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Abstract—Network-on-chip systems can achieve higher per-
formance than bus systems for chip multiprocessor systems.
However, as the complexity of the network increases, the channel
and switch congestion problems become major performance
bottlenecks. An effective adaptive routing algorithm can help
minimize path congestion through load balancing. However,
conventional adaptive routing schemes only use channel-based
information to detect the congestion status. Due to the lack of
switch-based information, channel-based information is difficult
to reveal the real congestion status along the routing path.
Therefore, in this paper, we remodel the path congestion informa-
tion to show hidden spatial congestion information and improve
the effectiveness of routing path selection. We propose a path-
congestion-aware adaptive routing (PCAR) scheme based on the
following techniques: 1) a path-congestion-aware selection strat-
egy that simultaneously considers switch congestion and channel
congestion, and 2) a contention prediction technique that uses
the rate of change in the buffer level to predict possible switch
contention. The experimental results show that the proposed
PCAR scheme can achieve a high saturation throughput with
an improvement of 15.4%–48.7% compared to existing routing
schemes. The proposed PCAR method also includes a VLSI ar-
chitecture, which has higher area efficiency with an improvement
of 16%–35.7% compared with the other router designs.

Index Terms—Adaptive routing, congestion prediction,
network-on-chip (NoC).

I. Introduction

AS SEMICONDUCTOR technology continues to advance,
increasing complexity and interconnection delay are be-

coming limiting factors in system-on-chip (SoC) designs. To
increase the efficiency of interconnections and meet data
transfer requirements, network-on-chip (NoC) systems have
proven to be a flexible, scalable, and reusable solution for
chip multiprocessor (CMP) systems [1]–[3]. To achieve a
high system throughput rate, the packet-switched NoC mul-
tiplexes packets on channels and shares network resources
among these packet flows. However, the packet contention
problem in switches results in unpredictable delays for each
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Fig. 1. (a) Switch contention, switch congestion, and channel congestion.
(b) Example: LR forwards the packet 1 (P1) to DR3.

packet flow. As the system size increases, the network traffic
load tends to become unbalanced with various applications
[2]–[4]. Switches and channels are prone to congestion, which
increases queuing delays in the routing path. It not only causes
path congestion but also dissipates additional energy.

Path congestion consists of three phases (Fig. 1(a)).

1) Switch Contention: First, if several packets compete
for the same output channel (i.e., north) in a switch,
contention will occur.

2) Switch Congestion: When a packet is transmitted
through the north output port, some packets that receive
a failed output request must be blocked and then be
queued at the input buffers. The routed packet has to
wait for this channel to be released.

3) Channel Congestion: Because of the limited input buffer
size, the switch runs out of buffer space. Input buffers
cannot accommodate newly arrived packets.

Notably, due to the backpressure effect of the link-level
flow control, switch congestion and channel congestion are
highly correlated. That is, switch congestion in one router can
reveal itself as channel congestion in one of the neighboring
routers. Therefore, path congestion can start to build and
spread from a congested switch to source nodes, which grows
into a congestion tree. It severely degrades the overall system
performance, especially in real-time applications with strict
latency requirements.

To overcome the problem of traffic congestion, packe rout-
ing is a critical design challenge for high-performance NoC.
For example, Fig. 1(b) shows the local router (LR) forwards
packet 1 (P1) to downstream router 3 (DR3). First, the routed
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Fig. 2. Path-congestion-aware adaptive routing scheme.

flit must pass through the intermediate router, DR1. However,
DR1 suffers from switch congestion, as shown in Fig. 1(a).
Unfortunately, the routed flit may become congested in DR1,
and experiences a queuing delay caused by competing packets,
which is the range of 2–7 unit times. In contrast, if LR can
select the north channel for P1 forwarding, the routed flit only
has a queuing delay of two unit times before passing DR2. By
avoiding switch congestion in DR1, P1 requires fewer cycles
to arrive at DR3. This example shows that channel and switch
congestion can simultaneously affect network performance.
If we purely consider one of these congestion situations, it
may lead to the bad results of path selection. Therefore, in
this paper, our goal is to design an effective adaptive routing
algorithm for reducing the both channel and switch congestion.

Adaptive routing dynamically determines the path for each
packet based on a predefined rule or network status. This
approach consists of a routing function and selection function.
The routing function generates a set of candidate output chan-
nels based on deadlock-free turn models [5]–[7], whereas the
selection function chooses one candidate [8], [9]. The selection
function markedly affects network performance for all adaptive
routing algorithms [9], [10]. Therefore, to effectively detect
path congestion, the selection should jointly consider channel
and switch congestion information.

However, conventional congestion-aware adaptive routing
methods only use channel-based information (i.e., the lo-
cal/ look-ahead output buffer length) to detect path conges-
tion [11]–[16]. These routing methods do not consider the
downstream contention status, and therefore cannot determine
whether there is enough contention at a switch to cause con-
gestion until the buffer fills up and new incoming packets are
blocked. At that point, it is too late to prevent congestion [17].
Unfortunately, these approaches may lead to further congestion
and increase packet latency. Moreover, conventional adaptive
routing algorithms may suffer from the indetermination of
congestion problem [18]. When candidate output channels
have the same value of a congestion metric, selection functions
cannot make an effective routing decision. They randomly
choose an output channel, resulting in poor performance for
non-uniform traffic.

This paper proposes a path-congestion information model
to evaluate the latency experienced by each packet passing
a router. This model simultaneously considers both channel
and switch congestion. Based on this information model,
we present a path-congestion aware adaptive routing (PCAR)
scheme (Fig. 2) that consists of a path-congestion-aware se-
lection strategy (PCAS) and a contention prediction technique

(CPT). The main contributions of this paper include the
following.

1) Modeling of Path Congestion: We analyze the router
latency to figure out hidden path-congestion information.
The proposed method examines the depth of buffers to
estimate the level of channel congestion and uses the
expected number of packets in contention to estimate
the level of switch congestion.

2) Strategy for Path-Congestion-Aware Selection: The pro-
posed method attempts to acquire the fine-grained con-
gestion information of adjacent routers; namely, it simul-
taneously considers two congestion situations, switch
congestion and channel congestion. Consequently, selec-
tion function can make an appropriate congestion control
to avoid routing packets through the port-contention
router and congested paths. This strategy efficiently
diverts traffic to less congested areas and improves
saturation throughput by 10.8%–40.7% compared with
conventional selection strategies.

3) Technique for Contention Prediction: When it is not
possible to determine congestion, the proposed method
uses the rate of change in the buffer level to predict
the possible switch contention for further performance
improvement. This technique can achieve higher satu-
ration throughput with an improvement of 6.8%–22.2%
compared with conventional routing schemes.

