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Abstract— The increasing viability of three dimensional (3D)
silicon integration technology has opened new opportunities for
chip design innovations, including the prospect of extending
emerging Systems-on-Chip (SoC) design paradigms based on
Networks-on-Chip (NoC) interconnection architectures to 3D
chip designs. In this paper, we consider the problem of designing
application-specific 3D-NoC architectures that are optimized
for a given application. We present novel 3D-NoC synthesis
algorithms that make use of accurate power and delay models
for 3D wiring with through-silicon vias. In particular, we
present a very efficient 3D-NoC synthesis algorithm called
Ripup-Reroute-and-Router-Merging (RRRM), that is based on
a rip-up and reroute formulation for routing flows and a router
merging procedure for network optimization. Experimental
results on 3D-NoC design cases show that our synthesis results
can on average achieve a 74% reduction in power consumption
and a 17% reduction in hop count over regular 3D mesh
implementations and a 52% reduction in power consumption
and a 17% reduction in hop count over optimized 3D mesh
implementations.

I. INTRODUCTION

Network-on-Chip (NoC) architectures have been proposed
as a scalable solution to the global communication challenges
in nanoscale SoC designs [1], [2]. The use of NoCs with
standardized interfaces facilitates the reuse of previously-
designed and third-party-provided modules in new designs
(e.g. RISC CPU cores, DSP cores, etc). Besides design
and verification benefits, NoCs have also been advocated
to address increasingly daunting clocking, signal integrity,
and wire delay challenges. Indeed, tremendous progress has
been made in recent years on the design of 2D NoC architec-
tures, both on regular topologies like 2D mesh networks for
chip-multiprocessor applications [3]–[6] and on application-
specific network architectures for custom SoC designs [7]–
[10]. However, the advent and increasing viability of 3D
silicon integration technology have opened a new horizon
for new on-chip interconnect design innovations.

In particular, there has been considerable discussion in
recent years on the benefits of three dimensional (3D) silicon
integration in which multiple device layers are stacked on
top of each other with direct vertical interconnects tun-
neling through them using through-silicon vias [11]–[14]
(Fig. 1). 3D integration promises to address many of the
key challenges that arise from the semiconductor industry’s
relentless push into the deep nano-scale regime. First, as
feature sizes continue to shrink, and integration densities
continue to increase, interconnect delays have become a
critical bottleneck in chip performance. By providing a
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Fig. 1. 3D silicon integration [25].

third dimension of interconnect, wire delays can be substan-
tially reduced by enabling greater spatial locality. Second,
for many high-performance applications, such as video or
graphics processing, the performance bottleneck is often in
the chip-to-chip or chip-to-memory communication. Three
dimensional integration offers the compelling advantage that
massive amounts of bandwidth can be provided between
device layers without incurring the usual latency penalty,
leading potentially to new architectures that can achieve
much higher performance. Third, fabrication technologies
specific to functions such as RF circuits, memories, or opto-
electronic devices are often incompatible with the processing
steps needed for high performance logic devices. Three
dimensional interconnect provides a flexible way to integrate
these disparate technologies into a single systems-on-chip
(SoC) design. Recent advances in 3D technology in the
area of heat dissipation and micro-cooling mechanisms have
alleviated earlier thermal viability and reliability concerns
regarding stacked device layers.

In this work, we investigate the problem of designing
application-specific 3D-NoC architectures for custom SoC
designs. NoC design in 3D chips imposes new constraints
and opportunities compared to that of a 2D NoC design.
Current literature has focussed on regular 3D mesh NoC
architectures [23]–[25], which is appropriate for regular 3D
processor designs [15]–[17]. However, in the case of design-
ing application-specific 3D NoC architectures for custom
SoC designs, there are many choices that depend on the
3D floorplanning of cores, traffic requirements, and accu-
rate power and delay models for 3D wiring. Our problem
formulation is based on a rip-up and reroute procedure for
routing flows and a router merging procedure for optimizing
network topologies. A key idea in our new formulation is a
rip-up and reroute concept that has been successfully used in
the VLSI routing problem [26]–[28]. The rip-up and reroute
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concept provides us with a heuristic iterative mechanism
to identify increasingly improving solutions. There are two
central differences between our on-chip network routing and
design problem and the VLSI routing problem. The first is
the ability to share network resources in our problem, and
the second is the difference in cost models. In the latter case,
the costs of routers and links are not simple linear costs,
and the sharing of network resources further complicates the
optimization process.

