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Abstract

We propose an efficient design flow for the automatic synthesis of Network-
on-Chip (NOC) topologies. The specification of the problem is given as a netlist
of IP cores and their communication requirements. Each IP is characterized by
its area. A communication constraint is denoted by its source and destination
IP and a minimum bandwidth requirement. Together with the specification, the
users provides a percentage of the chip area that they want to allocate for the
communication network. Then, given the clock period of the network (that we
assume to be synchronous), and a target technology, the proposed design flow
explores the entire topology space and returns an optimal NOC where each router
has a position and a routing table assigned. We consider two optimality criteria:
power consumption and power delay product. Our design flow, which is based
on an approximation algorithm, is efficient and highlights the delicate trade-off
balance between cost of communication and cost of switching.

1 Introduction
With the advent of chip multi-processors (CMP) and multi-core systems-on-chip (SOC),
the network-on-chip (NOC) paradigm has been proposed as the solution to the problem
of connecting the increasing number of processing cores that are integrated on a single
die [3, 6, 7]. While some of the ideas developed for macro-level interconnect net-
works (local area networks, supercomputer networks) can be adapted to NOC design,
the challenges are in leveraging the intrinsic characteristics of on-chip communica-
tion to achieve both energy efficiency and high performance [11]. At the specification
level, NOC design is made complex by the variety of the processing cores that can be
integrated on a chip, (CPUs, micro-controllers, accelerators, memories,...) and the het-
erogeneity of bandwidth and latency requirements among them. At the implementation
level, each target silicon technology offers a multitude of options to the NOC design-
ers who, for instance, must decide the number and positions of network access points
and routers as well as which metal layer to use for implementing each given channel.
In particular, choosing the network topology is challenging as the space of possible
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topologies is very large. Hence, it is very difficult to guess the right communication
topology only by experience, taking into account the heterogeneity of the requirements
and the constraints imposed by the silicon technology.. Consequently, the development
an automatic tool for optimal topology selection for on-chip networks (the topic of this
paper) is of great help to the NOC design paradigm.
Related work. To the best of our knowledge, most of the research efforts in the NoC
domain have been devoted to the study of ad hoc routing, switching and flow control
protocols for high performance and minimum power consumption while scant have
been the approaches to synthesizing an optimal topology. One approach, implemented
in the NetChip design flow, is described in [4]. The topology selection is done by an
algorithm that tries many fixed topologies (described in a library) and that selects the
best one. In this technique, the granularity of the library is the entire communication
infrastructure. In [14] the idea is to have a library of communication primitives that
capture schemes like gossiping, broadcast etc. This approach is very interesting but
does not fully consider the silicon properties like the critical sequential length. In [13],
the authors start from a standard topology and perform a local search to improve its
performance by inserting a certain number of long links. In [17] the authors present
a very interesting approach that we consider the closer to ours. They explore a much
larger design space using mixed-integer linear programming techniques. The design
flow is the same that we adopt (floorplan, generation of admissible router positions,
optimal routing).

Compared to the works in [4] we focus on the synthesis of optimal heterogeneous
network topologies by assembly components from a fine grained library. Compared
to [13, 14] we use a more detailed model for the communication components and we
don’t neet to assume an underlying basic network topology. Compared to [17] we rely
on an approximation algorithm that exploit the graph structure of the problem instead
of using an MILP formulation. This allows us to explore a larger design space (in terms
of admissible positions for the routers) more efficiently (a comparable solution for the
same problem instance is given in less than a minute instead of few hours).

2 Formal Setting
We represent networks with labeled graphs G(V,E, p, ω) where V is the set of vertices,
E is the set of edges p : V → R2 is a function that associates a position to each vertex
and ω : E → R+ is a function that associates a bandwidth to each edge. The set of
vertices V is partitioned in the sets of source ports S, destination ports D and routers
R. For a source s ∈ S, indegree(s) = 0 ∧ outdegree(s) > 0 for a destination d ∈ D,
outdegree(d) = 0 ∧ indegree(d) > 0.