4) VLSI Architecture for PCAR scheme: The router ar-
chitecture of PCAR is designed and verified using a
standard UMC 90 nm CMOS process. The experiments
in this paper show that PCAR scheme has higher area
efficiency, defined as average saturation throughput di-
vided by the total cost of router, with an improvement of
16%–35.7% compared with the other router designs [6],
[11], [15]. The average power consumption of PCAR
only increases by approximately 3.7% compared to that
of the baseline odd-even router [6], [15].

In contrast to the conventional routing schemes, which
only focus on channel-based information, the proposed PCAR
method employs the path-congestion information model and
additionally considers the contention status of adjacent routers.
It will enhance the quality of routing decisions and thereby
improve the network performance.

The rest of this paper is organized as follows. Section II
presents a review of adaptive routing and various path con-
gestion problems. Section III presents the modeling of path-
congestion. Section IV presents the PCAR algorithm. The
following sections present the results of various PCAR experi-
ments and router architecture, and analyze the implementation
cost of the router. Finally, Section VII presents the conclusion.

II. Review of Related Works

Adaptive routing algorithms can be divided into two sub-
groups: partially adaptive routing and fully adaptive routing
algorithms. In the former case, to prevent the formation
of deadlock, the algorithm restricts packets to be delivered
toward some directions by using turn models [5]–[7]. In
the latter case, the algorithm can route packets toward all
paths. The fully adaptive routing algorithm provides high path
diversity to relieve congestion; however, it causes the problem
of livelock and deadlock. Also, these problems affect the
stability of the system. To avoid livelock and deadlock, fully
adaptive routing increases implementation cost and complex-
ity. Therefore, to solve these issues within reasonable cost,
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we focus on the design of partially adaptive routing in this
paper. Moreover, adaptive routing algorithms can be further
classified as congestion-oblivious and congestion-aware based
on whether its selection function considers the output channel
status [11]. The following subsections present two types of
adaptive routing algorithms.

A. Congestion-Oblivious Adaptive Routing

Congestion-oblivious adaptive routing methods do not con-
sider the output link status. For example, the random se-
lection function [19] randomly chooses an output channel
from candidate channels. A dimension-order selection function
[19] chooses an output channel with the lowest dimension
from candidate channels. A zigzag selection function [20]
chooses the output channel that has the maximum hops at the
destination router; that is, this selection attempts to maximize
the number of remaining paths to the destination. An outside
selection function [21] also attempts to route packets away
from the center of the network. Although the implementation
of these selection functions is simple, they cannot balance
the traffic load [9], [21], especially for non-uniform and
time-variant traffic patterns. These selection functions often
route a packet to a congested area, which degrades overall
network performance. Therefore, to relieve congestion, this
paper focuses on congestion-aware adaptive routing.

B. Congestion-Aware Adaptive Routing

Congestion-aware adaptive routing selects an output channel
based on various types of network congestion information.
Consequently, these selection functions can adjust path selec-
tion based on a time-variant congestion status. Congestion-
aware adaptive routing adopts two types of spatial information:
local information and regional information. Local routing in-
formation considers local information such as the downstream
buffer count and available flit slot to assess the traffic status.
For example, the output buffer length (OBL) selection function
chooses the output channel buffer with the maximum number
of available flit slots [15], [22]. This flit slot information can
be exchanged between two neighboring routers. Additionally,
the globally oblivious adaptive locally (GOAL) routing [12]
uses the output queue length as its local congestion metric.
Similarly, the proximity congestion awareness (PCA) tech-
nique [13] uses stress values, which are load information of
neighboring routers, to avoid congested areas.

The second type of spatial information is regional routing
information. For example, a low-latency router [14] adopts
look-ahead congestion detection, which uses a free buffer
count at a downstream router for congestion estimation. The
neighbors-on-path (NoP) selection function [15] chooses an
output channel with the shortest occupied buffer length on
possible channels of neighboring routers on a path. The NoP
selection function attempts to acquire additional spatial con-
gestion information to detect the congestion. Regional conges-
tion awareness (RCA) routing [11] uses aggregated congestion
information, which is propagated by a monitoring network
among adjacent routers to balance loading. Destination-based
adaptive routing (DAR) [16] also uses a separate monitoring
network to obtain non-local congestion information, and con-
siders per-destination delay estimates. However, these routing
methods require additional wires between adjacent routers
to monitor congestion. This additional overhead may not
be acceptable in resource-constrained NoCs. Finally, Table I
summarizes the attribute of these related works.

TABLE I

Congestion-Aware Adaptive Routing Algorithms

C. Problem of Conventional Congestion-Aware Routing

All of these mentioned routing schemes monitor traffic
status according to channel-based information only. As the sys-
tem size increases, using channel-based information to make
routing decisions becomes inefficient for balanced traffic. The
bottlenecks of these schemes are as follows.

1) Lack of Switch-Based Information: Channel-based in-
formation does not completely show the real status of
path congestion. Due to the lack of considering the
switch congestion, adaptive routing cannot accurately
detect path congestion, much less switch contention.

2) Indetermination of Congestion: When candidate output
channels have the same congestion status, conventional
selection functions cannot make decisions. In this case,
they randomly choose an output channel. This lack of
awareness may lead to a bad distribution of the traffic
load over the network. In resource-constrained NoCs,
this problem is particularly frequent when the buffer
space is small. In [18], for example, it occurs from
30.05% to 67.43% of the time in different types of
traffics when the buffer size is four.

In summary, these problems result in high-congestion traffic
distribution and adversely affect network performance. There-
fore, to improve the accuracy of congestion prediction, the
proposed routing scheme additionally considers the influence
of switch contention on the process of packet transmission.

III. Modeling of Path-Congestion Information

When congestion occurs in the routing path, it introduces
additional latencies and results in poor performance. This
section presents an analysis of router latency when the packet
header is transferred through the input buffer and switch in a
single router. Based on this analysis, this section also models
the path-congestion information.

A. Router Latency

Most performance analytical models have been proposed to
early obtain the network performance and accelerate the design
space exploration [23]–[26], [37]. Some analytical approaches
use probabilistic techniques, such as queueing theory, to
evaluate the average router delay and even end-to-end flow
delay. The router delay is a performance metric that directly
reflects the level of congestion. Therefore, by analyzing the
router delay, we can accurately model information about the
path congestion.

