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ABSTRACT

Network-on-chip (NoC) architectures adopted for System-

on-Chip (SoC) are characterized by different trade-offs be-

tween latency, throughput, communication load, energy

consumption, and silicon area requirements. Evaluating

NoC architectures is usually performed using simulations

which provide little insight on how different design parame-

ters affect the actual NoC performance metrics. Analytical

models that allow rapid trade-off investigations of NoC pa-

rameters and accelerate the estimation of main metrics are

required. In this paper, a Network Calculus-based method-

ology is presented to analyze and evaluate the performance

metrics such as the latency and the cost metrics such as

the energy consumption of NoC-based architectures. The

WK-recursive on-chip interconnect is analyzed and results

are compared against those produced using simulations.

The values obtained by simulations and by analysis show

the same increasing/decreasing trends in the same order of

magnitude.

KEYWORDS: System-on-Chip, On-Chip Intercon-
nect, Analytical Performance evaluation, Network cal-
culus

1. INTRODUCTION

Emerging SoCs, such as those for mobile systems, are typ-

ically battery-powered systems and have to support a wide

range of applications such as audio/video streaming. On-

chip interconnect architectures, used in current SoCs to

integrate hardware resources such as CPUs, DSPs, Mem-

ories, and I/O peripherals, are typically based on shared

medium or bus systems. For large SoCs, the bus-based

schemes become restrictive because they are non-scalable

and have higher overheads that adversely impact perfor-

mance and energy consumption.

Network-on-Chip (NoC) has been recently proposed as an

alternative to bus-based schemes to achieve high perfor-

mance and scalability in SoC design [9, 14]. A key element

in the performance and energy consumption in SoCs is the

On-Chip Interconnect (OCI), which links all devices and

assets (e.g., video processors, processing elements) that are

created in the chip infrastructure. However, their increas-

ing complexity makes their design extremely challenging.

Different OCI-based architectures using packet-switching

have been studied and adapted for SoCs [19, 21].

On-chip interconnect architectures adopted for SoCs are

characterized by different trade-offs with regard to latency,

throughput, communication load, energy consumption, and

silicon area requirements. However, evaluating NoC archi-

tectures is usually performed using simulation [19, 23, 25].

Generally, the simulation is extremely slow for large sys-

tems and provides little insight on how different design

parameters affect the actual NoC performance. Analytical

models, however, allow a fast evaluation of large systems

in early design process. Therefore, analytical models that

allow rapid trade-off investigations of NoC parameters are

required to accelerate the estimation of main metrics and

ease the design process.

In this paper, we show how Network Calculus can be used

to evaluate the performance metrics, energy consumptions,

and area requirements of on-chip interconnects. As a case

study, a detailed analysis and evaluation of WK-Recursive

on-chip interconnect under different traffic loads is pre-

sented. It is worth noting that WK-Recursive topology



has received considerable attention in the parallel comput-

ing community because of its interesting properties such

as extendability [10], i.e., for any specified degree, it can

be expanded to an arbitrary level without reconfiguring

the edges. In [20, 21], a detailed analysis has been done

to compare the WK-recursive architecture with the 2D

Mesh and Spidergon architectures in terms of several per-

formance metrics such as throughput and for a variety of

load scenarios. WK-recursive interconnect generally out-

performs 2D Mesh and Spidergon topologies because of its

regular and stable behavior at the nodes level. Other impor-

tant metrics, such as energy consumption and area require-

ments, were investigated in [1].

The remainder of this paper is organized as follows. In

section 2, we summarize the existing work on performance

analysis methods proposed for evaluating on-chip intercon-

nects. Section 3 presents the model for WK-Recursive

on-chip interconnect computed using Network Calculus as

well as the obtained results. Conclusions and future work

are given in section 4.

2. RELATED WORK

Several studies, such as the one in [15], have demonstrated

that there is a crucial need for system design tools and

methodologies to compare NoC architectures for a given

application. The authors pointed out that current design

methodologies are unable to provide such frameworks and

simulation methods because, despite their accuracy, they

are very expensive and time consuming. Techniques and

tools are required to extract an application communication

requirement and to efficiently estimate its performance, its

energy consumption, and its area requirements, under can-

didate communication architectures.