In particular, we propose a very efficient algorithm called
Ripup-Reroute-and-Router-Merging (RRRM) that synthe-
sizes custom 3D-NoC architectures. In order to obtain the
best topology solutions with minimum power consumption,
accurate power models for 3D interconnects and routers
are derived. The RIPUP-REROUTE algorithm for routing
flows and the ROUTER-MERGING algorithm to optimize
topologies are based on using these power costs of network
links and router ports as evaluation criteria. Our design flow
integrates floorplanning and our synthesis process is both
performance and power consumption aware.

The rest of this paper is organized as follows. Section II
outlines related work. Section III presents our design flow.
Section IV presents the problem description and formulation.
Section V derives the accurate power and delay models for
3D wiring and routers. Section VI describes our 3D synthesis
algorithm RRRM. Experimental results and conclusions are
presented in Sections VII and VIII, respectively.

II. RELATED WORK

Research in 3D NoC is only emerging recently. Several
works have been done in the area of 3D floorplanning and
3D placement and routing. Cong et al. [18], [21] proposed
thermal-driven design flows for 3D ICs including 3D floor-
planning and 3D placement and routing algorithms. In [19],
thermal effect was formulated as another force in a force-
directed approach to direct the placement procedure. In [22],
a thermal-aware Steiner routing algorithm for 3D ICs is
proposed by constructing a delay-oriented Steiner tree under
a given thermal profile.

On the problem of designing NoC architectures for 3D
ICs, current literature has focussed on regular 3D mesh
NoC architectures [23]–[25], which is appropriate for regular
3D processor designs [15]–[17]. Addo-Quaye [20] presented
an algorithm for the thermal-aware mapping and place-
ment of 3D NoCs including regular mesh topologies. Li
et al. [16] proposed a similar 3D NoC topology targeting
multi-processor systems by employing a bus structure for
communications between different device layers. In [23],
various possible topologies for 3D NoCs are presented and
analytic models for zero-load latency and power consumption
of these networks are described. However, all these 3D
topologies are based on regular 3D mesh networks.

For designing custom NoC architectures without assuming
an existing network architecture, a number of techniques
have been proposed in the 2D domain [7]–[10]. In [7], Srini-
vasan et al. presented NoC synthesis algorithms that consider
system-level floorplanning. In [8], Murali et al. presented a
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Fig. 2. Application-specific 3D NoC design flow.

NoC synthesis flow with detailed backend integration that
also considers the floorplanning process. In [9], [10], Yan
et al. formulated the custom NoC synthesis problem based
on set partitioning of traffic flows and finding good network
topologies using a Steiner tree formulation. However, for the
best of our knowledge, a fully automated 3D-NoC synthesis
solution remains an open problem.

In this paper, we present a custom 3D-NoC synthesis
approach based on rip-up and routing of flows and merg-
ing routers to construct good network topologies. Accurate
power and delay models for 3D wiring are also proposed.
To the best of our knowledge, our approach is among the
first to consider custom NoC synthesis for 3D IC designs.
We believe our work provides an interesting direction in this
research area.

III. DESIGN FLOW

Our NoC synthesis design flow is depicted in Fig. 2. The
major elements in the design flow are elaborated below.

1) Floorplanning: The input specification to our design
flow consists of a list of modules and their communications.
In general, a mixture of network-based communications
and conventional wiring may be utilized as appropriate,
and not all inter-module communications are necessarily
over the on-chip network. Our design flow allows for both
interconnection models.

The floorplanning problem for 3D ICs has been studied re-
cently with many solutions (e.g. [18], [19]). These floorplan-
ners can handle a variety of constraints. The thermal issues
and power consumption effects that are especially important
for 3D ICs are also considered in those floorplanners.

In our design flow, an initial 3D floorplanning step is
performed before 3D-NoC synthesis to obtain a placement
of modules. This is important because the floorplanning of
modules is often influenced by non-network-based intercon-
nections, and the floorplan locations of modules can have
a significant influence on the NoC architecture. With the
module locations available from the initial floorplanning step,
3D-NoC synthesis can better account for wiring delays and
power consumptions. After 3D-NoC synthesis, actual routers
and links in the synthesized 3D-NoC architecture can be
fed back to the floorplanner to update the floorplan, and the
refined floorplanning information can be used to obtain more
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Fig. 3. Illustration of the 3D-NoC synthesis problem.

accurate power and area estimates. Also, 3D-NoC synthesis
can be re-invoked with the refined floorplan as well.