This paper models a single router as a set of first-come first-
serve input buffers connected by a crossbar switch. We assume
that the input arrival packets follow the Poisson process. The
flits of different packets cannot be interleaved; that is, body
flits arrive immediately after the header flit arrives to a port.
Besides, we adopt the round-robin arbitration for each input
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Fig. 3. Latency model for a router.

port, which can schedule all input ports share the router
bandwidth in turn. By following the analysis of [26], Fig. 3
shows that router latency consists of two major delays: channel
transfer delay and switch delay. The router latency L(i), which
an incoming flit spends on the input buffer i and the switch,
can be expressed as follows:

L(i) = (BCT + BTD(i)) + (RST + OCD(i))
i ∈ {north, east, south, west}. (1)

First, the channel transfer delay is related to the transmission
of the input buffer. This delay consists of buffer constant time
(BCT) and buffer transfer delay (BTD), where BCT is the
constant delay that occurs when a flit is transferred through an
empty buffer, and BTD is the time duration that an incoming
header experiences during its shift toward the top of the buffer
after flits accumulation. Next, the switch delay is related to
allocation and switching. This delay consists of router service
time (RST) and output contention delay (OCD). The term RST
is the constant delay for a router processing a flit. If there is
no contention, switch delay is only equal to RST. OCD is the
time of contention with other flits. The routed flit needs to
wait for some flits serviced by the switch to transfer through
the router and then to release the output port. OCD also can
be treated as the switch waiting time.

B. Modeling of Path Congestion

The router latency can reflect how different buffer architec-
tures, allocations, and routing algorithms influence the total
path delay of a packet. However, not all parameters should be
considered when identifying how the selection function affects
the packet delay. Assume that all routers are homogeneous;
that is, they have the same buffer architecture and switch ar-
chitecture. Therefore, BCT and RST remain unchanged for all
routers. Notably, if the path congestion occurs, BTD and OCD
can become a significant part of the overall packet latency.
When using congestion information for selection function, we
must consider the impacts of BTD and OCD simultaneously.
Therefore, to estimate the congestion level, we focus on the
analysis of BTD and OCD. Also, the modeling of congestion
levels for channels and switches can be discussed, respectively.

1) Congestion level for channels (CLch): As mentioned
previously, BTD is the delay caused by previous flits accumu-
lated on the same input buffer. Since the incoming header
follows the tail flit of previous packet in pipeline manner,
the amount of time that the incoming header spends in the
buffer is equivalent to the service time of previous flits in the
switch. Therefore, BTD can be expressed as the product of
the occupied buffer size (BDR) and RST, which is given by

BTD(i) = BDR(i)×RST. (2)

BDR(i) denotes the number of previous flits on the input buffer
i for downstream routers.

When a lot of flits are accumulated on the input buffer,
the incoming packet needs to experience a long channel
transfer delay. Unfortunately, it also implies that the channel
congestion will occur if the router runs out of the buffer space.
At the same time, the buffer is unable to accommodate newly
arrived packets. Namely, the amount of BTD can reflect to the
level of channel congestion. Therefore, our method examines
the depth of buffers to estimate the level of channel congestion
(CLch), which can be modeled as

CLch
�
=

BTD(i)

RST
= BDR(i). (3)

2) Congestion Level for Switches (CLsw): OCD represents
the average port-acquisition delay met by incoming flit due to
the contention with other packets. If the incoming flit receives
a failed output request, it must be blocked and then wait for
a grant from the switch allocator. That is, it needs to wait
the packets that are in the other input buffers of the same
router. Therefore, the length of OCD depends on two factors:
a) the transfer delay of the packets in the other input buffers,
and b) the contention probability between input channels.
Namely, OCD can be expressed as the expected transfer delay
of competing packets in the other input buffers, which is a
function of BTD and contention probability (cijo). It can be
given by

OCD(i) =
NCh∑

j=1,j �=i

cijoBTD(j),

j ∈ {north, east, south, west, local}.
(4)

The term NCh denotes the number of channels in a router
(i.e., for 2-D mesh, NCh = 5 directions). The coefficient cijo

represents the contention probability between input channel i
and j; that is, cijo is the probability that packets from input
channel i and j compete for a common output o [26]. It can
be expressed as

cijo =

{
fio×fjo, i �= j

0, i = j
(5)

where f io and f jo represents the probabilities of the presence of
the packets on input buffer i and j both toward o, respectively.
Besides, since incoming packet cannot be contention with
itself, cijo is 0 when i is equal to j.

Switch congestion occurs when multiple packets from dif-
ferent input buffers attempt to access the same output channel.
In (4) and (5), we can notice that a high probability of the
presence of competing packets may lead to severe switch
congestion and a long switch delay. Therefore, our method
uses the expected number of packets in contention to estimate
the switch congestion. The CLsw can be modeled as

CLsw
�
=

OCD(i)

RST
=

NCh∑
j=1,j �=i

cijoBDR(j). (6)

While using (6) for selection function, we assume that
the routed flit is already on the input buffer i (i.e., f io = 1).
Therefore, cijo can be derived as

cijo = fjo. (7)



CHANG et al.: PATH-CONGESTION-AWARE ADAPTIVE ROUTING WITH A CONTENTION PREDICTION SCHEME 117

Besides, f can be approximated by the ratio of packet arrival
rate λ to the total traffic arrival rate of the router [37], which
can be shown as

fjo =
λjo

NCh∑
k=1

λko

. (8)

The term λjo is the data rate passing through the input j to o.
Therefore, CLsw can be expressed as the sum of the products
of f jo and BDR(j). However, directly applying (6)–(8) to the
selection function can increase the implementation complexity
and cost of router because we must use a statistical method to
obtain f jo (i.e., cijo). Extra memory is required to record the
traffic flows for different channel pairs and must be updated
in each cycle to ensure up-to-date information. Therefore, to
simply obtain an estimate of the congestion level of a switch,
this paper uses a weighted sum model to approximate (6). The
CLsw can be represented by the weighted sum of the number
of competing flits

CLsw �
NCh∑

j=1,j �=i

wjBDR(j) (9)

where the term wj is the weight of the presence of possible
contention in the direction j, which is also called as the
contention weight in this paper. As a result, this information
means that how many flits the header expects to wait for before
being served. In the following section, according to (3) and (9),
we propose path-congestion-aware adaptive routing scheme to
reduce the average packet delay in mesh-based NoCs.

IV. Proposed Path-Congestion-Aware Adaptive

Routing Scheme

The PCAR scheme consists of a deadlock-free routing
function and path-congestion-aware selection function. This
section presents the path-congestion-aware selection function,
which consists of two techniques: 1) PCAS strategy, which
is based on channel congestion and switch congestion
information, and 2) CPT, which uses the rate of change in an
input buffer usage of next-hop router to determine whether
adjacent paths are congested. In this section, for convenience,
we use the term output buffer to refer the input buffer of the
next-hop router. Fig. 4 shows the entire path-congestion-aware
selection function.

