as many vertical links as the maximum permitted by this TSV
constraint.
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Fig. 1. Topology example.
TABLE 1
NoC COMPONENT FIGURES
Energy (uW/MIIz)] Area (um?)] Freq (MHz)

switch 4x4 7.2 10000 803

switch 5x5 84 14000 795

1 mm 32bit wire | 2.72

Converter 0.34 1944 1000

V. EXPERIMENTS AND CASE STUDIES

For the experiments, we use NoC components based on the
architecture from [27]. To estimate the power and the area of
the NoC components, we performed synthesis of them using a
65-nm technology library. For reference, the power consump-
tion (with 100% switching activity), area, and maximum oper-
ating frequency for some of the components are presented in
Table I. In [26], the authors show that the power consumption
of tightly packed TSVs is smaller than that of horizontal inter-
connect by two orders of magnitude. Therefore, the impact of
power consumption and delay of the vertical links is negligible,
as they are very short as well (15-25 pm). Under zero-load
conditions, the switch delay is 1 cycle, an unpipelined link
delay is 1 cycle, and the worst case converter delay (which we
use in the analysis) is 4 cycles (of the slowest clock) [30].

A. Comparison for a Different Number of VFIs

To compare the power difference between a 2-D and 3-D de-
sign, we use a realistic benchmark with 26 cores (D26_Media)
that describes a multimedia and wireless communication SoC
[12]. We assigned the cores to a different number of islands
(from 1 to 7) based on logical connectivity and application
constraints. For example, in the case of the two islands, the
processor, the digital signal processor, and the hardware accel-
erators were assigned to the same VFI, and the memories and
peripherals were assigned to the second VFI. An example of
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Fig. 2. Power 2-D designs.

a topology for the six-island case produced by our methods is
presented in Fig. 1.

As a reference, we consider the case where both the 2-D
and 3-D designs are fully synchronous. The topology with the
lowest power consumption in 2-D uses 38.5 mW, and in 3-D,
it uses 30.9 mW. The minimum frequency at which the NoC
has to be operated to support the bandwidth requirements
of the benchmark is 270 MHz (power values are given for
this frequency). The power consumption of the 3-D design is
20% lower when compared with the 2-D design. A complete
analysis of 2-D and 3-D designs for fully synchronous designs
is presented in [12]. We will show that with the extra constraints
imposed by the VFIs, even larger power savings can be obtained
for the 3-D designs.

The power consumption of the best power points for a dif-
ferent number of VFIs for the 2-D and 3-D cases are shown in
Figs. 2 and 3. We show the total power consumption of the NoC
as well as for the different components in the NoC (switches,
links, and converters). It is to be noted that the operation
frequency in each VFI is calculated based on the bandwidth
requirements in that VFI. For that reason, when more VFIs are
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Fig. 4. Power savings of 3-D over 2-D designs.

added, some of them might operate at a lower frequency than
required in a fully synchronous design. Although increasing the
number of VFIs implies adding more resources like switches,
links, and frequency converters, we can see that the power
consumption does not go up significantly. This is due to the fact
that with more VFIs in the design, a larger part of the NoC can
be operated at a lower frequency. The relative power savings of
3-D compared with 2-D are shown in Fig. 4. In this experiment,
we assume a clock skew across the different 3-D layers even
for a fully synchronous design, thereby leading a minimum of
three VFIs for 3-D, with one for each layer. Thus, the total
power consumption plotted is the same for one to three VFIs
in 3-D. We obtain a maximum power saving for three VFIs.
This is because, in 3-D, we have a minimum of three VFlIs,
and as we increase the number of VFIs, the converter power
consumption increases, and also wires in 2-D are more seg-
mented and shorter. The zero-load latency of the designs with
different numbers of VFIs is presented in Fig. 5. We can see
that the latency goes up with the number of VFIs because more
links use frequency converters (which incur a four-clock-cycle
penalty to traverse) and because more islands are operated at a
lower frequency.

In Fig. 6, we show the power savings obtained on two other
benchmarks, with different communication patterns than the
multimedia system considered above. The D35_bott benchmark
has 16 processors with 16 private memories and 3 shared mem-
ories. Most of the high bandwidth traffic is between the proces-
sors and their private memories. On the other hand, D36_8
is a benchmark with a spread traffic pattern, with each core
communicating with eight others with equal bandwidth values.
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Fig. 5. Average zero-load latency of 2-D and 3-D designs.
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As expected, these two benchmarks represent two extremes: the
former providing low power savings, while the latter providing
large power savings for 3-D. As a reference, the topologies for
D35_bott with three VFIs consume 80 mW in 3-D and 88 mW
in 2-D. The previously analyzed benchmark (the D26_Media)
is a realistic benchmark, and the power savings are in between
these two benchmarks. Also, the power savings depend on the
number of VFIs.

The number of VFIs can be decided according to the design
in order to achieve low power consumption by the shutdown of
unused VFIs. However, it can also be forced by the technology
when the area of the design becomes large enough that a
single clock tree cannot be designed to synchronize all the
components. We performed experiments to explore the effect
of increasing the number of VFIs due to an increase in the
size of the design. We scale the size of the design proportional
to the number of VFIs. For example, a design with five VFIs
has an area increase of 60% over the one with three VFIs.
The difference in power consumption between the 3-D and 2-D
designs in percentage is shown in Fig. 7. As the wires are longer
when the benchmark is larger, we obtain more power savings
in 3-D when compared with the experiments in the previous
subsection.

B. Analysis of Results

When the whole design is synchronous, 3-D designs give
very low power savings (11%), as frequency converters or
mesochronous synchronizers are needed to tolerate clock skew
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Fig. 7. Power savings of 3-D versus 2-D for different core areas.

across layers. As the number of VFIs increases, 3-D SoCs
have large NoC power reductions (up to 32%) due to reduction
in wire lengths. However, after a sweet spot, the gains fall
again, as the wires get shorter in 2-D due to the use of more
switches, and the contribution of the converter power to the
overall power also becomes significant. Our results show the
need for an early architectural exploration of the whole design
space, as the number of VFIs used plays a major role in
determining the power savings achieved when migrating to
3-D. Our experiments also show that the reduction in delay
is not very significant when moving from 2-D to 3-D systems
(up to 11%), if both are designed efficiently. This is because
the number of links in 2-D that are long enough to require
pipelining is less, and the synchronizer delay is more dominant
when compared with the wire delay. The area overhead due to
the insertion of TSVs in 3-D is negligible, as the TSV macros
occupy less than 2% area when compared with the area of
the cores.

VI. CONCLUSION

In many of today’s chips, the design is partitioned into
multiple VFIs. In such a system, it is not clear if the interconnect
can benefit by using 3-D technology. In this brief, we have
presented a detailed comparison of NoCs for 2-D and 3-D using
a realistic mobile platform. We have shown that as the number
of VFIs increases, 3-D SoCs have large NoC power reductions
(up to 32%) due to reduction in wire lengths. We have also
shown that after a certain number of VFIs, the gains fall again
due to shorter wires in 2-D and more significant converter
power consumption in both cases. Our experiments have also
shown that the reduction in delay is minimal when moving from
2-D to 3-D systems (up to 11%) because the converter delay is
more dominant than the wire delay.
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