This simple model, which has been commonly adopted in this research field [12, 13,
15], can be used to describe both the design specification of a NOC (as a set of point-
to-point communication requirements) and its final implementation (where different
communication flows across source-destination pairs may share multiple channels in
the network). The difference lies in the interpretation of the two functions p and ω.
A point-to-point network specification is given as a graph G(V,E, p, ω) where R = ∅
and each edge represents a point-to-point unidirectional link between a source and
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Figure 1: Optimally repeated wire model (left) and block diagram of a router (right).

destination. Here, a function value p(v) = (xv, yv) captures the position (x, y) for
a vertex v ∈ V that must be maintained in the final implementation. Meanwhile,
ω(e) = be is a constraint requiring the network to provide a paths between vertices
s, d ∈ V that can sustain a bandwidth of at least be. If G′(V ′, E′, p′, ω′) is a network
implementation for G, then typically R 6= ∅ is the set of instanced router and function
p′ must be an extension of function p capturing also the router positions. Instead, ω′

describes how much bandwidth can be supported by each edge. Edges in G′ connect
pair of elements of V ′ (including routers). The set of all edges must guarantee the
presence of a directed path for each point-to-point unidirectional link in G, while each
edge must have enough bandwidth to accommodate all paths that are sharing it.

The synthesis algorithm must satisfy all these constraints while minimizing a given
cost function. If G is the set of all such graphs, let F : G → R+ denote a cost function
with associates a positive real number to each of its elements. After setting the cost
of sources and destinations equal to zero (since they are given), we assume that the
cost function is separable in two terms: F (G) = FE(E) + FV (V ) =

∑
e∈E Fe(e) +∑

v∈R Fv(v). In Section 3 we characterize this cost function in detail.

3 Modeling of NOC Components
In this section we present the physical models for wires and routers, which are the basic
“building blocks” that we use to synthesize NOCs. We use a classic physical model
of optimally-repeated wires but we follow also the authors of [16] in accounting for
the increasingly important role played by the critical sequential length with nanometer
technologies. For the routers we rely on the careful models that have been developed
as part of the ORION project [18]. The models that we adopt are depicted in Figure 1.
Wires. While the on-chip propagation delay increases proportionally to the square of
the interconnection length because both capacitance and resistance increase linearly
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with the distance, designers can insert an optimal number of optimally sized repeaters
in order to divide the interconnect wire into smaller subsections, thereby making the
delay linear with its length [2]. Figure 1 shows the classic first-order RC model of
a repeated wire [2, 8, 9] where Rd is the driving repeater resistance, w is the width
of the repeater NMOS transistor normalized by the minimum technology width, β is
the PMOS-to-NMOS sizing ratio, Cd and Cg are diffusion and gate capacitance per unit
width, Rw and Cw are wire resistance and capacitance per unit length, and lsg is the
length of the repeated segment. This first order model leads to a delay of the wire
segment lsg equal to

d = 0.7
[Rd

w
·
[
w(β +1)(Cd +Cg)+ lsg ·Cw

]
+ l2sg

Rw + Cw

2
+ lsg ·Rw ·w(β +1)Cg

]
For a given technology process and a chosen metal layer, there exists a mini-

mum length l∗sg (critical repeater length) beyond which inserting an optimal-sized re-
peater makes the interconnect delay smaller than that of the corresponding un-repeated
wire [16]. The delay d∗ of a critical repeater length is called critical delay. Figure 1
shows also the minimum-sized flip-flops that are used to drive and sample the signal
on the wire 1. These flip-flops are separated by a stage length lst. Therefore, one can
define the critical sequential length as the maximum distance that a signal can travel in
an interconnect that has been optimally sized and optimally buffered uniformly within
a single clock period T . For a given process technology and metal layer we can com-
pute d∗ and l∗sg . Hence, assuming a synchronous network implementation with clock
frequency fclk, the maximum distance that can be spanned by a wire is equal to

lst =
l∗sg

d∗fclk
(1)

The power dissipated by an optimally-repeated line of length l, where lsg < l < lst,
running at frequency 1

T with an activity factor α (the fraction of repeaters that are
switched during an average clock cycle) is:

P = l ·
[α

T
V 2

dd ·
(kopt

hopt
(Cd + Cg) + Cw

)
+

Vdd

2
·
(kopt

hopt
(Ioff

n + 2Ioff
p )Wmin

n

)]
where Vdd is the power supply voltage, kopt and hopt are the optimal repeater size

and the optimal inter-buffer interconnect length, Ioff
n (Ioff

p ) are the leakage currents
per unit NMOS (PMOS), and Wmin

n is the width of the NMOS transistor in minimum
sized inverted. The first term of the equation is the switching power and the latter is
the leakage power. 2 Traditionally the former has dominated the latter, but the trend
is changing with nanometer technologies as the leakage power is scaling up super-
linearly.