A. Strategy for Path-Congestion-Aware Selection (PCAS)

1) Selection Criterion: To reduce the packet delay along
the routing path, the proposed PCAS adopts the path-
congestion information to make routing decisions. Therefore,
the goal of PCAS is to minimize downstream router delay L(o)
by avoiding the cases of possible congestion in routing paths,
which is given by

min L(o) = min [(BCT + CLch(o) · RST )
+(RST + CLsw(o) · RST )] (10)

where the variable o represents the output direction in the
local router. Due to the constant delays of BCT and RST, the
objective function can be rewritten as

min (CLch(o) + CLsw(o))

= min (BDR(i) +
NCh∑

j=1,j �=i

wjBDR(j)) = min Beff (o)
(11)

Fig. 4. Path-congestion-aware selection function.

Fig. 5. Propagation method of congestion information between the routers.

where the variable i represents the input direction in the
downstream router (e.g., if o is east, then i is west). The
variable j represents the other input directions in the next-
hop router (e.g., if i is west, then j ∈{north, east, south,
local}). Besides, the sum of CLch and CLsw can be treated
as the effective buffer occupancy (Beff ) for an output channel
o in the local router. To quickly propagate this congestion
information to upstream routers, some extra local wires need
to be connected to the closest neighbor routers, as shown in
Fig 5. This wiring cost will be analyzed in Section VI-B.

According to (11), PCAS uses Beff as its congestion metric.
Contrary to the conventional selection strategies, which only
consider CLch, PCAS can obtain accurate knowledge of path
congestion by additionally taking CLsw into account. Namely,
it considers the possible switch waiting time caused by the
packets that are served before the incoming flit in the other
input buffers. Therefore, PCAS has a high potential to explore
the congestion properties and improve selection quality. The
selection criterion is given by

SOC = arg minBeff (o), o ∈ COC (12)

where SOC is the selected output channel, and COC is the set
of candidate output channels provided by the routing function,
as shown in Fig. 4. Notably, in (11), the appropriate contention
weight (wj) setting can provide accurate knowledge of the
switch congestion. That is, a design challenge in PCAS is
how to set wj for approximating the contention probability.
Consequently, in the following subsections, we present two
approaches to estimate the possible contention in the next-hop
router.

2) Parameter Setting of Contention Weight: The two
approaches of weight settings adjust competing weights: 1) the
equal weight settings approach (EWSA), and 2) the direction-
based weight settings approach (DWSA). In this paper, we
adopt a round-robin policy for NoC systems. In the long run,
it can give equal chance to all input channels for requesting
the shared output port. According to this property, the EWSA
can set the equal weights to input channels for the downstream
router. The weight wj can be written as

wj =
1

NC
, j ∈ competing channels (13)

where NC denotes the number of competing channels. For
example, a 2-D NoC has 5-port routers, that is, the NC is
4, except for the direction of the incoming routed packet.
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Fig. 6. Example of DWSA.

Although this setting approach is simple, it has difficulty in
approximating the present status of contention. Because the
EWSA does not consider the forwarding directions of routed
packets and the prohibited directions of the turn model, it may
give a high weight to non-competing channels and degrade the
performance of a selection function.

To overcome the disadvantages of the EWSA, the DWSA
considers all possible forwarding directions (i.e., COC). For
each candidate output channel of COC, this approach also
consider possible competing channels and then removes the
invalid directions, which are prohibited by the routing func-
tion, from the set of competing channels. Consequently, the
DWSA can produce more accurate contention results than the
EWSA. The weight wj can be given by

wj =
1

|COC|
∑

x∈COC

wj(x) (14)

where
wj(x) =

{
1

NC
, j ∈ competing channels

0,j /∈ competing channels
. (15)

Fig. 6 shows an example in which a destination is located
on the northeast. An incoming flit can be forwarded to the
north or east (i.e., COC = {N, E}). Therefore, we need to
compute wk(N) and wk(E), respectively. In both cases, the
term NC is equal to 3. First, according to (15), we can de-
rive the wE(N) = wS(N) = wL(N) = 1/3 and wN (N) = wW (N) = 0;
similarly, we can then derive the wN (E) = wS(E) = wL(E) = 1/3
and wE(E) = wW (E) = 0. Finally, by (14), wS = wL = 1/3, and
wN = wE = 1/6.

3) Procedure of PCAS: Let us now analyze how path-
congestion-aware adaptive routing algorithm works. Fig. 7
shows the pseudo code of the PCAS algorithm. The input
parameter is the COC provided by the routing function. The
output parameter is the SOC. For each candidate output
channel (ch1), the algorithm updates the depth of output buffer
to CLch (line 5). Next, according to possible output channels
and destination identification, the current node computes the
set of possible competing input channels (CC−d) for the
downstream router (line 6). For each CC−d, the algorithm
computes the CLsw by using (9) (lines 8–11). Then, the
Beff can be derived (line 12). Finally, the channel with the
smallest congestion level is selected (line 14–15). If there
is more than one channel at the same minimum level, the
contention prediction technique will be active to handle the
indetermination of congestion (line 16).

B. Contention Prediction Technique (CPT)

1) Selection Criterion: This paper proposes CPT to assist
routing algorithms in compensating for the performance loss
caused by the indetermination of congestion. To further detect
congestion, we analyze the influence of contention on the
packet transmission. The states of packet flow can be classified

Fig. 7. Pseudo code of the PCAS algorithm.

into two types: 1) packet forwarding, and 2) packet blocking.
For example, if there is no switch contention or downstream
channel congestion, the packet can be easily forwarded to the
next-hop router. Therefore, in the local router, the number of
occupied flit slots can decrease continuously, which implies
that the buffer is in a fluid state. Specifically, the fluid state
represents that the buffer is capable of transmitting data and
even can receive the new incoming packet. On the other
hand, when contention occurs in a switch, the packet could
the packet could be blocked because of the allocation policy.
Thereafter, the switch must buffer a sequence of incoming flits,
and the number of occupied flit slots increases continuously.
This places the buffer in a non-fluid state. In brief, contention
seriously affects the fluidity of packets However, most con-
ventional selection functions only consider the current state
of buffer and ignore the characteristic of packet transmission.
Because of the limited view of a network condition, the
current state cannot actually reflect the real dynamic traffic
status. Consequently, to be aware of upcoming congestion and
possible contention in downstream routers, we analyze the
relationship between different states of buffer occupancy to
acquire additional information about the packet transmission.

