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Abstract—Router microarchitecture plays a central role in the
performance of networks-on-chip (NoCs). Buffers are needed
in routers to house incoming flits that cannot be immediately
forwarded due to contention. This buffering can be done at
the inputs or the outputs of a router, corresponding to an
input-buffered router (IBR) or an output-buffered router (OBR).
OBRs are attractive because they can sustain higher throughputs
and have lower queuing delays under high loads than IBRs.
However, a direct implementation of an OBR requires a router
speedup equal to the number of ports, making such a design
prohibitive under aggressive clocking needs and limited power
budgets of most NoC applications. In this paper, a new router
design based on a distributed shared-buffer (DSB) architecture
is proposed that aims to practically emulate an OBR. The pro-
posed architecture introduces innovations to address the unique
constraints of NoCs, including efficient pipelining and novel flow
control. Practical DSB configurations are also presented with
reduced power overheads while exhibiting negligible performance
degradation. Compared to a state-of-the-art pipelined IBR, the
proposed DSB router achieves up to 19% higher throughput
on synthetic traffic and reduces packet latency on average by
61% when running SPLASH-2 benchmarks with high contention.
On average, the saturation throughput of DSB routers is within
7% of the theoretically ideal saturation throughput under the
synthetic workloads evaluated.

Index Terms—Network throughput, networks-on-chip, on-chip
interconnection networks, router microarchitecture.

I. Introduction

NETWORK-ON-CHIP (NoC) architectures are becom-
ing the de facto fabric for both general-purpose chip

multiprocessors (CMPs) and application-specific systems-on-
chips (SoCs). In the design of NoCs, high throughput and
low latency are both important design parameters and the
router microarchitecture plays a vital role in achieving these
performance goals. High throughput routers allow an NoC
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to satisfy the communication needs of multi-core and many-
core applications, or the higher achievable throughput can be
traded off for power savings with fewer resources being used
to attain a target bandwidth. Further, achieving high throughput
is also critical from a delay perspective for applications with
heavy communication workloads because queueing delays
grow rapidly as the network approaches saturation.

A router’s role lies in efficiently multiplexing packets onto
the network links. Router buffering is used to house arriving
flits1 that cannot be immediately forwarded to the output links
due to contention. This buffering can be done either at the
inputs or the outputs of a router, corresponding to an input-
buffered router (IBR) or an output-buffered router (OBR).
OBRs are attractive for NoCs because they can sustain higher
throughputs and have lower queueing delays than IBRs under
high loads. However, a direct implementation of an OBR
requires each router to operate at a speedup of P , where P is
the number of router ports. This can either be realized with
the router being clocked at P times the link clock frequency
or the router having P times more internal buffer and crossbar
ports. Both of these approaches are prohibitive given the
aggressive design goals of most NoC applications, such as
high-performance CMPs. This is a key reason behind the broad
adoption of IBR microarchitectures as the preferred design
choice and the extensive prior effort in the computer architec-
ture community on aggressively pipelined IBR designs.

In this paper, we propose a new router microarchitecture
that aims to emulate an OBR without the need for any router
speedup. It is based on a distributed shared-buffer (DSB)
router architecture that has been successfully used in high-
performance Internet packet routers [10], [24]. Rather than
buffering data at the output ports, a DSB router uses two
crossbar stages with buffering sandwiched in between. These
buffers are referred to as middle memories (MMs). To emulate
the first-come first-served (FCFS) order of an OBR, incoming
packets are timestamped with the same departure times as they
would depart in an OBR. Packets are then assigned to one
of the MM buffers with two constraints. First, packets that
are arriving at the same time must be assigned to different
MMs. Second, an incoming packet cannot be assigned to a
MM that already holds a packet with the same departure
time.2 It has been shown in [10] and [24] that a DSB

1A flit is a fixed-size portion of a packetized message.
2This is necessary to avoid switch contention.
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router can emulate a FCFS OBR if unlimited buffering is
available.

However, just as the design objectives and constraints for
an on-chip IBR are quite different from those for an Internet
packet router, the architecture tradeoffs and design constraints
for an on-chip DSB router are also quite different. First,
limited power and area budgets restrict a practical router
microarchitecture implementation to contain small amounts
of buffering. It is, therefore, imperative to explore power-
efficient and area-efficient DSB configurations suitable for on-
chip design. Next, a flow-control protocol which can work
with few buffers is necessary since NoC applications and
protocols, such as cache coherency, cannot tolerate dropping
of packets. A suitable flow-control mechanism is also needed
to support a wide range of delay-sensitive applications with
ultra-low latency requirements. This can be achieved with flit-
level flow control that allows allocation of network resources at
the granularity of flits. This is different from Internet routers
which typically employ store-and-forward packet-level flow
control. Finally, another key difference is the need for on-
chip routers to operate at aggressive clock frequencies. This
can be achieved with efficient router pipelining where circuit
delay and complexity are balanced across all router pipeline
stages. Our proposed router microarchitecture tackles all these
challenges with appropriate solutions and new designs.

Our evaluation shows that the proposed on-chip DSB router
achieves up to 19% higher saturation throughput in comparison
to a state-of-the-art pipelined IBR and up to 94% of the
ideal saturation throughput for the synthetic traffic workloads
evaluated. On the set of SPLASH-2 benchmarks [26] which
exhibit high contention and demand high bandwidth, our
results further show that the proposed DSB router reduces
packet latency by 61% on average when compared with IBRs.

The remainder of this paper is organized as follows. Sec-
tion II provides background information on throughput analy-
sis and on existing router architectures. Section III describes
our proposed DSB router microarchitecture for NoCs. Next,
Section IV provides extensive throughput and latency eval-
uations of our proposed DSB architecture using a detailed
cycle-accurate simulator on a range of synthetic network traces
and traffic traces gathered from real system simulations, while
Section V evaluates the power and area overhead of DSB
routers. Section VI reviews related work. Finally, Section VII
concludes this paper.

II. Background

In this section, we first provide a brief background on
throughput analysis. We then present a short description of
OBR and IBR microarchitectures, focusing on their deficien-
cies in practically attaining ideal throughput, before discussing
distributed-shared-buffer Internet routers and how they mimic
output buffering [10], [24].

A. Throughput Analysis

Here, we provide a brief overview of the analysis techniques
used to evaluate ideal network throughput. In particular, we
elaborate on the concepts of network capacity, channel load,

TABLE I

Traffic Patterns and Their Corresponding Ideal Saturation

Throughput Under DOR-XY Routing

Saturation
Traffic Description Throughput
Uniform Destination chosen at random, uniformly 1.0

Tornado (x, y) to ((x +
⌈

k
2

⌉
− 1)%k, (y +

⌈
k
2

⌉
− 1)%k) 0.66

Complement (x, y) to (k − x − 1, k − y − 1) 0.5

and saturation throughput. These concepts are intended to
capture what could be ideally achieved for a routing algorithm
R on a given traffic pattern �. To decouple the effects of the
router microarchitecture, including buffer sizing and the flow
control mechanism being used, ideal throughput analysis is
based on channel load analysis. We first review the concept
of network capacity.

1) Network Capacity: Network capacity is defined by the
maximum channel load, γ∗, that a channel at the bisection
of the network needs to sustain under uniformly distributed
traffic. As shown in [5], for any k × k mesh

γ∗ =

⎧
⎪⎨

⎪⎩

k

4
, for even k

k2 − 1

4k
, for odd k.

The network capacity, N , in flits per node per cycle is then
defined as the inverse of γ∗ as follows:

N =
1

γ∗ =

⎧
⎪⎨

⎪⎩

4

k
, for even k

4k

k2 − 1
, for odd k.

For example, for a k × k mesh, with k = 8, N = 4/8 =
0.5 flits/node/cycle. Next, we review the concept of saturation
throughput.

2) Saturation Throughput: For a routing algorithm R and a
given traffic pattern �, the expected channel load on a channel
c is denoted as γc(R, �). The normalized worst-case channel
load, γwc(R, �), is then defined as the expected number of
flits crossing the most heavily loaded channel, normalized to
γ∗, as follows:

γwc(R, �) =
maxc∈C γc(R, �)

γ∗

where C is the set of all channels in the network.
Given this definition of normalized worst-case channel load,

the saturation throughput corresponds to the average number
of flits that can be injected per cycle by all the nodes in the
network so as to saturate the most heavily loaded channel to
its unit capacity. This is given as follows:

�(R, �) =
1

γwc(R, �)
.