2) 3D Networks-on-Chip Synthesis: Given floorplanning
information, the 3D-NoC synthesis step then proceeds to
synthesize a 3D-NoC architecture that is optimized for the
given specification and floorplan. Consider Fig. 3(a) that
depicts a small illustrative example. Fig. 3(a) only shows
the portion of the input specification that corresponds to the
network-attached modules and their traffic flows. It utilizes a
graph representation called a communication demand graph,
which is discussed in more details in Section IV.

An example 3D floorplan is shown in Fig. 3(b). The
unlabeled rectangles represent modules that are not attached
to the network and connected by conventional wiring. The
communication demand graph with the floorplan positions
annotated is illustrated in Fig. 3(c). Fig. 3(d) and Fig. 3(e)
show two examples of synthesized 3D network topologies.

3) NoC Objectives and Constraints: Our 3D-NoC design
flow allows different user-defined objective and constraints.
As power dissipation becomes a critical issue in 3D stacked
IC designs due to the increased power density, we focus in
this paper on the problem of minimizing network power con-
sumption under performance constraints. Another possible
design objective is the minimization of hop counts for data
routing under power consumption constraints. Other possible
constraints can be design area, total wire length, or some
combinations of them.

4) NoC Design Parameters: In addition to user-defined
objectives and constraints, NoC design parameters such as
the operating voltage, target clock frequency, and link widths
are provided to the 3D-NoC synthesis step as well. Oper-
ating voltage and clock frequency parameters are usually
dictated by the design, and link widths are often dictated

by IP interface standards. However, if the design allows for
different voltages or clock frequencies, or if the IP modules
allow for different link widths, then 3D-NoC synthesis can
be invoked to synthesize solutions for a range of design
parameters specified by the user.

5) Detailed Design: Finally, the synthesized NoC archi-
tecture with the rest of the design specification can be fed
to a detailed RTL design flow where design tools like RTL
optimization and detailed 3D placement and routing [21],
[22] are used.

IV. PROBLEM DESCRIPTION AND FORMULATION

A. Problem Description

The input to our 3D-NoC synthesis problem is a com-
munication demand graph (CDG), which is an annotated
directed graph G(V, E, π, λ), where each node vi ∈ V
corresponds to a module, and each directed edge ek = vi →
vj ∈ E represents a communication flow from source vi to
destination vj . After floorplanning, the (x, y, z) coordinates
of the modules are known, and the position of each node vi

is given by π(vi) = (xi, yi, zi). The data rate requirement
for each communication flow ek is given by λ(ek).

Based on the optimization goals and cost functions spec-
ified by the user, the output of our 3D-NoC architecture
synthesis problem is an optimized custom network topology
with pre-determined routes for the specified traffic flows on
the network such that the data rate requirements are satisfied.

B. Problem Formulation

In general, the solution space of possible application-
specific network architectures is quite large. Depending on
the communication demand requirements of the specific
application under consideration, the best network architecture
may indeed be comprised of multiple networks, among each,
many flows sharing the same network resources.

To address the NoC synthesis problem, we formulate the
problem as a combination of a rip-up and reroute procedure
for routing flows and a router merging procedure for opti-
mizing network topologies. In particular, we start off with
every flow using its own network and resources. When we
rip-up and reroute a flow, the original resources the flow uses
are released and a new route is selected by considering using
existing network sources for other flows. The path selection
for rerouting is formulated as finding the shortest path on a
routing cost graph. After rip-up and rerouting of all flows,
the corresponding network links and router ports are inserted
to implement the routing and derive the network topology.

After the NoC topology is generated, a router merging pro-
cedure is performed to further optimize the implementation
and reduce cost. The router merging algorithm iteratively
considers all possible mergings of two routers connected
with each other and merges them if the cost of the resulting
topology after merging is reduced.

In order to obtain the best topology solutions with mini-
mum power consumption, accurate power models for 3D in-
terconnects and routers are derived in Section V. The RIPUP-
REROUTE algorithm for routing flows and the ROUTER-
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MERGING algorithm to optimize topologies are based on
using these power costs of network links and router ports as
edge weights. The details of the algorithms are described in
section VI.