In summary: the delay of an optimally repeated wire is linear in its distance; the
power consumption is the sum of the leakage power that is linear in the distance and

1In this paper, we assume traditional on-chip signalling while we leave the extension of our approach to more advance
circuit techniques [10] for future work.

2We simplified the formula omitting the contribution of the short-circuit current which is negligible with respect to the
other two.
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the dynamic power that is linear in the distance and in the bandwidth; moreover, wires
cannot be longer that the critical sequential length.
Routers. The task of a router in a packet-switched network is to receive data streams
from input ports and switch them to the output ports by means of a crossbar circuit. A
packet arriving at an input port is temporarily stored in a local memory, which for an
input-queued router is typically made of a set of queues (Figure 1). The head of queue
packets are switched to the proper output ports in accordance with the configuration of
a routing table. If more that one packet must be sent to the same output port at a given
time, a scheduler decides which one goes first depending on their priority. The area of
a NOC router is dominated by the buffer space [6], but the total area overhead of the
NOC with respect to the whole SOC is estimated to be minor (about 6.6% in [6]). The
energy required by a router is equal to the sum of three terms, each associated to one
of its main components [19]:

Erouter = Ebuffer + Exbar + Escheduler

To evaluate this quantity we relied on the results of the ORION project [18]. The
authors of ORION have developed detailed parameterized models for various technol-
ogy processes by decomposing each contribution in order to account directly for the
energy dissipation of their “atomic components” down to the transistor level. In partic-
ular, their analysis demonstrated that the overall energy dissipation of an input-queued
router is linear in the packet injection rate, i.e. in the total communication bandwidth of
the incoming channel [20] because the contributions of the input queues and crossbar
switches are dominant. 3 Since each flit arriving at a router has to be stored and then
switched through the cross-bar, the energy is proportional to the number of flits and
therefore the power consumption is proportional to the aggregate bandwidth traversing
the router.

While the router buffering power depends also on the size of the input buffers and
the crossbar power depends on the number of its input/output lines and its implementa-
tion, during the synthesis step we express the power dissipation just as variable that is
proportional to the total amount of data bandwidth seen by the router. This abstraction
allows us to simply distribute the cost of a router on its input edges.

In summary: the power consumption of a router is proportional to the total band-
width carried by its input edges and, therefore, can be seen as an additional cost of the
corresponding wires.
Cost functions. The cost functions that we use in our synthesis algorithms are abstrac-
tions of the models above. The cost of an edge e = (u, v) is defined as

Fe(e) = c1 · ω(e) · ||p(u)− p(v)||α + c2 · z(ω(e)) · ||p(u)− p(v)||

where c1 and c2 are two coefficients that depend on the technology. The first term
accounts for the operation cost of the edge and depends on the value of data that flow
through it. By setting the norm exponent value, we can either optimize the wire power
consumption (α = 1) or the power delay product (α = 2). Recall that both delay and

3The energy model of a router includes the model of a memory element such as a flip-flop that can be used for wire
pipelining. For more details we refer to [19].
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power are linear in the distance). The second term accounts for the leakage power and
can be seen as an installation cost. Function z evaluates to one when ω(e) > 0 and to
zero otherwise. The cost of a router r ∈ R is defined as:

Fv(r) = c3 ·
∑

(u,r)∈E

ω(u, r)

where c3 depends on the technology and the architecture. 4

Normalizing both terms by c1 (since optimizing a cost function or a scaled version
of it leads to the same solution) gives the objective cost function for the synthesis
problem:

F (G) =
∑

(u,v)∈E

(ω(e)||p(u)− p(v)||α + λz(ω(e))||p(u)− p(v)||) +

+γ ·
∑
r∈R

∑
(u,r)∈E

ω(u, r)

where λ = c2/c1 and γ = c3/c1. These two parameters play an important role
in evaluating alternative NOC implementations: λ is the coefficient of leakage impact
and captures the relative cost of leakage versus dynamic power for a unit wire; γ is the
coefficient of communication/switching tradeoff and captures the relative cost of trans-
mitting directly a bit of data from one point to another of the chip versus temporarily
storing it in an intermediate memory element (either a router or a switch).