Recently, there has been a great deal of interest in the devel-

opment of analytical performance models for NoC design

[16]. Approaches proposed in the literature can be clas-

sified in four main categories: deterministic approaches,

probabilistic approaches, physic-based approaches, and

system theory-based approaches. In the first category, ap-

proaches are mainly based on graph theory used success-

fully in many software and computer engineering domains.

For example, in [12], a model using a cyclo-static dataflow

graph was used for buffer dimensioning for NoC applica-

tions. Deterministic approaches assume that the designer

has a deep understanding of the pattern of communication

among cores and switches.

Most of work to date, using probabilistic approaches, are

based on queuing theory. For example, an analytical model

using queuing theory was introduced in [17] to evaluate

the traffic behavior in Spidergon NoC. Simulation results to

verify the model for message latency under different traffic

rates and variable message lengths have been reported. In

[13], a queuing-theory-based model for evaluating the av-

erage latency and energy consumption of on-chip intercon-

nects was proposed. The results from the analytical model

were validated with those obtained from a cycle-accurate

simulator. Most queuing approaches consider incoming

and outgoing traffics as probability distributions (e.g., Pois-

son traffic) and allow designers to perform a statistical anal-

ysis on the whole system in order to evaluate some net-

work metrics such as average buffer occupancy and aver-

age buffer delay. However, NoC applications exhibit traffic

patterns that are very different compared to Poisson model

as in queuing theory [18, 23]. More precisely, the Poisson

model fails to capture some important network characteris-

tics like self-similarity or long-range dependence [16].

In [4], authors suggested statistical physics and informa-

tion theory for NoC design and evaluation. Unlike stochas-

tic approaches that make Markovian assumptions about

the dynamical processes involved in network behavior, sta-

tistical physics can model the interactions among various

components while taking into consideration the long-term

memory effects. A quantum-like approach was proposed

in [4] to model the information flow and buffers behavior

in NoCs. The main concept in this model is that packets

in the network move from one node to another in a manner

that is similar to particles moving in a Bose gas and migrat-

ing between various energy levels as a result of temperature

variations. Authors focused on buffers sizing issues, which

is a major factor that affects the energy consumption and

the silicon area requirements.

The fourth category uses system theory that is successfully

applied to design electronic circuits. In particular, Network

Calculus is inspired from this theory for modeling and eval-

uating main performance bounds (e.g., end-to-end delay) in

networks such Internet [5, 8]. Based on shapes of the traffic

flows (by analogy signals in system theory), designers are

able to capture some dynamic features of the network. For

example, in [2], we have presented a performance analysis

methodology using Network Calculus to analyze and eval-

uate performance metrics of on-chip interconnects. Simu-

lations are performed and results are compared with those

produced from the Network Calculus based model in or-

der to underline its usefulness for evaluating on-chip in-

terconnects. In this paper, the Network Calculus is used

to evaluate other performance metrics as well as the area

and energy consumption. The WK-recursive on-chip inter-

connect is considered and evaluated under different traffic

loads and results are reported to show the effectiveness of

Network Calculus as a tool for NoC design and evaluation.

Because of pages limitation, we refer readers to [2] for an

overview on the basics of Network Calculus and to [5] for



more refined description.

3. OCIs EXPLORATION

In this section, the Network Calculus-based methodol-

ogy for NoCs is presented. Fig. 1 shows a 16-nodes

WK-recursive on-chip interconnect [1, 21], with applica-

tion data flows generated as a case study to illustrate the

methodology. NoC consists of IP cores, switches, and bidi-

rectional links. Each IP core is attached to a local switch

which connects the IP core to the neighboring switches via

the on-chip interconnect. Data flows are represented by se-

quences of hops (e.g., f1 = (c8, s8, s12, c12)) from a source

core to a destination core. As shown in this figure, five data

flows are considered as follows: f1 = (c8, s8, s12, c12),
f2 = (c8, s8, s3, s2, s5, c5), f3 = (c6, s6, s5, s9, s13, c13),
f4 = (c11, s11, s6, s1, c1), f5 = (c15, s15, s12, c12). A flit