V. 3D DESIGN MODELS

Power dissipation is a critical issue in 3D circuits due
to the increased power density of stacked ICs and the low
conductivity of the dielectric layers between the device
layers. Therefore, designing custom 3D-NoC topologies that
offer low power characteristics is of significant interests.

The different power consumption components that are
comprised in 3D-NoC topologies are routers, horizontal
interconnects that connect modules in the same 2D layer,
and the through-silicon vias (TSVs) that connect modules or
horizontal interconnects on different layers.

We will discuss the details of modelling these components
in the following sections.

A. 3D Interconnect Modelling

In 3D-NoCs, interconnect design imposes new constraints
and opportunities compared to that of 2D NoC designs. There
is an inherent asymmetry in the delay and power costs in
a 3D architecture between the vertical and the horizontal
interconnects due to differences in wire lengths. The vertical
TSVs are usually few tens of μm in length whereas the
horizontal interconnects can be thousands of μm in length.
Consequently, extending a traditional 2D NoC fabric to the
third dimension by simply adding routers at each layer and
connecting them using vertical vias is not a good option, as
router latencies may dominate the fast vertical interconnect.
Hence, we explore an alternate option: a 3D interconnect
structure that connects modules on different layers as shown
in Fig. 4(a) and we derive an accurate model for it.

As discussed in Section III, the target clock frequency is
provided to our 3D-NoC synthesis design flow as a design
parameter. However, depending on the network topology,
long interconnects may be required to implement network
links between routers, which may have wire delays that
are larger than the target clock frequency. To achieve the
target frequency, repeaters may need to be inserted. In
the 2D design problem, interconnects can be modelled as
distributed RC wires. One way to optimize the interconnect
delay is to evenly divide the interconnect into k segments
with repeaters inserted between them that are s times as
large as a minimum-sized repeater. When minimizing power
consumption is the objective, the optimum size sopt and
number kopt of repeaters that minimize power consumption
while satisfying the delay constraint can be determined for
the interconnect [29]. For the 3D interconnect structure, we
extended this distributed RC model. As shown in Fig. 4(b),
a 3D interconnect is divided into k segments by repeaters.
Among the k segments, k − 1 segments are part of the hor-
izontal interconnect with the same structure. The other one
is a different structure with two horizontal parts connected
by a vertical via. The delay and power consumption per
bit of this interconnect can be modelled using the Elmore

model, as in [23], [29], [30]. In order to take the vertical
via into account for the delay and power calculation of the
entire interconnect, we first consider the interconnect as k
segments with the same structure. We use the methodology
described in [29] to find sopt and kopt for an interconnect
with specific length to minimize power while satisfying the
delay constraint1. After that, the delay and power of each
segment are known. Given the fixed length and the physical
parameters of the via, the detailed structure of the segment
including the via which gives the same delay as the delay
of the original segment without via can be determined by
properly choosing the length of the horizontal wire parts in
this segment. Finally, the total length of the 3D interconnect
can be adjusted to the original length by evenly adjusting the
length of each segment.

Besides deciding the segment structure with vertical via,
the via position on the interconnect also needs to be deter-
mined. That is, which wire segment is selected to include
the via. As an example, in order to determine the influence
of via positioning on the delay and power of the entire 3D
interconnect, we performed experiments to evaluate the delay
and power of an 8mm 3D interconnect with a via length
of 150μm under different via positions. In the experiments,
the physical and electrical parameters in 70nm technology
are used and are listed in Table I. The horizontal wires are
implemented on the global metal layers and their parameters
are extracted from IRTS [31]. The parameters of vertical
vias are obtained from [23]. For the vertical via, the length
of 50μm is assumed for a via that connects adjacent layers.