Fig. 8 shows a state transition diagram of an input buffer
in a downstream router. The states represent occupied buffer
size (i.e., flit level). The arrows, or state transitions, represent
the flit transmission. There are four basic types of state
transition: 1) buffer out (BO), defined as inactive input and
active output, 2) steady flow (SF), defined as active input and
active output, 3) no flow (NF), defined as inactive input and
inactive output, and 4) buffer in (BI), defined as active input
and inactive output. Furthermore, according to the mentioned
classification of packet transmission, BO and SF can represent
packet forwarding (i.e., buffer is in a fluid state); NF and BI
can represent packet blocking (i.e., buffer is in a non-fluid
state). To avoid possible congestion, the proposed CPT prefers
the output channel that tends to be in a fluid state. Therefore,
on the basis of the state-transition information, the selection
priority can be set as BO > SF > NF > BI.

To determine whether adjacent channels are in a fluid state,
the CPT records these changes in a state to reveal additional
congestion information. Therefore, this paper uses the rate of
change (RC) of CLch to represent the level of fluid, which is
defined as

RC(o) = CLch(o, t) − CLch(o, t − 1)
= BDR(i, t) − BDR(i, t − 1). (16)
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Fig. 8. State transition diagram of buffer occupancy.

The term RC is the difference between the current and
historical buffer occupancy. For example, if RC is negative, the
state transition is BO. That is, the packet is being forwarded.
In contrast, if RC is positive, the packet is blocked in a
downstream router, and the state transition is BI. When RC is
equal to zero, the input control signal of output buffer can be
used to identify SF or NF. To distinguish these state transitions,
the prediction index (PI) is defined as

PI(o) = RC(o) + (|RC(o)| − 1)(push(o) − 1

2
) (17)

where push is the control signal of buffer (e.g., push = 1
is active input; push = 0 is inactive input). Specifically, this
equation maps a transition status to a value (i.e., BO = -1,
SF = -0.5, NF = 0.5, and BI = 1). According to PI, the selection
criterion is given by

SOC = arg minPI(o), o ∈ COC. (18)

2) Procedure of CPT: Fig. 9 shows the pseudo code of
the CPT, which is the subroutine of the PCAR scheme. The
input parameter is the COC provided by PCAS, and the out-
put parameter is the SOC. When congestion indetermination
occurs, the CPT calculates the PI by using (16) and (17) for
each candidate output channel (ch3) (lines 4–9). Finally, the
output channel with the minimal PI is selected (lines 10–11).
If there are more than one channel have the same selection
priority, a random choice is made.

V. Performance Comparisons and Evaluations

A. Simulation Environment and Setup

This paper uses Noxim, an NoC simulator [22], to evaluate
experimental results. A 16 × 16 mesh network topology is
constructed, and the proposed PCAR scheme is implemented
with the odd-even routing function [6]. The NoC system in
this paper uses a wormhole switching mechanism [28] and
round-robin arbitration. The interrouter transmission is based
on the ready-valid handshake. Besides, we assume that one
cycle is required to transmit one flit to the next router. Each
physical channel has a buffer of four flits, and each packet has
eight flits. Each simulation run has 52,000 cycles, and the first
2,000 cycles are used to warm up the NoC systems.

B. Traffic Scenarios

The experiments use both synthetic and real traffic scenarios
to evaluate performance. Under random traffic, a router sends
the packet to each other router with the same probability.
Under transpose1 traffic, a router (i,j) only sends packets to
router (X-1- j, Y-1- i), where X and Y represent the mesh size.
Under bit-reversal traffic, router generates highly non-uniform
traffic by bit-reversal permutations, which is an important
communication operation in parallel applications such as fast

Fig. 9. Pseudo code of the CPT algorithm.

Fourier transform computations. Under hs-center traffic, the
four hotspot nodes [(7, 7), (7, 8), (8, 7), (8, 8)] are located
at the center of the network, which then receives hot spot
traffic in addition to the regular random traffic. Finally, this
paper uses a heavy path-congestion traffic pattern (e.g., hs-
row traffic) and a realistic traffic of multimedia systems [30]
to evaluate the performance of the proposed PCAR.

Besides, to better match the real-world temporal distri-
bution of traffic, the injected traffic load follows the self-
similar distribution [3]. On-chip network traffic has shown
self-similar characteristics for many applications, which have
been observed in the bursty traffic between on-chip mod-
ules, especially for multimedia traffic [3], [35]. That is, self-
similarity can characterize burstiness and exhibit a long-range
dependence property of traffic in the temporal sense. To
generate self-similar traffic, we use Pareto-based ON/OFF
traffic model [36]. Each packet sender alternates between an
ON and an OFF period. During the ON periods, packets
arrive at regular intervals (i.e., the length of packet trains).
During the OFF periods, there is no packet generation (i.e.,
the interval time between bursts). These periods have high
variability and follow the Pareto distribution with parameter α.
The parameters of self-similar traffic, αon = 1.9 and αoff = 1.25,
were set in Noxim.

C. Evaluation Metrics

The average packet latency and saturation throughput served
as performance metrics [3]. Saturation throughput can be
defined various forms depending on the design goals of the
system. It is typically defined as the maximum number of
packets delivered through the network in a given period;
however, this is an insufficient benchmark for a real-time
system. Like in [29] and [31], saturation throughput exists
when the average latency is twice the zero-load latency, which
is a latency constraint that depends on various applications.
This metric can measure the maximum number of delivered
packets that meet the requirements of latency bounds in a
given period. Consequently, to ensure a fair comparison of
routing schemes in experiments, saturation throughput can be
accurately defined as the packet injection rate (PIR) where
average packet latency worsens to more than the twice zero-
load latency (i.e., the average packet latency when there is no
serious network congestion) of a baseline odd-even adaptive
routing (i.e., OBL). To obtain the reliable results of network
latency, the simulation at each PIR point has been repeated 200
times with a time-dependent seed. Besides, we use replication
method to construct a confidence interval. The results have
a four percent margin of error with a 95 percent confidence
interval.
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Fig. 10. Average latency of the OBL, EWSA, and DWSA approaches. (a) Under random traffic. (b) Under transpose1 traffic.

Fig. 11. Average latency of the OBL, EWSA, and DWSA approaches. (a) Under bit-reversal traffic. (b) Under hs-center traffic.

D. Performance Analysis

To fairly compare different routers, we set the all routers
to operate at the maximum frequencies, which are shown
in Table IV (i.e., the synthesis results of all routers), in the
following experiments.

1) Performance Analysis of Weight Settings for PCAS:
To estimate contention probabilities, this paper presents an
analysis of the relationships between different weight settings
of PCAS and the average latency for a 16 × 16 mesh. Figs.
10 and 11 show the average latency for the OBL, EWSA-
based PCAS, and DWSA-based PCAS under different traffic
patterns. The DWSA performs better than the OBL and
EWSA. The improvements of DWSA to the OBL and DWSA
to EWSA are 10.8%-40.7% and 6.5%-24.6% in saturation
throughput, respectively. Because the EWSA does not consider
the forwarding directions of routed packets and the prohibited
directions of the turn model, it may give a high weight to
non-competing channels. Thus, the EWSA can generate a high
traffic load in uncongested regions, degrading performance. In
summary, the DWSA can outperform the EWSA, especially
for non-uniform traffic patterns. Consequently, the following
experiments use the DWSA to configure the wj for PCAS.