Saturation throughput is defined specifically for a given routing
algorithm R and traffic pattern �. Table I shows a few com-
monly used traffic patterns and their corresponding saturation
throughput under dimension-ordered XY routing (DOR-XY).
Note that 100% capacity cannot always be achieved with
DOR-XY routing even under an ideal router design, defined
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as the one that can handle injection loads up to the saturation
throughput. For example, for an adversarial traffic pattern
like bit-complement traffic, it is well-known that DOR-XY
routing saturates at 50% of network capacity. To decouple
the effects of the routing algorithm on network performance,
we assume DOR-XY routing throughout the remainder of
this paper. The goal of our router design is to reach the
ideal router performance and thus approach the achievable
saturation throughput.

B. OBRs

Fact 1: An OBR with unlimited buffering can achieve the
theoretical saturation throughput.

Fact 2: OBRs with unlimited buffering have predictable
and bounded packet delays when the network is below sat-
uration.

Emulating the FCFS behavior of OBR architectures is
important for exploiting their attractive high-throughput and
low-latency properties. Throughput guarantees offered by all
oblivious routing algorithms [5], which are often used in
NoCs because of their simplicity, assume ideal output-buffered
routing with infinite buffers when performing throughput anal-
ysis. When the network topology and the traffic matrix are
both known, the saturation throughput for oblivious routing
algorithms can be computed based on worst-case channel
load analysis (as described in Section II-A). Even when no
information about the spatial characteristics of the traffic
is available, which is often the case, worst-case throughput
guarantees of oblivious routing functions can be provided
by solving bipartite maximum-weight matching problems for
each channel [29]. These throughput guarantees do not hold if
the routers used do not emulate an OBR. Generally, using
IBRs, the worst-case saturation throughput of an oblivious
routing algorithm can be quite far off from the value pre-
dicted by worst-case throughput analysis (Fig. 3). So one key
advantage of OBR emulation is to provide and retain such
guarantees with the limited hardware resources available in
on-chip routers.

OBRs also have lower and more predictable queueing delays
than IBRs because of their FCFS servicing scheme. Flits are
not delayed in OBRs unless the delay is unavoidable due
to multiple flits arriving at the same time at different input
ports destined for the same output port. On the contrary, the
switch arbitration (SA) schemes used in IBRs for multiplexing
packets onto links are suboptimal and result in unpredictable
packet delays. The predictability of packet delays is an impor-
tant concern for delay-sensitive NoC applications and OBR
emulation is a step forward in this direction.

Fig. 1 depicts the OBR architecture. In this architecture, in-
coming flits are directly written into the output buffers through
a concentrator. Since up to P flits may arrive together for a
particular output in the same cycle, a direct implementation of
an OBR would require a router speedup of P , where P is the
number of router ports (i.e., P = 5 in Fig. 1). Router speedup
can be realized in two ways. First, by clocking the router
at P times the link frequency, which is highly impractical
with today’s aggressive clock rates. Even if realizable, this
will lead to exorbitant power consumption. Second, it can

Fig. 1. OBR architecture model.

Fig. 2. (a) Typical IBR microarchitecture with VC flow control and two
VCs, and (b) its three-stage pipeline: 1) route computation (RC) + virtual-
channel allocation (VA) + switch arbitration (SA); 2) switch traversal (ST);
and 3) link traversal (LT).

be realized with higher internal port counts at the buffers
and the crossbar; each output buffer needs P write ports,
with input ports connected to the output buffers through a
P × P2 crossbar. This scenario leads to huge complementary
metal-oxide-semiconductor area penalties. High power and
area requirements for OBR implementation are the key reasons
behind the broad adoption of IBR microarchitectures as the
principal design choice and the extensive prior effort in the
computer architecture community on aggressively pipelined
IBR designs (see Section VI), despite the very attractive prop-
erty that an OBR can theoretically reach the ideal saturation
throughput. Subsequently, in Section II-D, we review a DSB
router architecture that emulates an OBR, inheriting its elegant
theoretical properties, without the need for P times router
speedup. We first review the IBR microarchitecture that is
widely used in on-chip interconnection networks.

C. IBR Microarchitecture

Fig. 2(a) sketches a typical IBR microarchitecture [5] that is
governed by virtual-channel (VC) flow control [4]. We adopt
this as the baseline IBR for our evaluations. The router has P

ports, where P depends on the dimension of the topology. In a
2-D mesh, P = 5 as it includes the four NSEW ports as well as
the injection/ejection port from/to the processor core. At each
input port, buffers are organized as separate first-in first-out
queues, one for each VC. Flits entering the router are placed
in one of these queues depending on their VC ID. Queues of an
input port typically share a single crossbar input port, as shown
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Fig. 3. Latency-throughput curve of an IBR with unlimited buffering, VCs
and perfect allocation (Ford–Fulkerson matching algorithm [7]).

in Fig. 2(a), with crossbar output ports directly connected to
output links that interconnect the current (upstream) router
with its neighboring (downstream) router.

Fig. 2(b) shows the corresponding IBR router pipeline. The
router uses look-ahead routing and speculative switch alloca-
tion (SA) resulting in a short three-stage router pipeline. Route
computation (RC) determines the output port based on the
packet destination and is done one hop in advance. Speculative
SA is done in parallel with virtual-channel allocation (VA) and
priority is given to nonspeculative switch requests to ensure
that performance is not hurt by speculation. Once SA and VA
are completed, flits traverse the crossbar (ST) before finally
traversing the output link [link traversal (LT)] toward the
downstream router. Head flits proceed through all the stages
while the body and tail flits skip the RC and VA stages and
inherit the VC allocated to the head flit. The tail flit releases
the reserved VC after departing the upstream router.

To attain high throughput, an IBR relies on several key
microarchitectural components to effectively multiplex flits
onto the output links. First, additional buffering allows a
greater number of flits to be housed at a router during
high contention. This increases the number of competing flit
candidates to eventually traverse a link toward a downstream
router, while also alleviating congestion at upstream routers.
Second, a higher number of VCs allows a greater number of
individual packet flows to be accommodated, increasing buffer
utilization and ultimately link utilization. Finally, the VC and
switch allocators need to have good matching capability, i.e.,
they should ensure that VCs and crossbar switch ports never
go idle when there are flits waiting for them.

To explore the throughput limits of an IBR, we simulated an
8×8 mesh network of IBRs with a pipelined microarchitecture
as described above, but with unlimited buffering and VCs,
and perfect matching (Ford–Fulkerson allocation [7]). Four-
flit packets were sent uniformly to random destinations and
routed using DOR-XY routing. Section IV describes the
detailed simulation methodology. Fig. 3 compares the latency-
throughput curve of the ideal IBR with the curve of an
OBR having the same number of pipeline stages. Despite
unlimited buffering, VCs and perfect matching, all of which
are impractical as they command impossibly huge area, power,
and delay overheads, the IBR obtained only about 81% of ideal
saturation throughput. This is because of the bottlenecks that

Fig. 4. DSB router architecture model.

exist along the datapath of an IBR; buffers are partitioned per
input port, and all VC queues at an input port share a single
port into the crossbar. So when multiple packet flows at an
input port wish to depart through different output ports, they
need to queue up and leave the input buffer one at a time.
OBRs precisely tackle this deficiency and can achieve near-
ideal saturation throughput, as Fig. 3 shows.

D. DSB Routers

DSB routers have been successfully used in high-
performance Internet packet routers [10], [24] to emulate
OBRs without any internal router speedup. Rather than buffer-
ing data directly at the output ports, a DSB router uses two
crossbar stages with buffering sandwiched in between. Fig. 4
depicts the DSB microarchitecture used in Internet routers.
The input ports are connected via a P × N crossbar to N

MMs. These N MMs are then connected to the output ports
via a second N × P crossbar. At every cycle, one packet can
be read from and written to each MM. It should be noted here
that when contention occurs in Internet routers, packets can be
dropped. This scenario is not allowed in our proposed on-chip
DSB architecture (see Section III).

To emulate the FCFS packet servicing in OBRs, a DSB
router has to satisfy two conditions: 1) a packet is dropped by
the DSB router if and only if it will also be dropped by an
OBR, and 2) if a packet is not dropped, then the packet must
depart the DSB router at the same cycle as the cycle in which it
would have departed an OBR. To achieve this emulation, each
packet arriving at a DSB router is timestamped with the cycle
in which it would have departed from an OBR (i.e., in FCFS
order). When a packet arrives, a scheduler chooses a MM
to which to write this incoming packet and to appropriately
configure the corresponding first crossbar (XB1). Also, at each
cycle, packets whose timestamp is equal to the current cycle
time are read from the MMs and transferred to the outputs
through the second crossbar (XB2).