For a 3D interconnect of 8mm in length, if the target fre-
quency is 1GHz, then the power optimum solution using the
methodology described in [29] is to divide the interconnect
into 3 segments. Thus, there are 3 possible via positions with
3 interconnect structures correspondingly, which are shown
in Fig. 5. The optimization result of each structure together
with the result of the interconnect without vertical via
(labelled as 2D-wire) are shown in Table II. The differences
of delay and power results of all structures relative to the
2D-wire results are also listed. The results show that the
influence of the vertical via on the total delay and power
consumption of the entire interconnect is very small. The
150μm via results in 0.25% increase in delay and 2.85%
increase in power over the 8mm interconnect. The results
also show that the position of via on the interconnect has little
effect on the delay and power. All the structures result in the
same total delay and power. Thus, for our 3D-NoC synthesis
algorithm, we can safely choose to position the via in the first
segment of the interconnect for all 3D interconnects in the
synthesized NoC topology for the purpose of computing the
interconnect power costs.

In our 3D-NoC synthesis design flow, we use the above 3D
interconnect model to evaluate optimum power consumption
of interconnects with different wire lengths under the given
design frequency and delay constraint. These results are

1Since inserting TSV adds delay, we tighten the delay constraints by some
extent to get valid solutions.
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(a) 3D interconnect. (b) Distributed RC model with re-
peaters

Fig. 4. 3D interconnect model.

(a) 2D-wire. (b) Model A.

(c) Model B. (d) Model C.

Fig. 5. Different structures for an 8mm 3D interconnect.

provided to the design flow in the form of a library. We
emphasize that the focus of this paper is on new 3D-NoC
synthesis algorithms. We readily admit that 3D interconnect
optimization is a complex problem and a subject of separate
research. New or alternative 3D interconnect models can be
easily used with our synthesis algorithms and design flow.

B. Modelling Routers

To evaluate the power of the routers in the synthesized
NoC architecture, we extended the router power model in
2 dimensions to 3 dimensions. The routers are still located
on a 2D layer. The ports of routers on the same layer are
connected by horizontal interconnects whereas the ports of
routers on different layers are connected by 3D interconnects.
We use a state-of-the-art NoC power-performance simulator
called Orion [32], [33] that can provide detailed power
characteristics for different power components of a router
for different input/output port configurations. It accurately
considers leakage power as well as dynamic switching power.
The power per bit values are also used as the basis for the
entire router power estimation under different configurations.
The leakage power and switching bit energy of some example
router configurations with different number of ports in 70nm
technology are shown in Table III.

TABLE I

INTERCONNECT PARAMETERS

Interconnect Structure Parameter
Electrical Physical

Horizontal Bus ρ = 2.53μΩ · cm kILD= 2.7 w= 500nm s = 500nm
rh= 46Ω/mm ch = 192.5fF/mm t = 1100nm h = 800nm

Vertical Bus
ρ = 5.65μΩ · cm rv = 51.2Ω/mm w= 1050nm Lvia= 50μm
cv = 600fF/mm

TABLE II

POWER AND DELAY COMPARISON OF 3D INTERCONNECT MODELS

Model Power Delay
(mW ) % diff to 2D-wire (ns) % diff to 2D-wire

2D-wire 0.3909 0.00% 0.1951 0.00%
A 0.4020 2.85% 0.1956 0.25%
B 0.4020 2.85% 0.1956 0.25%
C 0.4020 2.85% 0.1956 0.25%

TABLE III

POWER CONSUMPTION OF ROUTERS USING ORION [33].

0.1080
0.0172
4x3

0.0676
0.0099
3x2

1.2189
0.0319
5x5

0.9180
0.0260
5x4

0.86510.56630.3225Switching bit energy (pJ/bit)
0.02160.01330.0069Leakage power (W)
4x43x32x2Ports (in x out)

VI. DESIGN ALGORITHMS

In this section, we present algorithms for the 3D topology
synthesis process. The entire process is decomposed into the
inter-related steps of constructing an initial network topology,
rip-up and rerouting flows to design the network topology,
inserting the corresponding network links and router ports
to implement the routing, and merging routers to optimize
network topology based on design objectives. In particular,
we propose an algorithm called Ripup-Reroute-and-Router-
Merging (RRRM). The details of the algorithm are discussed
in this section.

A. Initial network construction

The details of RRRM are described in Algorithm 1.
RRRM takes a communication demand graph (CDG) and
an evaluation function as inputs and generates an optimized
network architecture as output. It starts with initializing a
network topology by a simple router allocation and flow
routing scheme. Then it uses a procedure of rip-up and
rerouting flows to refine and optimize the network topology.
After that, a router merging step is done to further optimize
the topology to obtain the best result.