2) Performance Analysis of CPT: With the extra detection
for congestion, the CPT can compensate for the performance
loss caused by the indetermination of congestion. Therefore,
the CPT has high potential to assist conventional selec-
tion strategies in further detecting congestion and improving
performance. However, the level of improvement is limited by
the occurrence ratio of the same congestion status. Therefore,
CPT is suitable for integration with the conventional local-
buffer-based selection strategies that have the high probability

of the indetermination of congestion. In this section, we
integrate the CPT with OBL as a new adaptive routing algo-
rithm. Then, we compare OBL + CPT with OBL and compare
PCAS + CPT (i.e., PCAR) with PCAS.

Figs. 12 and 13 show the average latency of the OBL and
OBL + CPT, indicating that OBL + CPT has a lower average
latency and higher saturation throughput than the OBL. The
improvement of OBL + CPT to the OBL is 6.8%–22.2% in
saturation throughput under various traffic patterns. Figs. 12
and 13 also show the average latency for the PCAS and
PCAS + CPT (i.e., PCAR scheme), indicating that the CPT can
improve the saturation throughput by 4.5%–9.3% for PCAS
under various traffic patterns.

Furthermore, at a given PIR of non-saturated traffic, Fig. 14
shows the average contention ratios of various selection
schemes for different traffic patterns. This paper defines the
contention ratio for the router k as

CRk =
Number offailed request

Number of total request
(19)

where number of failed request refers to the number of the
failed packet transmission during the simulation time, and
number of total request refers to the number of the total
packet transmission during the simulation time (i.e., the sum of
the successful and failed transmission). Therefore, the average
contention ratio can be expressed as

CRavg =
1

X · Y

∑
∀k

CRk (20)

where X and Y represent the mesh size, and the product of
X and Y is the number of network nodes. Fig. 14 shows that
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Fig. 12. Average latency of CPT approaches. (a) Under random traffic. (b) Under transpose1 traffic.

Fig. 13. Average latency of CPT approaches. (a) Under bit-reversal traffic. (b) Under hs-center traffic.

the CPT effectively assists the OBL and PCAS in reducing
the contention ratio. Compared with the OBL, the CPT can
significantly reduce the average contention ratio by 23.8%.
The CPT can also reduce the average contention ratio of
PCAS by 10.5%.

3) Performance Analysis of PCAR Scheme for Uniform
Traffic and Non-Uniform Traffic Patterns: This paper presents
a comparison of the PCAR scheme with XY routing and three
adaptive routing algorithms that use only channel-based infor-
mation, such as the OBL, NoP, and RCA-quadrant methods
[11]. Figs. 15 and 16 show the average latency for the XY,
OBL, NoP, RCA, and PCAR approaches. Because XY routing
embodies global and long-term information about the traffic
load, it performs better than all adaptive routing schemes
under a random traffic pattern [5]–[7]. However, adaptive
routing algorithms can outperform XY routing for other non-
uniform traffic patterns. Namely, because of the unawareness
of network status and the lack of dynamic adaptation, XY
routing has a high possibility of routing packets to a congested
area, which seriously degrades network performance.

For non-uniform traffic patterns, simulation results indicate
that PCAR has a lower average latency and higher saturation
throughput than other adaptive routing schemes. The improve-
ments of PCAR to the OBL and PCAR to the NoP selection
are 18.9%–53.7% and 8.5%–25.8% in saturation throughput,
respectively. The PCAR approach also has a higher saturation
throughput, with an improvement of 7.5%–10.7% compared
with RCA, which are summarized in Table II. Under trans-
pose1 traffic, because of the regular matrix-transpose trans-
mission between diagonal nodes, conventional routing has a

Fig. 14. Average contention ratios for different selection schemes.

high possibility of requesting the same communication link to
forward packets, especially for static XY routing. Thus, it may
cause a high rate of contention in the network. Therefore, by
detecting switch congestion, the PCAR scheme can outperform
the other routing algorithms and achieve up to a 59.6%
improvement in saturation throughput under the transpose1
traffic pattern.

4) Performance Analysis of PCAR Scheme for Heavy
Path-Congestion Traffic Pattern: To analyze the impact of
path congestion, we use the hs-row traffic to further evaluate
performance. Under hs-row traffic, a sequence of hotspot
nodes [(4, 9), (5, 9), (6, 9), (7, 9), (8, 9)] is located at the
same row. They can receive heavy traffic loads and cause
severe congestion along the path. Fig. 17 shows the average
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Fig. 15. Average latency of the OBL, NoP, RCA, and PCAR approaches. (a) Under random traffic. (b) Under transpose1 traffic.

Fig. 16. Average latency of the OBL, NoP, RCA, and PCAR approaches. (a) Under bit-reversal traffic. (b) Under hs-center traffic.

TABLE II

Saturation Throughputs and PCAR Improvement

latency for these five routing algorithms. Due to the single-path
routing decision, XY routing has a poor network performance,
especially when some packets must pass through a sequence
of hotspots to the destination. Therefore, at the same PIR,
XY routing has the longest average packet delay. Besides,
since the NoP selection ignores the node restricted by odd-
even turn model, it can prefer an output channel to transfer
packets [15]. If the preferred channels are located around the
hotspot nodes and even at the hotspot nodes, these channels
could be congested more seriously than others, which also can
degrade the network performance. In Fig. 17, we observe that
the performance of NoP is lower than that of OBL.

Moreover, to acquire the congestion information for each
network quadrant, RCA-quadrant selection can introduce ex-
cess congestion information that is located outside of the
minimal path defined by a source-destination pair [28]. Under
hs-row traffic, due to a sequence of hotspot nodes in the same
row, this excess information could be continually aggregated
along a row. Therefore, it easily causes an unfair comparison
of selection function when hotspot nodes are located outside
of minimal paths. This unfair selection results in a biased
decision and losing the adaptivity of routing. It can cause
further congestion and increase the packet latency. Conse-
quently, the average latency of the RCA is longer than the

Fig. 17. Average latency of the XY, OBL, NoP, RCA, and PCAR approaches
for hs-row traffic.

other adaptive routing algorithms. On the other hand, by
using path-congestion information for selection, PCAR can
effectively avoid packets passing through this congested path,
reducing the average packet latency and improving the network
throughput. Table II shows the improvements of PCAR in
saturation throughput in detail. Simulation results indicate that
PCAR has a higher saturation throughput than other routing
schemes, with an improvement of 14.3%–91.1%. Notably,
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TABLE III

Latency and PCAR Improvement

compared with the results of other traffic patterns, PCAR
scheme can significantly outperform the RCA and achieve up
to a 70.7% improvement in saturation throughput.