In [10] and [24], it was shown that a MM assignment can
always be found and a DSB router can exactly emulate an
OBR if the following condition is satisfied.

Fact 3: A DSB router with N ≥ (2P − 1) MMs and
unlimited buffering in each MM can exactly emulate a FCFS
OBR with unlimited buffering.
At least (2P −1) MMs are needed to ensure that two types of
conflicts can always be resolved. The first type of conflict is an
arrival conflict. A packet has an arrival conflict with all packets
that arrive simultaneously at other input ports since packets
arriving at the same time cannot be written to the same MM.
With P input ports, the maximum number of arrival conflicts
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a packet can have is (P − 1). The second type of conflict is
a departure conflict. A packet has a departure conflict with
all other packets that have the same timestamp and need to
depart simultaneously through different output ports. With P

output ports, a packet can have departure conflicts with at most
(P − 1) other packets. Therefore, by the pigeonhole principle,
N ≥ (2P − 1) MMs are necessary and sufficient to find a
conflict-free MM assignment for all incoming packets.

III. Proposed DSB Router for NoCs

A. Key Architectural Contributions
The proposed DSB NoC router architecture addresses the

bottlenecks that exist in the data path of IBRs which lead to
lower than theoretical ideal throughput. At the same time, it
tackles the inherent speedup limitations and area penalties of
OBRs while harnessing their increased throughput capabilities.
The MMs decouple input VC queueing from output channel
bandwidth, as any flit can acquire any MM provided that there
are no timing conflicts with other flits already stored in the
same MM. Essentially, MMs provide path diversity between
the input and output ports within a router. Although based on
the DSB architecture used in Internet routers, the proposed
NoC router architecture faces a number of challenges specific
to the on-chip domain.

First and foremost, NoC applications such as cache co-
herence protocols cannot tolerate dropping of packets unlike
in Internet protocols. As a result, the DSB architecture used
in Internet routers cannot be directly applied to the on-
chip domain. To guarantee packet delivery, a flow control
mechanism needs to be in place. The proposed DSB router
uses credit-based flit-level flow control. To implement credit-
based flow control, we introduce input buffers with VCs and
distribute the available router buffers between the input ports
and the MMs. Flow control is applied on a flit-by-flit basis,
advancing each flit from an input queue toward any time-
compatible MM and ultimately to the output link. Flits are
timestamped and placed into a compatible MM only when the
next-hop router has buffers available at its corresponding input
port. Further, since the MM buffering is limited due to power
and area constraints, flits are held back in the input buffers
when they fail to find a compatible MM.

Next, since power is of utmost importance in the NoC
domain, the power-performance tradeoff of different DSB
configurations needs to be explored. Although, theoretically,
2P − 1 MMs are needed in a P-ported router to avoid all
possible arrival and departure conflicts, having a large number
of MMs increases power and area overheads by increasing
the crossbar size. Therefore, we evaluate DSB configurations
with fewer than 2P − 1 MMs and estimate the impact of the
reduced number of MMs on performance.

Finally, on-chip routers need to operate at aggressive clock
frequencies, pointing to the need for careful design of router
pipelines with low complexity logic at each stage. Our design
assumes a delay and complexity-balanced five-stage pipeline.
The proposed DSB architecture can achieve much higher
performance than VC IBRs with comparable buffering while
adding reasonable power and area overheads in managing
MMs and assigning timestamps to flits.

Fig. 5. (a) DSB router microarchitecture with N MMs and (b) its five-stage
pipeline: 1) route computation (RC) + timestamping (TS); 2) conflict resolu-
tion (CR) and virtual-channel allocation (VA); 3) first crossbar traversal (XB1)
+ middle memory write (MM WR); 4) middle memory read (MM RD) and
second crossbar traversal (XB2); and 5) link traversal (LT).

B. DSB Microarchitecture and Pipeline

Fig. 5 shows the router microarchitecture of the proposed
DSB router and its corresponding five-stage pipeline. Incom-
ing flits are first buffered in the input buffers which are
segmented into several atomic VCs. The RC stage employs a
look-ahead routing scheme like the baseline IBR architecture,
where the output port of a packet is computed based on
the destination coordinates, one hop in advance. This is done
only for the head flit of a packet. The remaining pipeline
stages of a DSB router are substantially different from those
of IBRs. Instead of arbitrating for free VCs (buffering) and
passage through the crossbar switch (link), flits in a DSB
router compete for two resources: MM buffers (buffering) and
a unique time at which to depart from the MM to the output
port (link).

The timestamping (TS) stage deals with the timestamp
resource allocation. A timestamp refers to the future cycle at
which a flit will be read from a MM, through the second
crossbar, XB2, onto the output port. TS is carried out in
conjunction with lookahead routing. A flit (head, body, or tail)
enters the TS stage and issues a request to the timestamper if
it is at the head of a VC or if the flit ahead of it in the same
VC has moved to the second stage of the pipeline. A flit can
also re-enter the TS stage if it fails to find either a conflict-
free MM or a free VC at the input of the next-hop router, as
will be explained later. If multiple VCs from the same input
port send simultaneous requests to the timestamper, it picks a
winning VC and assigns the earliest possible departure time
for the output port requested by the flit in the selected VC.
Let us assume that the output port requested is p. In order to
find the earliest possible departure time through port p, the
timestamper first computes the time the flit would leave the
MM assuming there are no flits already stored in the MMs
that need to depart through port p. Let us denote this time as
T [p] as follows:

T [p] = Current Time + 3
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Fig. 6. Arrival CR illustration for flits under a simplified DSB router
architecture with two input ports (no VCs), two output ports, and two MMs,
MM[0] and MM[1], each with a three-flit capacity. FA and FB need to depart
through the same output port. They are timestamped at the same current cycle
i. FA is assigned a timestamp of i + 3 while FB is assigned a timestamp of
i + 4, assuming input 1 has a higher priority than input 2 and there are no
flits already stored in the MM buffers. Although FA and FB are in different
input ports and have different departure times, they cannot be simultaneously
written into the same MM, as each memory has a single write port. So
FA and FB are assigned to MM[0] and MM[1], respectively. (a) Time = i.
(b) Time = i + 2.

since two pipeline stages, namely, CR + VA (conflict resolution
+ VC allocation) and XB1 + MM WR (crossbar 1 and MM
write) lie between the TS and MM RD + XB2 (MM read and
crossbar 2) stages in the DSB pipeline (see Fig. 5). Next, we
consider the case when there are flits in the MMs destined for
output port p. To handle this case, the timestamper remembers
the value of the last timestamp assigned for each output port
up to until the previous cycle. The last assigned timestamp
for output port p is denoted as LAT [p]. As timestamps are
assigned in a strictly increasing order, the assigned times-
tamp for output port p in the current cycle must be greater
than LAT [p]. In other words, a flit that is currently being
timestamped can depart the MM through output port p only
after all flits that are destined for the same output port and
were timestamped at an earlier cycle, depart the MM. This
emulates the FCFS servicing scheme of OBRs. Hence, the
earliest timestamp that can be assigned to a flit for output port
p is given as follows:

Timestamp = max(LAT [p] + 1, T [p]). (1)

If flits at more than one input port request a timestamp
for output port p in the same cycle, the timestamper serves
the inputs in an order of decreasing priority (either fixed or
rotating). The timestamp of a flit at the highest priority input
is computed as above and the remaining flits at other inputs
are assigned sequentially increasing timestamps in the order
of decreasing priority.

CR and VA comprise the second pipeline stage of the
DSB router. The CR and VA operations are carried out in
parallel. The task of the CR stage is to find a conflict-free MM
assignment for flits that were assigned timestamps in the TS

Fig. 7. Departure CR illustration for flits under a simplified DSB router
architecture with two input ports (no VCs), two output ports, and two MMs,
MM[0] and MM[1], each with a three-flit capacity. Flit FA enters the TS stage
at current time i for output port 1 and is assigned a timestamp of i + 3 since
there are no flits in any MMs destined for output port 1. When it enters the
CR stage in the next cycle, there are two flits already stored in MM[0] having
timestamps i + 2 and i + 3 destined for output port 2. Although MM[0] has an
empty slot to store an additional flit, FA cannot be assigned to MM[0] since
it has a conflicting departure time with a flit already stored in MM[0] which
has only one read port. So, flit FA has to be assigned to MM[1]. (a) Time =
i. (b) Time = i + 1. (c) Time = i + 2.

stage. As mentioned earlier, there are two kinds of conflicts in
shared-buffer routers: arrival conflicts and departure conflicts.
Arrival conflicts are handled by assigning a different MM to
every input port with timestamped flits. Departure conflicts
are avoided by ensuring that the flits stored in the same
MM have unique timestamps. Figs. 6 and 7 demonstrate how
arrival and departure conflicts are resolved in a simplified DSB
architecture. These restrictions are enforced due to the fact that
MMs are uni-ported3 and only one flit can be written into (via
XB1) and read from (via XB2) a MM in a given cycle. The
implementation details of the TS and CR stages are explained
in the next section.