in each flow, after it is injected by an IP core, moves to

the local switch and is stored in the buffer waiting to be

serviced and then sent to the next switch on the identified

path. This process is repeated till the flit reaches the des-

tination core. We assume that these data flows are already

computed, i.e., the application tasks are already mapped to

the IP cores.
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Figure 1. WK(4,2) On-chip Interconnect. fi are Data

Flows Representing the Application Workload

3.1. Network Calculus-based Model

The NoC architecture can be viewed as a distributed sys-

tem composed of autonomous nodes which communicate

by exchanging messages through an on-chip interconnect.

The on-chip interconnect can be described as a graph

OCI(V,E) whose nodes v ∈ V represent switches or

cores and whose edges ℓ ∈ E represent the communica-

tion links between two neighboring nodes u and v. For

each node v ∈ V , rv is the injection rate and for each link

ℓ ∈ E, Rℓ denotes the guaranteed service rate or the link

bandwidth. Similarly, an application can be represented by

acyclic digraph, called Core Graph CG, where each v ∈ V
represents a core or switch and ℓ = (u, v) ∈ E is a com-

munication flow edge having one attribute ®ℓ(t), the in-

put arrival curve that represents the data flow sent through

this link by a node u to a node v (node can be a core or

a switch). Furthermore, at each time t, a switch si has an

input flow ®si(t) and each core ci has an input flow ®ci(t).

Fig. 1 shows data flows f1, f2, f3, f4, and f5 that

can be represented by an acyclic digraph. The cores

(c6, c8, c11, c15) are randomly selected to be sources. Cores

(c1, c5, c12, c13) considered as sinks are selected according

to the following communication locality principle in which

25% of the traffic takes place between neighboring cores

and 75% of the traffic is uniformly distributed among the

rest. We can see, in this traffic pattern, that c8 is selected

two times as a traffic source and c12 is selected two times

as a traffic sink.

Having these data flows, we can express the input and out-

put arrival curves, ®si(t), ®ci(t), and ®ℓ(t) of each switch

si, core ci, and link ℓ respectively. The maximum data

flow sent to a switch si is constrained by the arrival curve

®si(t) = rit + bi, where bi is the maximum burst size

of the data flow and ri is its average rate. Using this ar-

rival curve, a node can send bi bits at once, but without

exceeding ri bit/s over the long run. We consider that all

cores sources have the same injection rate r and burst size b.
Each switch also provides a guaranteed service constrained

by the service curve ¯i(t) = Ri(t − Ti)
+, where Ri de-

notes the guaranteed service rate and Ti is the maximum

latency caused by the switch si. This service curve is called

the rate-latency service curve in which data is delayed by a

fixed time Ti and then routed out at a rate Ri. These two

curves are widely used in evaluating systems [6, 11] and

can be considered in our analysis. Using these curves, the

arrival curves of each switch si, for example, can be calcu-

lated to obtain the following model:

®s1(t) = rt+ b+ 3

2
rT ®s9(t) = rt+ b+ 13

4
rT

®s2(t) = rt+ b+ 2rT ®s11(t) = rt+ b
®s3(t) = rt+ b+ rT ®s12(t) = 2rt+ 2b+ 2rT
®s5(t) = 2rt+ 2b+ 9

2
rT ®s13(t) = rt+ b+ 17

4
rT

®s6(t) = 2rt+ 2b+ rT ®s15(t) = rt+ b
®s8(t) = 2rt+ 2b

(1)

In the same manner, the arrival curve, ®ci(t), of each

switch ci, and the arrival curve, ®ℓ(t), of each link ℓ can

be calculated. One of the main advantages of using Net-

work Calculus is that the designer can model the data flows



of an application and their interactions (i.e., flows are de-

pendent to each other) which are necessary for NoC de-

sign and evaluation. It’s worth noting that SoC applications

generally have broad computation and/or communications

requirements. Understanding application communication

patterns is critical for efficient use of SoC resources within

a given set of constraints such as area, power and perfor-

mance. Having a mathematical model to characterize the

traffic pattern of a given application is an issue not de-

scribed in the scope of this paper.