Table III shows the latency improvements of PCAR under
all traffic patterns. The latency of PCAR is measured at a
packet injection rate of non-saturated traffic. On the average,
the PCAR scheme has an improvement ranging from 55.3%
to 71.1% compared to the other routing algorithms.

5) Realistic Traffic Scenario (Multimedia System): This
study uses the realistic traffic of multimedia systems to eval-
uate the performance. This multimedia system (MMS) is an
integrated video/audio system that includes an H.263 video
encoder, an H.263 video decoder, an MP3 audio encoder,
and an MP3 audio decoder [30]. This traffic of MMS is
partitioned into 40 distinct tasks. These communication tasks
are mapped and scheduled on 25 IPs in a 5 × 5 mesh-based
NoC system [27], [30]. Task mapping strongly depends on
target applications. To enable intuitive and fair comparisons
among all routing algorithms, a random mapping algorithm
determined the locations of IPs. Therefore, random mapping
was run 100 times the average of simulation results was
used. Fig. 18 shows the average latency for these five routing
algorithms. For a PIR value of 0.0138, PCAR exhibits an
average delay of 26 cycles, and others exhibit from 37 to 532
cycles. These results show that PCAR still performs better than
the other selection functions in the MMS; that is, PCAR has a
high potential to support this type of multimedia systems with
a low average latency.

VI. Implementation of PCAR and Cost

Comparisons

A. Architecture of PCAR Router

Fig. 19 shows a block diagram of the router architecture
with the proposed PCAR scheme. The PCAR router is two-
stage pipeline routing. Each flit of a packet proceeds through
two stages. Stage 1 comprises routing computation (RC) and
switch allocation (SA). Stage 2 comprises switch transversal
(ST) and link traversal (LT).

The structure of PCAR router is based on the data path and
control logic. The data path consists of five input FIFO buffers
and one 5 × 5 crossbar switch. These buffers have a capacity
of four flits, and each flit is 66 bits. Input buffers hold arriving
flits until they can be forwarded to the crossbar switch during
Stage 1. In Stage 2, the switch then forwards flits to different
output channels based on the result of switch allocation.
Control logic consists of two components: 1) the PCAR
computation unit, and 2) the switch allocator. In Stage 1, the
PCAR computation unit sends the header flit of an incoming
packet to the output channel. The routed data of the header
flit, which includes the address of source node and destination
node, can be decoded for output channels. The selection
function can then dynamically select the uncongested output

Fig. 18. Average latency of the XY, OBL, NoP, RCA, and PCAR approaches
for MMS traffic.

Fig. 19. Block diagram of the PCAR router (where the gray block represents
the circuits of the PCAR scheme).

channel based on the path-congestion information. The switch
allocator then arbitrates among all flits requesting access to the
same output channel and grants permission to the winning flit.
In Stage 2, winning flits traverse the crossbar and are placed
on the respective output channel.

Fig. 20 shows the architecture of the PCAR computation
unit. This unit consists of the routing function, PCAS, and
CPT. Because the PCAR unit must compute the Beff and the
PI, Stage 1 is the critical path of the router. First, according to
the odd-even turn model, the routing function decodes a set of
candidate output channels, c0 and c1, to PCAS. The additional
wires buf−in transmit buffer occupancy information from
downstream routers. According to c0, c1, and buf−in, PCAS
computes the Beff for each candidate channel. Thereafter,
PCAS compares their Beff values and selects the output port
with the smallest Beff . If congestion indetermination occurs
(i.e., when Beff [c0] = Beff [c1], CI = 1), the CPT can calculate
the PI for c0 and c1. To implement this computation, this
technique requires four registers to store buf−in for different
directions and update these historical values in each cycle.
Finally, the output port with the minimal PI is selected.
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Fig. 20. Block diagram of the PCAR computation unit. The function of
reverse() is to change one direction to the opposite direction (e.g., if j is west,
reverse(j) is east).

B. Extra Wiring Cost

Fig. 19 shows that the implementation of the PCAR
scheme requires some extra control wires (i.e., buf−in[j][k]
and buf−out[j][k]). Let BS be the FIFO input buffer size. The
buf−in[j][k] ports represent the buffer occupancy information
of the output channel along direction j. The term j is the
direction of the downstream router (i.e., north, east, south, and
west), and k is the input buffer index in downstream router
(i.e., north, east, south, west, and local). For each direction j,
the buf−in[j][k] are 5log2BS bits in width. Similarly, for each
direction j, the buf−out[j][k] is also 5log2BS bits in width.
Overall, the total number of wires required to support the
PCAR scheme is

wirePCAR = 2×4×5 log2 BS. (21)

Considering the data used in the experiments (i.e., FIFO
buffers with a capacity of four flits and a flit size of 66 bits),
wirePCAR = 80 wires, which is approximately 10.5% of the
total wiring cost (i.e., flit−in, flit−out, req−in[j], req−out[j],
ack−in[j], ack−out[j], buf−in[j][k], and buf−out[j][k]).

C. Area Overhead

Because an NoC is resource-constrained, an NoC design
should focus on communication performance and area cost.
This study designs five routers, including a static XY router
and four adaptive routers based on the OBL, NoP, RCA,
and PCAR approaches with buffer depths of four flits in
Verilog. The generated RTL codes are synthesized with the
maximum frequency by using the Synopsys Design Compiler;
the technology used is UMC 90-nm CMOS process. The
XY router can operate at speeds of up to 800 MHz because
of the ease of implementation. The OBL router can operate
at speeds of 714 MHz because it requires the computation
for local buffer occupancy information. Besides, NoP and
RCA require additional computation for look-ahead and
regional buffer information, respectively; therefore, they only
operate at speeds of 625 MHz. Similarly, since PCAR require
additional computation for switch congestion information, it
also operates at speeds of 625 MHz. Besides, we evaluate
these routers under adverse traffic patterns (i.e., transpose1,
bit-reversal, hs-center, and hs-row traffic patterns) in a 16 × 16
mesh and record their saturation throughput (Gbps/node).

Fig. 21. Area histogram of all routers.

Table IV shows total area (μm2), average saturation throughput
(Gbps/node), and area efficiency (Gbps/node/mm2). Area
efficiency is defined as average saturation throughput divided
by the total cost of router. Fig. 21 shows the area histogram
of all synthesized routers. The following observations are
based on area overhead and area efficiency.