The VC allocator arbitrates for free VCs at the input port
of the next-hop router in parallel with CR. VA is done only
for the head flit of a packet. The VC allocator maintains two
lists of VCs: a reserved VC pool and a free VC pool. VA is
done by picking the next free output VC from the free VC
list of the given output port, similar to the technique used
in [15]. Additionally, when output VCs are freed, their VC
number is moved from the reserved VC list to the end of the
free VC list. If a free VC exists and the flit is granted a MM,
it subsequently proceeds to the third pipeline stage, where it

3Single-ported memories are power and area-efficient.
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traverses the first crossbar (XB1) and is written to its assigned
MM (MEM WR). If no free VC exists (all VCs belong to the
reserved VC list), or if CR fails to find a conflict-free MM,
the flit has to be re-assigned a new timestamp and it therefore
re-enters the TS stage.

When the timestamp of a flit matches the current router
time, the flit is read from the MM, MM RD, and passes
through the second crossbar, XB2, in the fourth pipeline stage.
We assume that the output port information is added to every
flit and stored along with it in the MM. Finally, in the LT
stage, flits traverse the output links to reach the downstream
router.

C. Practical Implementation

In this section, we describe the implementation details of
the TS and CR stages, which are unique to the proposed
DSB architecture. It must be noted here that the proposed
implementation is only one among a range of possible design
implementation choices that span a spectrum of area/delay
tradeoffs. We specifically focus on the implementation of a
five-ported 2-D mesh router. However, our design can be
extended to higher or lower radix routers.

The high-level block diagrams of the logic used in the TS
stage are shown in Fig. 8(a)–(c). The five input ports are
labeled from i0 to i4. First, as shown in Fig. 8(a), when
multiple VCs from the same input port send simultaneous
requests to the timestamper, a winning VC is selected using
a matrix arbiter. In addition to the TS requests, the arbiter
also takes as input the size of the free VC lists for the output
ports requested by each of the flits in the TS stage and gives
priority to body and tail flits that have already acquired a VC
over head flits, if they are likely to fail in the VA stage. This
avoids wasted cycles resulting from re-TS of flits.

After choosing a winning VC at each input port, the output
ports requested by the flits in the selected VCs, OPi, are
used to generate timestamp offsets for each of these flits,
as shown in Fig. 8(b). Timestamp offsets are required to
assign sequentially increasing timestamps to flits based on
input priority, when flits from more than one input port
simultaneously request a timestamp for the same output port,
as discussed in Section III-B. Internally, the offset generator
block comprises of separate sub-blocks, one for each output
port. The offsets are generated on a per output port basis and
the offset value for a flit is equal to the number of higher
priority flits requesting a timestamp for the same output port
in a given cycle. The offset generation sub-block for an output
port is a simple combinational function of the requests received
from the input ports (OPi) and the input priorities. The final
timestamp assigned to a flit at input i is the sum of the
timestamp assigned to the highest priority flit requesting the
same output port as the current flit [given by (1)] and the com-
puted offset as follows:

TSi = max(LAT [OPi] + 1, current time + 3) + offseti. (2)

In the DSB architecture, flits are stored in MMs only after
they have reserved buffering at the next-hop router. Let the
total buffering at each input port be B flits. If the current time

Fig. 8. Block diagrams of the TS stage. (a) Arbitration. (b) Offset generation.
(c) Timestamp computation. (d) Compute timestamp block.

Fig. 9. Block diagram of the CR stage.

is denoted by curr time, we restrict the maximum timestamp
assigned for an output port to curr time + B − 1. This is
because, assigning a timestamp equal to curr time+B means
that there are B flits before the current flit (with timestamps
curr time to curr time+B−1) that have been timestamped
for the same output port and have not yet departed the router.
If all timestamped flits succeed in acquiring an output VC and
a conflict-free MM, these B flits would reserve all available
buffering at the input of the next-hop router and any flit with
a timestamp greater than curr time + B − 1 would fail to
reserve an output VC. Hence, assigning timestamps greater
than curr time + B − 1 is not necessary. This fact is used to
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simplify the hardware for detecting departure conflicts. From
this discussion, at most B unique timestamps are assigned for
an output port, which can be represented using �log2 B� bits.
We ensure that each MM has exactly B flits of buffering so
that a flit with timestamp T is always stored at the T th location
within the MM. In this way, a flit with timestamp T can only
have departure conflicts with flits stored at the T th location of
any one of the N MMs.

With timestamps represented using �log2 B� bits, the times-
tamp assignment has to be carried out using modulo-B
arithmetic. Under this scheme, the current time rolls over
every B clock cycles, implemented using a mod-B counter.
The assigned timestamps can take B unique values and also
roll over beyond B. Hence, if curr time%B has a value
t, flits stored in the MMs can have B unique timestamps
between t and (t − 1)%B, representing times from curr time

to curr time + B − 1. The last assigned timestamp for an
output port can fall behind curr time when the output port
is not used for a while. If the last assigned timestamp for
output port OP falls behind curr time%B (i.e. LAT [OP] =
curr time%B), it is advanced along with the current time to
ensure that the last assigned timestamp is always either equal
to or ahead of curr time%B. This prevents old values of
LAT [OP] from appearing as future timestamps after rollover.
Fig. 8(d) presents the logic diagram for the timestamp compu-
tation block shown in Fig. 8(c). When assigning a timestamp
for output port OPi, (LAT [OPi] + 1)%B is simultaneously
compared to (curr time + 1)%B and (curr time + 2)%B,
and the results are ORed together. A logic 1 at the output
of the OR gate signifies that (LAT [OPi] + 1)%B is behind
(curr time + 3)%B and vice versa. The greater of the two
times is chosen and the corresponding flit offset is added to
obtain the final timestamp according to (2). If the timestamp
computed using (2) is greater than B, it is rolled over by
subtracting B from the result, as shown.

In the last block of Fig. 8(c), the timestamps are shuffled
according to input priority, which is assumed to be a rotating
priority over all inputs. In this respect, PTS0 is the timestamp
of the input with priority 0, PTS1 is the timestamp of input
with priority 1, and so on. This helps with the priority-based
MM assignment during the CR stage. If an input does not hold
a flit that needs to be timestamped, an invalid timestamp value
is stored instead.

The task of the CR stage is to detect arrival and departure
conflicts. To keep track of the occupancy of the MM buffers,
we use an auxiliary data structure called the MM reservation
table (MMRT). For N MMs, with B flits of buffering per MM,
the MMRT is an array of B registers, each N bits wide. The
registers are indexed from 0 to B − 1. If bit MMRT [i][j] is
set, it implies that memory bank j holds a flit with timestamp
i and vice versa.

Departure conflicts are resolved using the MMRT. For each
timestamp that needs to be assigned a MM (PTS0. . . PTS4),
the MMRT register indexed by the timestamp represents the
MM compatibility bitmap for the timestamp. In Fig. 9, the
bits C[i][0] to C[i][N − 1] represent the individual bits of
the N-bit register, MMRT [PTSi]. If bit C[i][j] is 1, it means
that MM j already has a flit with timestamp PTSi and hence,

has a departure conflict with any flit with this timestamp. On
the contrary, if C[i][j] is 0, the flit with timestamp PTSi is
compatible with MM j. If an input does not have a flit that
needs to be timestamped, the compatibility bits for all MMs
are set to 1 (meaning incompatible).

