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Abstract

As demand for bandwidth increases in systems-on-a-chip
and chip multiprocessors, networks are fast replacing buses
and dedicated wires as the pervasive interconnect fabric for
on-chip communication. The tight delay requirements faced
by on-chip networks have resulted in prior microarchitec-
tures being largely performance-driven. While performance
is a critical metric, on-chip networks are also extremely
power-constrained. In this paper, we investigate on-chip
network microarchitectures from a power-driven perspec-
tive. We first analyze the power dissipation of existing net-
work microarchitectures, highlighting insights that prompt
us to devise several power-efficient network microarchitec-
tures: segmented crossbar, cut-through crossbar and write-
through buffer. We also study and uncover the power sav-
ing potential of an existing network architecture: express
cube. These techniques are evaluated with synthetic as well
as real chip multiprocessor traces, showing a reduction in
network power of up to 44.9%, along with no degrada-
tion in network performance, and even improved latency-
throughput in some cases.

1 Introduction

On-chip networks have been widely proposed as the in-
terconnect fabric for high-performance systems-on-a-chip
(SoCs) [3, 9, 15], and demonstrated in several chip multi-
processors (CMPs) [14, 20]. As these networks are facing
tight delay requirements [21], prior designs and microarchi-
tecture studies have been heavily performance-driven, aim-
ing towards lowering network delay to that of pure wire
transmission latency [13, 14, 20].

However, the targeted systems of on-chip networks are
increasingly becoming power-constrained. Battery life is
of primary concern in embedded SoCs in PDAs, laptops
and other mobile devices. In enterprise and desktop envi-
ronments, system power budget, pressured by cooling and
packaging costs, is the key constraint faced by designers

today in systems such as server blades, storage bricks and
PCs. With the increasing demand for interconnect band-
width, on-chip networks are taking up a substantial portion
of system power budget, e.g. the MIT Raw on-chip network
which connects 16 tiles of processing elements consumes
36% of total chip power, with each router dissipating 40%
of individual tile power.

This drove us to rethink network microarchitecture de-
sign from a power-driven perspective and investigate what
constitutes the ideal transmission energy in networks. To
understand the power characteristics of prior performance-
driven network microarchitectures, we modeled the on-chip
networks of two CMPs – the MIT Raw [20] and the UT
Austin TRIPS [14] and obtained their power profile by us-
ing Orion [24], a power-performance simulator for intercon-
nection networks. Our modeling highlights the significant
power dissipation of on-chip networks, and brings valuable
insights on the relative power composition of different mi-
croarchitecture components in on-chip networks.

Based on our analysis and insights, we devise three new
microarchitectures: segmented crossbar, cut-through cross-
bar and write-through buffer. We also study the power
saving potential of an existing network architecture: ex-
press cube. These techniques target energy reduction of
key router components towards the ideal network transmis-
sion energy. Each mechanism’s impact on power, perfor-
mance and area is first analyzed in-depth through power
modeling and probabilistic analysis, then evaluated with a
cycle-accurate network simulator. Our simulations show
that these mechanisms can achieve significant power sav-
ings of 44.9% for synthetic uniform random traffic, and
37.9% for the TRIPS traffic traces, as compared to a base-
line network configuration based on current on-chip net-
work designs, with no performance degradation.

The rest of this paper is organized as follows: section 2
introduces the power characteristics of prior performance-
driven on-chip network designs, along with a characteriza-
tion of ideal network energy consumption, and the power
profiles of the Raw and TRIPS on-chip networks. Section 3
describes four power-efficient network microarchitectures,
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analyzing the power-performance-area impact of different
points in the design space for each mechanism. Section 4
delves into our simulation results of the proposed mecha-
nisms, evaluated against synthetic and real traffic traces. A
discussion of prior related work follows in section 5, and
section 6 concludes the paper.

2 Background and analysis

2.1 Background on on-chip networks

On-chip networks have been proposed for chip mul-
tiprocessors (CMPs) as well as heterogeneous systems-
on-a-chip [15]. In this work, we focus on fine-grained
CMPs [14, 20] that transport operands instead of more tra-
ditional multiprocessors [1, 2, 22] that carry cache lines or
user messages, as such fine-grained CMPs with on-chip net-
works have already been demonstrated and fabricated, pro-
viding invaluable access to design details for power charac-
terization and analysis.

In these fine-grained CMPs, whose networks are also
named scalar operand networks [21], operand bypassing
and forwarding delay between processing elements is ab-
solutely critical to system performance, so network delay
stands out as the most important performance metric. This
has resulted in prior designs of on-chip network microarchi-
tectures being heavily performance-driven, geared towards
lowering network delay as much as possible.

In the drive towards lower network delay, on-chip net-
works tend to choose simple, fast routing protocols, such as
dimension-ordered routing. For example, Raw’s dynamic
network uses a routing algorithm similar to dimension-
ordered routing in that each flit1 can turn at most once. On-
chip networks also tend to opt for two-dimensional topolo-
gies such as meshes and tori. While high-dimensional
topologies have shorter average hop count, they are less de-
sirable for the small scale of on-chip networks of today that
tend to range from 4�4 to 8�8 nodes. This is due to con-
straints on chip size and hop delay, as they lead to longer
channels as well as uneven channel delay [6]. Both Raw
and TRIPS use 2-D topologies.

2.2 Power analysis of on-chip networks

As characterized previously in [24], the energy con-
sumed when transmitting a data flit2 is:

Ef lit � �Ewrt �Erd �Earb �Exb �Elnk� �H

� �Ebu f �Earb �Exb �Elnk� �H (1)

1A flit is short for flow control unit, a fixed-length segment of a packet.
2We use data flits in our discussion for simplicity.

where Ewrt is the average energy dissipated when writing a
flit into the input buffer, Erd is the average energy dissipated
when reading a flit from the input buffer, Ebu f � Ewrt �Erd

is average buffer energy, Earb is average arbitration energy,
Exb is average crossbar traversal energy, Elnk is average link
traversal energy and H is the number of hops traversed by
this flit.

Equation (1) can be reformulated as:

Ef lit � ER �H �Ewire �D (2)

where ER �Ebu f �Earb�Exb is average router energy, Ewire

is average link wire transmission energy per unit length as-
suming optimally-placed repeaters and D is the Manhattan
distance between source and destination.

The ideal flit transmission energy is that dissipated by a
dedicated wire linking source and destination, correspond-
ing to the minimum physical activity required to complete
the transmission:

Ef litideal
� Ewire �D (3)

But in reality, more than ideal energy is consumed as
the network shares and multiplexes links between multi-
ple source-destination flows, thus requiring intermediate
routers that dissipate additional energy ER.

To understand the power profile of on-chip networks, we
used Orion to model the power consumption of the Raw
and TRIPS networks. Orion’s power models have been val-
idated against Raw to be within 10% error of circuit-level
power estimations. Details of the power profiling can be
found in [23], here we only give summaries:

Network power vs. total system power. In the Raw
multiprocessor system, interconnection networks consume
7.1W power, which is 36% of total chip power, as estimated
by the Raw designers using circuit-level tools [10]. This re-
sult highlights that networks consume a substantial portion
of total system power in CMPs.

Network power composition. Table 1 summarizes the
average power composition of the Raw and TRIPS data net-
works. These numbers will vary with different network pa-

Table 1. Raw and TRIPS average network power
composition.

input buffer crossbar arbiter link
Raw 31% 30% �0% 39%
TRIPS 35% 33% 1% 31%

rameters, but they clearly convey that unlike off-chip net-
works, where link power dominates, buffers, crossbars and
links are equally important for reducing on-chip network
power.
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