1) PCAR can be implemented with reasonable area over-
head: Generally, in order to provide sufficient network
capacity and bandwidth to transfer packets, the FIFO
buffers of five input directions dominate significant
portions of the router area. In Fig. 21, we can observe
that the FIFO buffers occupy around 63-80% of the
total area for different routers. Unfortunately, as the
synthesis frequency of circuit increases, the high-speed
operation also introduces additional area overhead on
FIFO buffers. For example, if we increase the synthesis
frequency from 625 MHz to 800 MHz, the FIFOs cost
increase by around 20% of original cost, as shown in
Fig. 21. Note that these increases in FIFO costs cause
total area costs to increase significantly, especially for
simple routers (i.e., XY and OBL routers). On the other
hand, since NoP, RCA, and PCAR operate at the same
speed, the costs of FIFO are the same. Therefore, the
total costs of these routers are strongly related to the
complexities of routing units. Fig. 21 shows that PCAR
has the smaller area overhead than NoP and RCA.
Because NoP needs two additional routing function
blocks to compute the look-ahead information, the cost
of routing unit is higher than the others. Similarly,
to compute regional buffer information and propagate
the network information hop-by-hop, the RCA method
increases the complexity of routing unit. Although the
PCAR router must compute the Beff and PI, it does
not need additional monitoring network and routing
function to obtain spatial information. Consequently, the
hardware overhead of the PCAR can be less than 10%
and 6.8% as compared to NoP and RCA, respectively.

2) PCAR has higher area efficiency than the other router
designs: Due to the low-complexity routing unit, the
simple routers can operate at high frequency and then in-
crease the processing speed of data. However, the high-
speed operation causes the additional area overhead and
high power consumption. To ensure a fair comparison,
area efficiency can be used as a performance criterion to
evaluate different router designs with different maximum
operating frequencies. Table IV shows that the PCAR
scheme has higher area efficiency with an improvement
of 16%–35.7% compared with the other router designs.
Therefore, we can conclude that the PCAR scheme
is feasible for NoC systems because this scheme
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TABLE IV

Area Efficiency of Routers

TABLE V

Average Power Dissipation when All Routers Operate at the

Same Frequency of 625 MHz

efficiently improves the performance and achieves the
best trade-off between cost and performance.

D. Average Power Dissipation

To analyze the average power dissipation of a router, we
use Synopsys PrimeTime-PX to assist in the estimation of
power. Table V shows the average power dissipations (mW),
including the cell internal power, net switching power, and cell
leakage power. We observe that the XY router consumes the
lowest power because it has least computation. Similarly, due
to the low complexity of OBL, it consumes the lower power
than NoP, RCA, and PCAR routers. On the other hand, the
large routing resources of NoP cause high internal cell power
consumption. Besides, since the RCA router needs a separate
monitoring network to transit congestion information to the
entire network, it needs to drive the additional interconnect
and gate capacitances, which increases the total net switch-
ing power. Although PCAR also has the additional resource
for computing switch-based information, the average power
consumption of PCAR only increases by approximately 3.7%
compared to that of the OBL router.

E. Total Energy Consumption with Real Traffic Data

To obtain the realistic energy consumption of a NoC system,
we perform a complete network analysis with considering
congestion effect and drain a fixed workload (10 Mb) with
two real applications, including the low-density parity-check
(LDPC) codes and the MMS [30]. LDPC codes are one kind of
linear block codes [32]. Due to the excellent error-correcting
performance, the LDPC codes have widely adopted by most of
advanced communication systems. To increase the efficiency
of the hardware implementation, a parallel LDPC decoding
was proposed on a NoC-based multiprocessor system because
of the characteristics of regularity and scalability [33]. Based
on the design of LDPC in [33] and the evaluation method in
[34], we evaluate the different routing schemes with the data
flow of the (1944, 972) LDPC code defined in IEEE 802.11n,
and map it to a 16 × 16 mesh-based NoC system. On the other
hand, as mentioned previously, the communication tasks of
MMS are mapped on a 5 × 5 mesh-based NoC system.

Table VI shows the total energy consumption of five rep-
resentative PIR under the LDPC codes and MMS traffic. For
example, at the low PIR of LDPC (i.e., 0.5–0.625), we can

TABLE VI

Total Energy Consumption to Drain 10 Mbytes of Data for

Multimedia System and Parallel LDPC System

find that the energy of PCAR is higher than XY and OBL;
the energy of PCAR is lower than NoP and RCA. Because
there is no congestion at these PIR values, all of routing
schemes can rapidly forward the packets to the destination
nodes. All of the data can be processed in a reasonable amount
of time. Therefore, the amount of energy consumption is
directly related to the complexity of routing computation. On
the other hand, at the high PIR values of LDPC (i.e., 0.75–
1.0), the energy consumptions of all routing schemes increase
significantly. Due to the high probability of contention under
heavy traffic workloads, a lot of packets could be blocked and
then need to reexecute the routing computation, which would
consume additional energy. Meanwhile, to store these packets,
the buffer also wastes the energy. Notably, since the better
performance of PCAR could balance its power dissipation
overhead [15], the total energy consumption of PCAR can
be smaller than that of other routing schemes. For example, at
the PIR value of 0.75 of LDPC, PCAR scheme has an energy
saving ranging from 2.4% to 48.2% compared to the other
routing algorithms. Similarly, at the high PIR value of 1.375
of MMS, PCAR scheme has an energy saving ranging from
28.8% to 53.9% compared to the other routing algorithms.

VII. Conclusion

In resource-constrained NoC systems, traffic congestion is
a serious problem. Although buffer space can be increased
unceasingly to provide additional network capacity to ac-
commodate additional traffic loads, the problem of resource
allocation cannot be avoided, especially for the different
types of applications. Unfortunately, an imbalanced resource
allocation may lead to severe traffic congestion. To relieve
congestion, an effective congestion-aware adaptive routing
algorithm is desired to improve the resource utilization through
load balancing.

Therefore, this paper proposes a PCAR scheme that jointly
considers switch congestion and channel congestion. The
primary goal is to design a selection strategy PCAS that
acquires fine-grained congestion information of the adjacent
routers to capitalize on the flexibility of the routing function.
Besides, to compensate for the performance loss caused by
the indetermination of congestion, the proposed CPT uses
the rate of change in the buffer level to further predict the
possible congestion. Experimental results demonstrate that
the PCAR scheme has a higher saturation throughput with
an improvement of 15.4%–48.7% compared with existing
adaptive routing schemes. In addition, the PCAR scheme has
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the highest area efficiency among the other router designs.
We can conclude that the PCAR scheme is feasible for NoC
systems.
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