Next, arrival conflicts are resolved in the MM assignment
stage. The MMs are assigned fixed priorities with memory
N − 1 given the highest priority and memory 0 the lowest
priority. In the MM assignment stage, the inputs are granted
the highest priority compatible MM in the order of decreasing
input priority while ensuring that more than one input is not
granted the same MM. Bit G[i][j] denotes the grant bit and
it is set to 1 if the input with priority i has been granted
MM j. This memory assignment scheme was specifically
designed to have low MM miss rates when the number of
MMs is fewer than 2P − 1 (P being the number of ports)
for five-ported mesh routers. Having less than 2P − 1 MMs
is necessary to reduce the power and area of DSB routers as
shown in Section V. When the number of MMs is at least
2P − 1, memory assignment schemes with less delay can be
implemented as it is much easier to find conflict-free MMs.

The above logic distribution between the TS and CR stages
was architected to even-out the fan-out-of-4 (FO4) delays
across the four stages (excluding LT) of the DSB pipeline.
The FO4 calculations were carried out using the method of
logical effort [28], and was applied to each logic block. For
a five-ported DSB router with five VCs per input port, four
flits per VC (B = 20 flits) and five MMs with 20 flits per
MM, the critical path delays of the TS and CR pipeline stages
were estimated at 19 FO4s and 18 FO4s, respectively. A
delay of less than 20 FO4 for each stage in the proposed
architecture enables an aggressively clocked high-performance
implementation. In particular, assuming a FO4 delay of 15 ps
for Intel’s 65 nm process technology, our proposed design can
be clocked at a frequency of more than 3 GHz.

IV. Throughput and Latency Evaluation

A. Simulation Setup

To evaluate the effectiveness of our proposed DSB router
against a baseline IBR architecture with VC flow control,
we implemented two corresponding cycle-accurate flit-level
simulators. The baseline IBR simulator has a three-stage
pipeline as described in Section II-C. The DSB simulator mod-
els the five-stage router pipeline described in Section III-B.
Both simulators support k-ary 2-mesh topologies with their
corresponding five-ported routers. DOR-XY routing is used
for all our simulations where packets are first routed in the
X-dimension followed by the Y -dimension. We use DOR-XY
because our main focus is on highlighting the improvement in
performance due to the DSB router architecture, rather than
the routing algorithm.

We present results for both synthetic and real traffic traces.
The three synthetic traffic traces used are uniform, com-
plement, and tornado traffic, shown in Table I. These
three traces represent a mixture of benign and adversarial
traffic patterns. The ideal saturation throughputs that can be
achieved for these three traffic patterns using DOR-XY (based
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Fig. 10. Performance comparison of different router architectures under various synthetic traffic patterns. (a) Uniform. (b) Complement. (c) Tornado.

on channel load analysis) are also shown in Table I. All
throughput results presented subsequently are normalized to
the ideal saturation throughput for the given traffic pattern.
An 8 × 8 mesh topology is used for our simulations with
synthetic traffic. Multi-flit packets composed of four 32-bit
flits are injected into the network and the performance metric
considered is the average packet latency under different traffic
loads (packet injection rates). The latency of a packet is
measured as the difference between the time the head flit is
injected into the network and the time the tail flit is ejected
at the destination router. The simulations are carried out for
a duration of 1 million cycles and a warm-up period of
10 000 cycles is used to stabilize average queue lengths before
performance metrics are monitored.

In addition to the synthetic traces, we also compare the
performance of the two router architectures on eight traffic
traces from the SPLASH-2 benchmark suite [26]. The traces
used are for a 49-node shared memory CMP [16] arranged as
a 7×7 mesh. The SPLASH-2 traces were gathered by running
the corresponding benchmarks with 49 threads4 on Bochs [17],
a multiprocessor simulator with an embedded Linux 2.4 ker-
nel. The memory trace was captured and fed to a memory
system simulator that models the classic modified, shared,
invalid (MSI) directory-based cache coherence protocol, with
the home directory nodes statically assigned based on the least
significant bits of the tag, distributed across all processors in
the chip. Each processor node has a two-level cache (2 MB
L2 cache per node) that interfaces with a network router and
4 GB off-chip main memory. Access latency to the L2 cache is
derived from CACTI to be six cycles, whereas off-chip main
memory access delay is assumed to be 200 cycles. Simulations
with SPLASH-2 traces are run for the entire duration of the
trace, typically in the range of tens of millions of cycles, which
is different for each trace.

B. Performance of the DSB Router on Synthetic Traces

The nomenclature of IBR and DSB configurations referred
to in this section is presented in Table II, along with details
of the buffer distribution in each configuration. For the DSB
architecture, the number of flits per MM is always equal to

4Two of the eight traces, fft and radix could not be run with 49 threads.
They were run with 64 threads instead. The memory traces of the first 49
threads were captured and the addresses were mapped onto a 49-node system.

TABLE II

Nomenclature of the Router Microarchitectures Compared

Input Buffers (Per Port) MM Buffers
Config. Total

VCs Flits/VC MM Flits/MM Buffers
IBR160 8 4 – – 160
IBR200 8 5 – – 200
IBR240 8 6 – – 240
DSB160 4 4 5 16 160
DSB200 5 4 5 20 200
DSB240 6 4 5 24 240
DSB300 5 4 10 20 300

Fig. 11. Normalized saturation throughput comparison for different NoC
router microarchitectural configurations.

the number of input buffers to simplify departure CR, as
discussed in Section III-C. Theoretically, a five-ported DSB
router needs nine MMs to avoid all conflicts in the worst
case, i.e., when all possible arrival and departure conflicts
occur simultaneously. However, keeping the power overhead
in mind, we evaluate a DSB configuration with only five MMs
(DSB200) and compare its performance to a configuration with
ten MMs (DSB300).

In addition to the configurations shown in Table II, we also
implemented an OBR simulator with a very large number
of buffers (10 000-flit buffers) at each output port, emulating
infinite output buffer capacities. Redundant pipeline stages are
introduced in the OBR simulator totaling a pipeline depth of
five, to ensure the same pipeline length as our DSB router for
fair comparisons. This helped us to compare the performance
of DSB configurations with an OBR with the same number
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Fig. 12. Performance sensitivity of IBR and DSB architectures to total buffering under various synthetic traffic patterns. (a) Uniform. (b) Complement.
(c) Tornado.

of pipeline stages, but which behaves ideally and incurs no
delay due to SA and buffer capacity limitations. We refer to
this OBR configuration as OBR-5stage.

We first compare the performance of IBR200, DSB200,
DSB300, and OBR-5stage. IBR200 and DSB200 have the
same number of buffers (200 flits). DSB300 has the same
number of input buffers but double the number of MMs
compared to DSB200. The average packet latency curves for
different injected loads are shown in Fig. 10 for the three
synthetic traffic patterns and the saturation throughput values
are presented in Fig. 11. The saturation throughput is assumed
to be the injection rate at which the average packet latency is
three times the zero-load latency.

Fig. 11 shows that with an aggregate buffering of 200 flits,
DSB200 outperforms IBR200 by 11.25%, 9.5%, and 18.5%
on uniform, complement, and tornado traffic, respectively,
in terms of saturation throughput. Although IBR200 has a
slightly lower latency than DSB200 under low loads due to
the shorter router pipeline, the higher saturation throughput
of DSB200 gives it a definite edge under moderate to high
loads. It must be noted here that during the course of an
application running on a CMP, there may be transient periods
of high traffic or localized traffic hotspots during which parts
of the network are driven close to (or past) saturation. A
router with higher saturation throughput can minimize the
occurrence of these transient hotspots and provide tremendous
latency savings during these periods, which can far-outweigh
the slightly higher latency observed under low loads. This is
more clearly depicted in the SPLASH-2 results presented in
Section IV-C.

The performance of DSB200 is nearly identical to DSB300,
with negligible difference in saturation throughputs for all
three traffic patterns. This is because the probability of more
than five arrival and departure conflicts occurring simultane-
ously is very low. We observe in our experiments that even
under very high injection loads, in the worst case, less than
0.3% of the flits failed to find a conflict-free MM over all
traffic patterns. Hence, it can be concluded that although
theoretically nine MMs are needed to resolve all conflicts,
in practice, five MMs result in very little degradation in
throughput. The reason why fewer MMs are attractive is
because of the significant power and area savings that can
be achieved by using smaller crossbars and fewer buffers.

Fig. 13. Sensitivity of saturation throughput to buffer size.

The saturation throughput of DSB200 is also close to that of
OBR-5stage. For uniform, tornado, and complement traffic, the
saturation throughput of the DSB200 architecture is within 9%,
4%, and 8%, respectively, of the throughput of OBR-5stage.
The slightly lower saturation throughput of DSB routers is a
result of having far fewer buffers compared to OBR-5stage’s
infinite buffering.