4 NOC Topology Synthesis
Figure 2 illustrates the proposed design flow that comprises of two main steps: (1) the
physical placement of the IP cores with the preallocation of the area for the NOC com-
ponents is followed by (2) the synthesis of the NOC topology. Given a point-to-point
specification graph G as described in Section 2 and the area characteristics of each IP
core, we use PARQUET [1] to derive a floorplan of the entire chip by determining the
dimension and the position of each core. Notice that a core can at the same time be
the source for some communication links and the destination for others. Since NOC
routers and repeaters are active elements that cannot be placed on the area that is al-
ready occupied by an IP core, we reserve some additional area for the communication
infrastructure during floorplanning. In fact, this quantity is given as input parameter
acom = Acom/Achip denoting the portion of chip area that can be used to design the
NOC. In particular, for each core IPi of area Ai, we allocate an amount of communi-
cation area equal to acom · Ai. Such area is disposed uniformly around the block as
illustrated in Fig. 3, where the actual dimensions of the cores are shown by the gray
boxes while the floor-planner considers a larger area (shown by the surrounding thick
black line).

4For instance, the value of coefficient c3 can be very different if the memories in the routers are imple-
mented with registers or with SDRAM.
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Figure 2: The proposed design flow.

The communication area is discretized both in the x and y directions with a step
equal to an input parameter δ. The discretization defines a set of possible positions
to install the routers called installation sites, which are represented by the red dots in
Figure 3. Let P denote the set of installation sites. A smaller value of δ may give a
more refined solution at the price of increasing the run time of the synthesis step. Not
all installation sites can be directly connected. Given a target process technology, clock
frequency fclk, and metal layer, only sites closer than lst can be directly connected by
a wire. A graph PLT (V,E, p, ω) that captures all possible nodes (routers) and all
possible links (edges) for a given silicon platform can be defined as follows: for each
position (x, y) ∈ P there is a vertex v ∈ V such that p(v) = (x, y). We also add the
set of sources and destinations form the point-to-point specification graph G to PLT .
Given two vertices u and v in V , there is an edge e− (u, v) ∈ E if and only if ||p(u)−
p(v)|| ≤ lst. By removing or contracting edges of this graph, we can obtain any other
network topology that satisfies the constraints imposed by the silicon platform. In other
words, PLT can be seen as the union of all the possible network implementation graph
of G as defined in Section 2. Therefore the NOC synthesis problem consists in finding
a network implementation graph G′ that is contained in PLT , satisfies the constraints
specified by G and optimize the chosen cost function as defined in Section 3.

Solving the synthesis problem. If one did not consider the wires’ installation cost
(seeSection 3) then the globally optimal solution would be given by a simple algorithm
that routes each point-to-point constraints along the shortest path. With installation
costs, however, the problem becomes NP-Hard. Hence, we solve it using a variation
of the buy-at-bulk algorithm, a well-known approximation algorithm [5], which we
adapted in order to account for the cost of each instanced router. In particular, we
kept as input parameters for the cost specification the α and λ that abstract the silicon
properties of the NOC components. The modified buy-at-bulk remains a randomized
algorithm with approximation guarantee of eO(

√
( ln N ln ln N)) (where N is the total
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Figure 3: Admissible router installation sites.

bandwidth normalized with respect to the minimum bandwidth in the system). The
running time is proportional to the number of installation sites and to the edges of
PLT . Notice that in practice graph PLT can be dynamically explored without build-
ing it in its entirety.

The buy-at-bulk returns an implementation graph G′(V,E) where V is the of sources,
destinations and installed routers and E is the set of installed connections. As a byprod-
uct of the synthesis we also obtain the full set of source-destination paths (computed
by the shortest path algorithm that is used by the buy-at-bulk algorithm) from which
we can easily derive the routing tables. All this information is used to synthesize a
cycle-accurate SYSTEMC NOC specification by instancing pre-designed components
from a parameterized fine-grained communication library.