In the initialization, every flow is routed using its own
network. To construct the initial network topology, router
allocation is considered at each core. A router is allocated
to a core if there are more than two flows coming into that
core or more than two flows going out from that core. After
router allocation, a Routing Cost Graph (RCG) is generated
(Algorithm 1 line 2). The RCG(R, E) is a weighted directed
complete graph (a full-mesh) with each vertex ri ∈ R
represents a router, and each directed edge eij = (ri, rj) ∈ E
from ri to rj corresponds to a connection from ri to rj . A
weight w(eij) is attached to each edge which represents the
incremental cost of routing a flow f through eij .

Please note that RCG does not represent the actual physi-
cal connectivity between routers and its edge weights change
during the whole RIPUP-REROUTE procedure for different
flows. Also, the actual physical connectivity between the
routers is established during RIPUP-REROUTE procedure,
which is explained in the following sections.

Before RIPUP-REROUTE, initial network topology is
constructed using InitialNetworkConstruction() procedure.
Each flow ek = (sk, dk) in the CDG is routed using a
direct connection from router rsk

to router rdk
, where ri

is the router that core i connects to, and the path is saved
in path(ek). If either core i is not connected to any router,
a direct connection is added between core i and the other
router if any. The links and router ports are configured and
saved. If a connection between routers can not meet the delay
constraints, its corresponding edge weight in RCG is set to
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infinity. This can be used to guide the rerouting of the flows
to use other valid links instead of this one in the RIPUP-
REROUTE procedure.

Algorithm 1 RRRM(G(V, E, π, λ), C, L)
Input: G(V, E, π, λ): CDG, C: cost function,

L: library of network components
Output: T : synthesized network topology
1: R = InitialRouterAllocation(G)
2: RCG = ConstructFullyConnectedGraph(R)
3: (links, routers) = InitialNetworkConstruction(G, RCG)
4: (links, routers) = RIPUP-REROUTE(G, RCG, C, L)
5: cost = EvaluatePowerConsumption(links, routers)
6: ROUTER-MERGING(cost, links, routers)
7: T = ObtainBestTopology(links, routers)
8: return T

InitialNetworkConstruction(G, RCG)
1: for all flow ek = (sk → dk) ∈ E do
2: route ek using a direct connection between rsk and rdk
3: path(ek) = (rsk → rdk

)
4: update routers rsk , rdk

, link(rsk , rdk
)

5: if link(rsk , rdk
) not meet delay constraint, update

wgt(rsk , rdk
) = ∞ in RCG

6: end for

B. Flow Ripup and Rerouting

Once the initial network is constructed and the initial flow
routing is done, the key procedure of the algorithm – RIPUP-
REROUTE procedure is invoked to route flows and find
optimized network topology. The details are described in
Algorithm 2.

When a flow is rip-up and rerouted, its current path is
deleted and the links and router ports resources it occupies
are released (line 3). Then based on the current network
connectivity and resources occupation, the RCG related to
this flow is built and the weights of all edges in RCG are
updated (line 4). In particular, for every pair of routers in
RCG, the cost of this flow using those routers and the link
connecting them is evaluated. This cost depends on the sizes
of the routers, the traffic already routed on the routers and the
connectivity of the routers to other routers. It also depends
on whether an existing physical link will be used or a new
physical link needs to be installed. If there are already router
ports and links that can support the traffic, the marginal cost
of reusing those resources is calculated. Otherwise, the cost
of opening new router ports and installing new physical links
to support the traffic is calculated. The cost is assigned as
edge weight to the edge connecting the pair of routers in
RCG. If the physical links used to connect the routers can not
satisfy the delay constraints, a weight of infinity is assigned
to the corresponding edges in RCG. Once the weights are
assigned to all edges, the least cost path on RCG is chosen
for routing that flow using Dijkstra’s least-weighted path
algorithm in line 5. After the path is determined, the routers
and links on the chosen path are updated.

This RIPUP-REROUTE process is repeated for all the
flows. The results of this procedure depend on the order
that the flows are considered, so the entire procedure can
be repeated for several times to reduce the dependency of

the results on flow ordering2. Once the path of each flow is
decided, the size of each router, the links that connect the
routers are determined. Those routers and links constitute
the network topology. The total implementation cost of all
the routers and links in this topology is evaluated and the
network topology is obtained.