Next, we explore the performance sensitivity to the aggre-
gate router buffering for both the IBR and DSB architectures.
Fig. 12 shows the average packet latency curves under different
injection loads and Fig. 13 compares the saturation throughput
of IBR and DSB routers with 160, 200, and 240 flits of
buffering for the three synthetic workloads. For both the IBR
and DSB architectures, the partitioning of input buffers into
VCs is done in such a way that the throughput is maximized.
The IBR configurations show very little variation in saturation
throughput with change in the number of buffers. However,
for the case of DSB routers, we observe that the effective
throughput can be improved by increasing the aggregate
buffering. DSB240 has a saturation throughput of 92% for
uniform traffic which is a 3.4% gain over DSB200. DSB200 in
turn has higher throughput than DSB160 under all workloads.
Therefore, while the performance of IBRs saturate beyond a
certain number of buffers, the performance of DSB routers
can be improved further at the expense of more buffering
(power). This is because the performance of IBRs is limited
by the efficiency of the SA stage. On the contrary, the
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Fig. 14. Network latency for SPLASH-2 benchmarks.

throughput of DSB routers, which aim to emulate an OBR,
approaches the ideal saturation throughput as buffering is
increased. For the three synthetic traffic traces evaluated, the
saturation throughput of DSB240 is within 7% of the satura-
tion throughput of OBR-5stage. We also observe that DSB160,
with a total buffering capacity of 160 flits can significantly
outperform IBRs with much greater buffering. This indicates
that if power consumption is critical, DSB configurations with
fewer buffers can be used to constrain the router’s power
overhead.

C. Performance of DSB on Real Traffic Traces

In this section, we present simulation results using the eight
benchmark traces from the SPLASH-2 suite [26]. For uniform,
tornado, and complement traffic, the traffic matrix � is as-
sumed to be fixed and stationary. As discussed in Section II-A,
using idealized load analysis, the ideal saturation throughput
can be computed based on just � under these synthetic traffic
cases. However, in the case of real traffic traces, like the
SPLASH-2 traces, the traffic pattern is space and time-varying.
Therefore, the notion of ideal saturation throughput can neither
be clearly defined nor easily determined. Instead, we compare
the average packet latencies over the entire trace duration using
our cycle-accurate flit-level simulators.

Fig. 14 shows the latency results of all the IBR and
DSB router configurations, normalized to the average packet
latency of IBR200. The first observation to be made here is
that the average packet latency of the DSB configurations is
comparable to OBR-5stage for seven of the eight SPLASH-
2 benchmarks evaluated. For the water-nsquared trace,
OBR-5stage has a lower latency than DSB routers because this
trace has traffic hot spots where packets are injected at a rate
that saturates both OBR and DSB routers. In such a situation,
the large number of output buffers available in OBR-5stage
help in attaining a lower average latency. On average, across
all eight traces, OBR-5stage has 14% lower average packet
latency than DSB-240. In most traces, the ability of a DSB
router to closely match an OBR in terms of latency illustrates
its capability to emulate OBRs, even with limited buffering.

Next, we observe that DSB200 outperforms IBR200 on
fft, water-nsquared, water-spatial, and radix
traces by 72%, 64.5%, 97.5%, and 8%, respectively. For
the three traces where the performance improvement is over
50%, i.e., fft, water-nsquared, and water-spatial,
IBR200 saturates during portions of all three traces while
DSB200 saturates only in the case of the water-nsquared
trace. It is during these transient periods of congestion that
the communication delay can shoot up and the network can
become a serious performance bottleneck. The high relative
packet delays of the IBR configurations seen in these three
traces is expected to directly impact application performance
as communication delays will constitute the bulk of the appli-
cation runtime. It can therefore be inferred from these re-
sults that a relatively small increase in saturation throughput
translates into tremendous reductions in packet latency for
applications that demand high bandwidth. However, IBR200
has 32%, 18%, and 24% lower latency for raytrace,
barnes, and ocean benchmarks. This is because these
traces have negligible output port contention and the higher
delay of DSB routers can be attributed to their longer pipeline
depth of 5 as compared to 3 for IBR200. This is proved
by the fact that even OBR-5stage, which has no extra delay
introduced as a result of switch contention, has higher average
packet latency than IBR200. For the SPLASH-2 benchmarks
with high output port contention (fft, water-nsquared,
water-spatial, and radix), on average, DSB200 has
61% lower latency than IBR200. In addition, averaging across
all eight traces, DSB200 has 17% lower latency than IBR
200. Hence, for applications that demand high throughput and
drive the network toward saturation or close to saturation, DSB
routers are clearly superior to IBRs.

Although DSB160 has lower saturation throughput com-
pared to the DSB200 and DSB240 configurations under all
three synthetic traffic traces, the difference in average packet
latency in real application traces is less notable. The biggest
difference in average packet latencies of DSB160 and DSB240
configurations is seen for the water-spatial trace, where
DSB240 has 18% lower latency than DSB160. On average,
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TABLE III

Router Power and Area Comparison with Full-Swing Crossbars

Router Power Area Power Penalty

Config. (mW) (mm2) Per Router Per Tile
Buffer Xbar Arbiter MM Clock Total NoC Power = 10% NoC Power = 15% NoC Power = 20%

IBR160 74 52.7 53.4 – 52 232 0.17
DSB160 53.2 105.4 48 30.4 70 307 0.28 1.32 1.032 1.048 1.064
IBR200 76.4 52.7 53.4 – 54.2 237 0.19
DSB200 58.4 105.4 58.7 34.6 71.5 328.6 0.3 1.39 1.039 1.06 1.08
IBR240 79.3 52.7 53.4 – 57 242.4 0.21
DSB240 63.5 105.4 68 38.9 73 348.8 0.32 1.44 1.044 1.066 1.088

the difference in average packet latency between the DSB160
and DS240 configurations across all eight traces is less than
4%. However, compared to IBR240 and IBR200 configura-
tions with much higher aggregate buffering, DSB160 achieves
60% lower average packet latency for the four SPLASH-2
benchmarks with high contention.

Last, there is negligible difference in performance between
DSB200 with five MMs and DSB300 with ten MMs. This
further shows that even with real application traces, more than
five simultaneous arrival and departure conflicts occur very
rarely. Hence, five MMs are sufficient to achieve comparable
performance to a ten-MM configuration, with the added ad-
vantage of significantly lower power and area overheads, as
will also be shown in the next section.

V. Power and Area Evaluation

Table III compares the power consumption and area re-
quirements of IBR and DSB router microarchitectures with
the same aggregate buffering. We use the power and area
models in Orion 2.0 [11], [30] for our analysis. The models
use parameters from Taiwan Semiconductor Manufacturing
Company 65 nm process libraries and include both dynamic
and leakage power components. The operational frequency
used is 3 GHz at 1.2-V. A typical flit arrival probability
of 0.3 is assumed at each input port and the flit width is
set to 32 bits. Static random access memories (SRAMs) are
used as input and MM buffers and low threshold voltage
transistors are used to ensure low delays for 3 GHz operation.
The VC allocator is configured to simply select a free VC
from a free VC list as described in Section III-B in both
DSB and IBR architectures while a matrix arbiter is used
for SA in IBRs. The power and area of the arbitration
logic of the DSB router were extrapolated from the power
and area numbers of the arbitration logic of an IBR, based
on the the number of two-input gates required to imple-
ment the logic blocks in the two architectures. The arbiter
power of the DSB routers includes the power of all logic
blocks needed to implement TS and CR, as described in
Section III-C.

As shown in Table III, DSB160, DSB200, and DSB240
consume 32%, 39%, and 44% more power and occupy 64%,
58%, and 52% more area than an IBR router with the same
amount of buffering. The higher power consumption and area
requirements of the DSB router is due to the presence of
an extra crossbar and a more complex arbitration scheme
(involving TS and CR) compared to the switch arbiter in an

TABLE IV

Comparison of DSB Routers with Five and Ten MMs

Router Power (mW) Area

Config. Buffer Xbar Arbiter MM Clock Total (mm2)
DSB200 58.4 105 58.7 34.6 71.5 329 0.3
DSB300 58.4 203 84 70.9 104 520 0.5

TABLE V

Router Power Comparison of DSB and IBR Architectures with

Low-Swing Crossbars

Router Power (mW) Router Power (mW) Penalty
Config. Config. (Per Router)
IBR160 206 DSB160 254 1.23
IBR200 210 DSB200 276 1.31
IBR240 216 DSB240 296 1.37

IBR. The DSB160 configuration, which uses fewer buffers
than IBR240, achieves significantly better performance on
both synthetic and real traffic, but exhibits a 27% power and
a 33% area overhead over IBR240.