5 Experimental Results
In this section we present three experimental results.

1. Analysis of the buy-at-bulk algorithm behavior. The first set of experiments
show the influence of the parameters λ and γ on deriving final solution of the network
synthesis problem. While sweeping their values across given ranges we compute the
following four quantities:

B̂ = max{ω(e) : e ∈ E} B =
∑

e∈E ω(e)
|E|

Ĥ = max{l(p) : p ∈ P} H =

∑
p∈P l(p)
|P |

The values of B̂ and B give information on the network link congestion. while the
values of Ĥ and H give information on the latency of the optimal solution.
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Figure 4: Power optimization case.

In order to estimate these quantities we used a random SoC generator that takes the
following parameters: the number N of IP cores; the minimum Amin and maximum
Amax area for a core; the average core input degree indeg and output degree outdeg;
and the minimum and maximum bandwidth Bmin and Bmax are for a communication
constraint. We report here experiments obtained with the following configuration: N =
20, Amin = 4mm2, Amax = 25mm2, indeg = outdeg = 1, Bmin = 20Mb/s
and Bmax = 100Mb/s. Furthermore we set the previously-defined parameters as
acom = 5% and lst = 5mm.

For each pair (λi, γi) we took the average of the four quantities across twenty
randomly generated SoC. For each instance we performed a floorplan, computed the
set of router installation sites and run the NOC synthesis algorithm. The results are
shown in Figure 4 for the case of power optimization and in Figure 5 for the case of
power-delay product optimization. In the first case we note two important things. First,
the average bandwidth increases with λ showing that when the leakage power (or,
more generally, installation cost) is not negligible the optimization algorithm steers
the source-destination paths to share as many wires as possible. While this leads to an
optimal solution in terms of power consumption, the average congestion (defined as the
ratio B/fclk ) increases which could prevent the architecture platform to accommodate
for other communication paths. Secondly, the end-to-end latency is not affected by the
parameters. This is due to the fact that when the cost function is linear in the distance
there is no gain in breaking up a long link in smaller links. Hence, the algorithm tends
to use always wires whose length is the maximum determined by the critical sequential
length.

The results are different when the cost function considered for the wires is the
power-delay product (Figure 5). In this case, the parameter γ, that models the cost
of communication with respect to storage and switching, has an impact on the latency
of the optimal topology. In particular, the number of hops decreases when the cost of
routers increases. In both cases, if the cost of the routers, modeled by γ, increases,
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Figure 5: Power-delay optimization case.

the algorithm tends to avoid router instantiations and tries to implement many point-
to-point connection. This is the reason why B̂ and B decrease.

2. NOC synthesis (heterogeneous SOC). We applied our design flow to an SOC
composed of an H263 decoder and an MP3 decoder taken from [17]. Figure 6(left)
shows the communication constraint graph G with 14 cores and each edge is labeled
with its bandwidth in Kb/s. Figure 6(right) show the final result, where the dark
square are routers while the light square are repeaters. The total chip area is 10mm2.
We estimated by inspection the power consumption of the NOC reported in [17] and
compared it with the power consumption of the NOC in Figure 6 (using the same
number for the power consumption of wires and input/output ports as reported in [17].
We obtained approximately the same result of 12µW . While the authors of [17] report
an execution time of 36, 000 second for their MILP-based heuristic, our approach took
approximately 30 seconds on an Intel Pentium Core Duo @ 2GHz.

3. NOC synthesis (homogeneous SOC). Figure 7 shows a different application, a
chip multiprocessor composed of sixteen identical processing cores. Each core com-
municates with every other core with a rate of 133Mb/s. The result of the synthesis
flow is shown in Figure 7 on the right. The critical sequential length is 5mm and the pa-
rameters are referred to a 130nm technology. We emphasize that this regular topology
(a mesh) is generated automatically by our tool by composing wires and routers and
that, differently from other approaches, we don’t use a library of pre-designed complex
topologies (meshes, tori,...).

6 Concluding Remarks
We presented a design flow that generates an energy-efficient NOC topology given a
set of IP cores and the communication constraints among them. Our optimization uses
a modified version of the buy-at-bulk algorithm [5] and takes into account parame-
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Figure 6: Result for H263/MP3 SoC.

Figure 7: Result for the homogeneous CMP.
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ters that are directly connected to the physical implementation of NOCs. In particular
we consider both dynamic and static power consumption of wires, trade-off between
communication and switching power, as well as the role played by the critical sequen-
tial length. We reported on experimental results (for both irregular and regular input
specifications) that are obtained with a run time of the order of tens of seconds.
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