Algorithm 2 RIPUP-REROUTE(G(V, E, π, λ), RCG, C, L)
Input: G(V, E, π, λ): CDG, RCG: routing cost graph,

C: cost function, L: library of network components
Output: links, routers: links and routers of synthesized network topology
1: while need another round do
2: for all flow ek ∈ E in increasing order of λ(ek) do
3: delete path(ek) and release the link and router resources it

occupied
4: update all edge weights in RCG for flow ek , according to power

consumption of the corresponding links and routers resources
5: path(ek) = Find least weighted path from sk to dk in RCG
6: Update link, BW avail, routers for path(ek)
7: end for
8: end while
9: return links, routers

C. Router Merging

After the physical network topology has been generated
using RIPUP-REROUTE, a router merging step is used to
further optimize the topology to reduce the power con-
sumption cost. As been observed, routers that connect with
each other can be merged to eliminate router ports and
links and thus possibly the corresponding costs. Routers that
connect to the same common routers can also be merged to
reduce ports and costs. We propose a greedy router merging
algorithm, which is shown in Algorithm 3. The algorithm
works iteratively by considering all possible mergings of
two routers connected with each other. In each iteration,
each router’s adjacent routers list is constructed and sorted
by the distance between them in increasing order. They are
possible candidate mergings. Then the routers are considered
to merge in the decreasing order of the number of neighbors
they have. For each candidate merging, if the topology from
the merging result is valid, the total power consumption of
the resulting topology after merging is evaluated using the
power models. Routers are merged if they have not merged
in this iteration and the cost is improving. After all routers
are considered in the current iteration, they are updated by
replacing the routers merged with the new one generated.
Those routers are reconsidered in the next iteration. The
algorithm keeps merging routers until no improvement can be
made further. After router merging, the optimized topology
is generated and the routing paths of all flows are updated.
Since the router merging will always reduce the number of
routers in the topology, it will not increase the hop counts
for all the flows thus will not worsen the performance of
the application. The topology generated after router merging

2In the experiments, we’ve tried several flow ordering strategies such as
largest flow first, smallest flow first, random ordering et al., and we found
the ordering of smallest flow first gave the best results. Thus we used this
ordering in our experiments. Also, we observed that repeating the whole
RIPUP-REROUTE procedure twice is enough to generate good results.
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represents the best solution with the minimum power con-
sumption. It is returned as the final solution for our NoC
synthesis algorithm.

Algorithm 3 ROUTER-MERGING(R, T )
Input: R: routers list T : network topology
Output: R′: new routers list; T ′: new network topology
1: done = 0
2: while done = 0 do
3: adj(ri) = generate all 1-hop adjacent routers list and sort it by their

distance to ri in increasing order, ri ∈ R
4: sort R by their number of adjacent routers in decreasing order
5: for all ri ∈ R in this order do
6: for all rj ∈ adj(ri) do
7: if neither ri nor rj is merged in this round then
8: evaluate the power consumption cost of merging ri and rj

9: merge ri, rj to r′ if merging is valid and total power
consumption is improving

10: delete ri, rj from R and add r′ to R
11: end for
12: end for
13: done = 1, if no merging is done in this iteration
14: end while
15: update topology T ′ and routing path for all flows
16: return R′ = R, T ′

VII. RESULTS

A. Experimental Setup

We have implemented our proposed algorithm RRRM in
C++. In our experiment, we aim to evaluate the performance
of our proposed algorithm RRRM on benchmarks with the
objective of minimizing the total power consumption of
the synthesized NoC architectures under the specific per-
formance constraint for the traffic flows. The performance
constraint is specified in the form of average hop counts of
all the traffic flows in the benchmarks. The total power con-
sumption includes both the leakage power and the dynamic
switching power of all network components.

As discussed in Section V, we use Orion [32], [33] to
estimate the power consumptions of router configurations
generated. We applied the design parameters of 1 GHz clock
frequency, 4-flit buffers, and 128-bit flits. For the link power
parameters, we use the 3D interconnect models to evaluate
the optimum powers for links with different lengths under
the given delay constraint of 1ns. Both routers and links are
evaluated using the 70nm technology and they are provided
in a library.