Although the power cost per router for a DSB router is
substantially greater than that of an IBR, the overall power
increase for an NoC-based CMP application is often relatively
smaller. In Table III, the power penalty per tile (processor +
router) of using a DSB router is presented for three different
scenarios where the NoC consumes 10%, 15%, and 20%
of the total CMP tile power. Even for applications where
the router consumes as high as 20% of the tile power, the
power per tile with a DSB200 router is only 8% higher than
the tile power with IBR200. On the contrary, if the router
consumes only 10% of the tile power, the power per tile with
a DSB200 router is just 3.9% higher than the tile power with
IBR200. We believe that the increased power cost is justified
for applications that demand high bandwidth and exhibit high
contention since latency reductions of more than 60% can be
achieved using DSB routers. As with power, in the case of area
requirements, the increase in area of the entire tile as a result of
using a DSB router in place of an IBR is again very low since
the router area is only a small portion of the total tile area.

As discussed earlier, the DSB200 configuration with five
MMs and the DSB300 configuration with ten MMs exhibit
similar performance. However, DSB200 consumes 37% less
power and occupies 40% less area compared to DSB300
(Table IV). The power and area savings are achieved by using



560 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 30, NO. 4, APRIL 2011

fewer buffers and two 5 × 5 crossbars in DSB200 instead of
5 × 10 and 10 × 5 crossbars used in DSB300.

Another technique with which the power overhead of DSB
routers can be further reduced is by employing customized
low-swing crossbars [14]. It has been shown in [14] that cross-
bar power can be reduced by approximately 60% compared
to a baseline unoptimized design by using differential low-
voltage signaling. As a conservative estimate, our extrapolated
low-swing crossbar power model reduces the power of the
5×5 crossbar used in the DSB and IBR architectures by 50%
compared to a full-swing crossbar. The power consumption
of the two architectures with optimized low-power crossbars
is presented in Table V. The power penalty per router for
DSB160, DSB200, and DSB240 routers can be reduced to
23%, 31%, and 37%, respectively, compared to an IBR router
with the same aggregate buffering.

VI. Related Work

A. On-Chip Routers

Most previous papers focus on efficient buffer organization
as a means of extending the effective throughput of NoCs.
Sophisticated extensions to IBR microarchitectures have been
proposed for improving throughput, latency, and power. For
throughput, techniques like flit-reservation flow control [22],
variable allocation of VCs [21], and express VCs [16] have
been proposed. As these designs are input-buffered, they
are only able to multiplex arriving packets from their input
ports across the crossbar switch, unlike our proposed DSB
architecture which can shuffle incoming packet flows from all
input ports onto the MMs and then onto the crossbar switch.
The proposed DSB architecture offers better opportunities for
packet multiplexing and improved packet flow, which helps in
mimicking the high throughput and predictable delay charac-
teristics of OBRs. The Xpipes NoC architecture [1] targeted
toward gigascale SoCs uses output buffering without any
switch speedup. The Xpipes switch implementation and flow
control mainly target low latency rather than high-throughput,
the latter being the primary objective of DSB routers.

There have been several IBR proposals that target network
latency, making single-cycle routers feasible, such as spec-
ulative allocation [19], [20], [23] and lookaheads [8], [15].
For power savings, techniques such as row-column separa-
tion [13] and segmentation of crossbars and straight-through
buffers [31] have been proposed. These latency and power
optimization techniques are orthogonal to our proposal as they
do not target throughput. Some of these techniques can be
applied to the DSB router as well to reduce network latency
and energy consumption.

Another way to improve throughput in NoCs is by designing
routing algorithms which balance the network load over all
links. Most NoC load-balancing and low latency-oriented
routing protocols stem from the off-chip networking domain
and the interested reader is urged to refer to [5] and [6] for
references therein; here, we refer to a few representative recent
works. On-chip oblivious and adaptive routing algorithms have
been proposed to improve network throughput [9], [25]). In
general, any oblivious routing algorithm can be used in the

DSB architecture as the RC stage operates in the same way
as in an IBR. Also, adaptive routing algorithms can be easily
incorporated into the DSB architecture as follows: adaptive
routing decisions are usually based on the next-hop input
queue length as an indication of downstream congestion during
output-port selection. Since the DSB architecture emulates
an OBR, instead of input queue length, the corresponding
output queue length can be used as an indicator of downstream
congestion. The output queue length can be determined by
considering the “Last-Assigned-Timestamp” of the already
timestamped flits.

B. Off-Chip Routers

As already mentioned, DSB routers [24], [10], which can
emulate an OBR without router speedup, have been success-
fully used for Internet routing. Stunkel et al. [27] proposed
the IBM Colony router which is a customized architecture for
off-chip interconnection networks with large central buffers
and three crossbars. Although the architecture is similar to
DSB, it does not use TS of flits for OBR emulation. Instead,
packets potentially incur large de-serialization and serialization
latencies to support wide SRAM accesses.

Chuang et al. [3] showed that an IBR can also emulate
an OBR. This emulation requires a router speedup of 2 and
an impractical complex matching problem, both of which
are hard to achieve with on-chip designs. In addition, load-
balanced routers [2], [12], [18] have been proposed as scalable
architectures for Internet routing. To ensure packet ordering,
they typically employ aggregation or scheduling schemes that
incur long latencies which is not acceptable in the context of
on-chip networks.

VII. Conclusion

In this paper, we proposed a DSB router for on-chip
networks. DSB routers have been successfully used in Internet
routers to emulate the ideal throughput of OBRs, but porting
them to on-chip networks with more stringent constraints
presents tough challenges. The proposed DSB router achieves
up to 19% higher saturation throughput than IBRs and up to
94% of the ideal saturation throughput for synthetic traffic
patterns. The higher saturation throughput translates to large
reductions in network latency with SPLASH-2 benchmarks.
For SPLASH-2 applications, which exhibit high contention
and demand high communication bandwidth, DSB routers on
average have 61% lower network latency than IBRs.

References

[1] D. Bertozzi and L. Benini, “Xpipes: A network-on-chip architecture for
gigascale systems-on-chip,” IEEE Circuits Syst. Mag., vol. 4, no. 2, pp.
18–31, Sep. 2004.

[2] C. S. Chang, D. S. Lee, and Y. S. Jou, “Load balanced Birkhoff-von
Neumann switches, part I: One-stage buffering,” Comput. Commun., vol.
25, no. 6, pp. 611–622, Apr. 2002.

[3] S.-T. Chuang, A. Goel, N. McKeown, and B. Prabhakar, “Matching
output queueing with a combined input/output-queued switch,” IEEE J.
Selected Areas Commun., vol. 17, no. 6, pp. 1030–1039, Jun. 1999.

[4] W. J. Dally, “Virtual-channel flow control,” in Proc. 17th IEEE/ACM
ISCA, May 1990, pp. 60–68.



RAMANUJAM et al.: EXTENDING THE EFFECTIVE THROUGHPUT OF NOCS WITH DISTRIBUTED SHARED-BUFFER ROUTERS 561

[5] W. J. Dally and B. Towles, “Principles and Practices of Interconnection
Networks. San Mateo, CA: Morgan Kaufmann, 2004.

[6] J. Duato, S. Yalamanchili , and L. Ni, “Interconnection Networks: An
Engineering Approach. San Mateo, CA: Morgan Kaufmann, 2003.

[7] L. R. Ford and D. R. Fulkerson, “Maximal flow through a network,”
Canadian J. Math., vol. 8, no. 3, pp. 399–404, Mar. 1956.

[8] P. Gratz, K. Changkyu, R. McDonald, S. W. Keckler, and D. Burger,
“Implementation and evaluation of on-chip network architectures,” in
Proc. 24th IEEE ICCD, Oct. 2006, pp. 477–484.

[9] J. Hu and R. Marculescu, “DyAD: Smart routing for networks-on-chip,”
in Proc. 41st ACM/EDAC/IEEE DAC, Jun. 2004, pp. 260–263.

[10] S. Iyer, R. Zhang, and N. McKeown, “Routers with a single stage of
buffering,” in Proc. ACM Conf. Applicat., Technol., Architect., Protocols
Comput. Commun. (SIGCOMM), Sep. 2002, pp. 251–264.

[11] A. Kahng, L. Bin, P. Li-Shiuan, and K. Samadi, “Orion 2.0: A fast
and accurate NoC power and area model for early-stage design space
exploration,” in Proc. 10th Conf. DATE, Apr. 2009, pp. 423–428.

[12] I. Keslassy, S.-T. Chuang, K. Yu, D. Miller, M. Horowitz, O. Solgaard,
and N. McKeown, “Scaling Internet routers using optics,” in Proc.
ACM Conf. Applicat., Technol., Architect., Protocols Comput. Commun.
(SIGCOMM), Nov. 2003, pp. 189–200.

[13] J. Kim, C. Nicopoulos, P. Dongkook, V. Narayanan, M. S. Yousif, and
C. R. Das, “A gracefully degrading and energy-efficient modular router
architecture for on-chip networks,” in Proc. 33rd IEEE/ACM ISCA, Jun.
2006, pp. 4–15.

[14] T. Krishna, J. Postman, C. Edmonds, L.-S. Peh, and P. Chiang, “SWIFT:
A swing-reduced tnterconnect for a token-based network-on-chip in
90nm CMOS,” in Proc. 28th Int. Conf. Comput. Des., Oct. 2010.

[15] A. Kumar, P. Kundu, A. P. Singh, L.-S. Peh, and N. K. Jha, “A 4.6Tbits/s
3.6GHz single-cycle NoC router with a novel switch allocator in 65nm
CMOS,” in Proc. 25th IEEE ICCD, Oct. 2007, pp. 63–70.

[16] A. Kumar, L.-S. Peh, P. Kundu, and N. K. Jha, “Express virtual channels:
Toward the ideal interconnection fabric,” in Proc. 34th IEEE/ACM ISCA,
Jun. 2007, pp. 150–161.

[17] K. P. Lawton, “Bochs: A portable PC emulator for Unix/X,” Linux J.,
vol. 1996, no. 29, p. 7, Jul. 1996.

[18] B. Lin and I. Keslassy, “The concurrent matching switch architecture,”
in Proc. 25th Conf. IEEE Comput. Commun. Soc. (INFOCOM), Apr.
2006, pp. 1–12.

[19] S. S. Mukherjee, P. Bannon, S. Lang, A. Spink, and D. Webb, “The
Alpha 21364 network architecture,” IEEE Micro Mag., vol. 22, no. 1,
pp. 26–35, Jan.–Feb. 2002.

[20] R. Mullins, A. West, and S. Moore, “Low-latency virtual-channel routers
for on-chip networks,” in Proc. 31st IEEE/ACM ISCA, Jun. 2004,
pp. 188–197.

[21] C. A. Nicopoulos, P. Dongkook, K. Jongman, N. Vijaykrishnan, M. S.
Yousif, and C. R. Das, “ViChaR: A dynamic virtual channel regulator
for network-on-chip routers,” in Proc. 39th IEEE/ACM Int. Symp.
Microarchitect. (MICRO), Dec. 2006, pp. 333–346.

[22] L.-S. Peh and W. J. Dally, “Flit-reservation flow control,” in Proc. 6th
IEEE/ACM HPCA, Jan. 2000, pp. 73–84.

[23] L.-S. Peh and W. J. Dally, “A delay model and speculative architecture
for pipelined routers,” in Proc. 7th IEEE/ACM Int. Symp. HPCA, Jan.
2001, pp. 255–266.

[24] A. Prakash, A. Aziz, and V. Ramachandran, “Randomized parallel
schedulers for switch-memory-switch routers: Analysis and numerical
studies,” in Proc. 23rd Conf. IEEE Comput. Commun. Soc. (INFOCOM),
Mar. 2004, pp. 2026–2037.

[25] D. Seo, A. Ali, W.-T. Lim, and N. Rafique, “Near-optimal worst-case
throughput routing for 2-D mesh networks,” in Proc. 32nd IEEE/ACM
ISCA, Jun. 2005, pp. 432–443.

[26] SPLASH-2 [Online]. Available: http://www-flash.stanford.edu/apps/
SPLASH

[27] C. B. Stunkel, J. Herring, B. Abali, and R. Sivaram, “A new switch
chip for IBM RS/6000 SP systems,” in Proc. ACM/IEEE Int. Conf.
Supercomput., May 1999, p. 16.

[28] I. Sutherland, R. F. Sproull, and D. F. Harris, Logical Effort: Designing
Fast CMOS Circuits. San Mateo, CA: Morgan Kaufmann, 1999.

[29] B. Towles and W. J. Dally, “Worst-case traffic for oblivious routing
functions,” in Proc. 14th ACM SPAA, Aug. 2002, pp. 1–8.

[30] H.-S. Wang, X. Zhu, L.-S. Peh, and S. Malik, “Orion: A power-
performance simulator for interconnection networks,” in Proc. 35th
IEEE/ACM Int. Symp. Microarchitect. (MICRO), Nov. 2002, pp. 294–
305.

[31] H.-S. Wang, L.-S. Peh, and S. Malik, “Power-driven design of router
microarchitectures in on-chip networks,” in Proc. 36th IEEE/ACM Int.
Symp. Microarchitect. (MICRO), Nov. 2003, pp. 105–116.

Rohit Sunkam Ramanujam (S’07) received the
B.Tech. degree from the Indian Institute of Tech-
nology Kharagpur, Kharagpur, India, and the M.S.
degree in electrical and computer engineering from
the University of California, San Diego, in 2006
and 2008, respectively. He is currently pursuing the
Ph.D. degree in electrical and computer engineering
from the University of California.

His current research interests include the design
of high performance routing algorithms and router
architectures for on-chip interconnection networks.

Vassos Soteriou (S’03–M’08) received the B.S. and
Ph.D. degrees in electrical engineering from Rice
University, Houston, TX, in 2001, and Princeton
University, Princeton, NJ, in 2006, respectively.

Since 2007, he has been a Lecturer with the
Department of Electrical Engineering and Infor-
mation Technology, Cyprus University of Technol-
ogy, Limassol, Cyprus. His current research inter-
ests include computer architecture, interconnection
networks, on-chip networks, and multi-core architec-
tures, with emphasis on power consumption reduc-

tion methodologies, fault-tolerance, performance enhancements, and design-
space exploration.

Dr. Soteriou was the recipient of a Best Paper Award at the 2004 IEEE
International Conference on Computer Design.

Bill Lin (S’87–M’90) received the B.S., the M.S.,
and the Ph.D. degrees in electrical engineering and
computer science from the University of California,
Berkeley.

He is currently a Professor of electrical and com-
puter engineering with the University of California,
San Diego (UCSD), where he is actively involved
with the Center for Wireless Communications, the
Center for Networked Systems, and the California
Institute for Telecommunications and Information
Technology in industry-sponsored research efforts.

Prior to joining the faculty at UCSD, he was the Head of the System Control
and Communications Group at IMEC, Leuven, Belgium. IMEC is the largest
independent microelectronics and information technology research center in
Europe. It is funded by European funding agencies in joint projects with major
European telecom and semiconductor companies. His research has led to over
150 journal and conference publications.

Dr. Lin is the recipient of two Best Paper Awards, two Best Paper
Nominations, and two Distinguished Paper Citations for his research. He has
served on panels and given invited presentations at several major conferences.
He has also served on over 35 program committees, including the General
Chair for NOCS-2009, ANSC-2010, and IWQoS-2011. He also holds three
awarded patents.

Li-Shiuan Peh (S’99–M’01) received the B.S. de-
gree in computer science from the National Uni-
versity of Singapore, Singapore, in 1995, and the
Ph.D. degree in computer science from Stanford
University, Palo Alto, CA, in 2001.

Since 2009, she has been the Associate Profes-
sor of electrical engineering and computer science,
Massachusetts Institute of Technology, Cambridge,
MA. Since 2002, she was a Faculty Member with
Princeton University, Princeton, NJ. Her current re-
search interests include low-power interconnection

networks, on-chip networks, and parallel computer architectures.
Dr. Peh was awarded the CRA Anita Borg Early Career Award in 2007, the

Sloan Research Fellowship in 2006, and the NSF CAREER Award in 2003.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF00540068006500730065002000730065007400740069006e00670073002000610072006500200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200036002e003000200061006e00640020006d00610074006300680020007400680065002000220053007500670067006500730074006500640022002000730065007400740069006e0067002000660069006c0065007300200066006f00720020005000440046002000730070006500630069006600690063006100740069006f006e002000760065007200730069006f006e00200034002e0030002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