All existing published benchmarks are targeted to 2D
architectures. However, their sizes are not big enough to take
advantage of 3D network topologies. In the absence of pub-
lished 3D benchmarks with a large number of available cores
and traffic flows, we generated a set of synthetic benchmarks
by extending the NoC-centric bandwidth-version of Rent’s
rule proposed by Greenfield et al. [34]. They showed that
the traffic distribution models of NoC applications should
follow a similar Rent’s rule distribution as in conventional
VLSI netlists. We used this NoC-centric Rent’s rule [34],
[35] to generate large 3D NoC benchmarks for 3D circuits
with varying number of cores in each layer and flows of
varying data rate distributions. The benchmarks are generated

for 3D circuits with 3 layers and 4 layers respectively with
face-to-back bounding between each layer. The total number
of cores for these benchmarks are ranging from 48 to 120.
The total number of flows are ranging from 101 to 280.

Our work is among the first in the area of application-
specific NoC synthesis of 3D network topologies. In the
absence of previously published work on this area, direct
comparison with others’ work is unavailable. To evaluate the
effectiveness of our proposed algorithm, we have generated
a full 3D mesh implementation for each benchmark for
comparisons. In a full 3D mesh implementation, each module
is connected to a router with 7 input/output ports, with 1 local
port, 4 ports connecting to the four directions in the same
layer, and 2 ports connecting to the upper and lower adjacent
layers. Packets are routed using XY Z routing over the mesh
from source to destination. We also generated a variant of
the basic mesh topology called optimized mesh (opt-mesh)
by eliminating router ports and links that are not used by the
traffic flows.

All experimental results were obtained on a 1.5GHz Intel
P4 processor machine with 512MB memory running Linux.

B. Comparison of results

The synthesis results of our algorithm on all benchmarks
at 70nm with comparison to results using mesh and opt-mesh
topologies are shown in Table IV. For each algorithm, the
power results and the average hop counts are reported.

In the experiments, we used the average hop count results
of 3D mesh topologies as the performance constraints feed-
ing to RRRM for each benchmark. The average hop count
results for the different benchmarks of 3D mesh topologies
reported in Table IV are small, all under 3.5.

The average hop count results of RRRM on all bench-
marks relative to opt-mesh/mesh implementation are graph-
ically compared in Fig. 6(b). The results show that the
results of RRRM satisfies constraints for all the benchmarks.
On average, RRRM can achieve 17% average hop count
reduction over the mesh topology.

The power consumption results of RRRM and opt-mesh
relative to mesh implementations are graphically compared
in Fig. 6(a). The results show that RRRM can efficiently syn-
thesize NoC architectures that minimize power consumption
under the performance constraint. It can achieve substantial
reduction in power consumption over the standard mesh
and opt-mesh topologies in all cases. In particular, it can
achieve on average a 74% reduction in power consumption
over standard mesh topologies and a 52% reduction over the
optimized mesh topologies.

The execution times of RRRM are also reported in Ta-
ble IV. The results show that RRRM works very fast. For
the largest benchmarks with 120 cores and 280 flows, it can
finish within 20 minutes.

VIII. CONCLUSIONS

In this paper, we proposed a very efficient algorithm called
Ripup-Reroute-and-Router-Merging (RRRM) that synthe-
sizes custom 3D-NoC architectures. The algorithm is based
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TABLE IV

3D NOC SYNTHESIS RESULTS.

3.213.2333.215.67011440.812.590.440.251.4262801204B9
3.522.9793.524.9754460.632.220.450.271.3352481083B8
3.062.4613.064.5994430.882.680.440.241.0832281004B7
3.112.2543.114.0322350.852.650.480.271.089203903B6
2.751.6372.753.5501370.822.250.530.240.867177804B5
2.691.6782.693.269790.882.380.510.260.850169753B4
3.401.7123.402.769370.602.050.460.280.788149644B3
2.771.3262.772.530150.992.730.490.260.654133603B2
2.540.9902.541.95140.982.480.500.250.497101483B1
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Fig. 6. Comparisons of all algorithms on benchmarks.

on a ripup-reroute formulation for routing flows to find
network topology followed by a router merging procedure to
optimize network topology. We also derived accurate power
and delay models for 3D wiring. For the network topology
derived, the routes for the corresponding flows and the band-
width requirements for the corresponding network links are
determined and the implementation cost is evaluated based
on design objective and constraints. Experimental results on a
variety of benchmarks using the accurate power consumption
cost model show that our algorithms can produce effective
solutions comparing to 3D mesh implementations.
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