In the rest of this section, we will show how to evaluate

the performance, the energy consumption, and the area re-

quirements based on the OCI model describing the arrival

curves of each switch, core, and link. We compare analyt-

ical and simulation results using the same traffic pattern to

confirm the usefulness of Network Calculus for NoC de-

sign and evaluation. Simulations are conducted using a

simulator developed in [22].

3.2. Performance Metrics

In this section, performance metrics, mainly the latency,

throughput, and communication load, will be evaluated us-

ing the input and output arrival curves described by the sys-

tem of equations (1).

3.2.1. Latency

Latency is defined as the time that elapses between injec-

tion start of the flits into the network at the source core

and its arrival at the destination core. For a flit to reach

the destination cores (processing elements), it must travel

through a path consisting of a set of links and switches.

Using Network Calculus, the latency ℒsi in each switch si
constrained by an arrival curve rit+bi can be calculated as

follows:

ℒsi =
bi
Ri

+ Ti (2)

where Ri is the service bandwidth and Ti is the maximum

latency of the service at switch si. Therefore, the average

latency can be calculated based on equation 2. For exam-

ple, since ®s1(t) = rt+ b+ 3

2
rT , ℒs1 = ( 3r

2R
+ 1)T + b

R
,

if the injection rate is r = 75Mbps, R = 200Mbps, b=
64bits, and the flit size is k = 8 bytes, then D1 = 0.82¹s,

where T = k/R. The average latency for the application

can be also be calculated after calculating the latency ℒsi

of each switch si.

In the simulation, we consider that an application is repre-

sented as communicating parallel processes. Each process

is linked with a traffic generator that injects flits accord-

ing to the CBR (Constant Bit Rte) model at a deterministic

rate r which is varied from light traffic (25Mbps) to heavy

traffic (100Mbps). The maximum service rate is fixed to

200Mbps in this simulation, b is fixed to be 64bits, and the

flit size is 8 bytes. In this evaluation, data flows are consid-

ered dependent to each other and interact causing conges-

tion in some switches which increases the latency at high

injection rate.

Fig. 2 and Fig. 3 compares the average latency and the max-

imum latency of the WK(4,2) on-chip interconnect under

different injection rate using Network Calculus and sim-

ulations. As shown in these figures, when increasing the

injection rate, the network becomes more congested with

heavy traffic and hence queues become full causing more

flits to wait, therefore increasing the latency. We can see

that the latency obtained using network calculus analysis

is in the same order of magnitude as the latency obtained

using simulations, i.e., both show a deviation of less than

18% on average.

Figure 2. The Average Latency

Figure 3. The Maximum Latency



3.2.2. Network Load

Communication load is a relative value of arrival rate vs.

departure rate on all links. Let’s consider Dr(t) as the max-

imum number of flits that can possibly, under ideal circum-

stances, be transmitted over all links at time t and Ar(t) is

the actual number of flits that have arrived over all links at

time t. The communication load ℒ(t) can be defined as the

ratio between the departure rate Dr(t) and the arrival rate

Ar(t) as follows:

ℒ(t) =
Ar(t)

Dr(t)
= Sf

∑Nℓ

i=1
®ℓi(t)

NℓRt
(3)

where ®ℓi(t) is the number of flits arrived to the link ℓi, R
is the bandwidth of each link ℓi, Nℓ is the number of unidi-

rectional links involved in transporting flits, and Sf is the

size of each flit. We consider that all links have the same

bandwidth. The results depicted in Fig. 4 show the vari-

ation of communication load under different traffic rates.

The communication load obtained using Network Calculus

analysis is in the same order of magnitude as the load ob-

tained using simulations with a deviation of less than 25%.

Figure 4. The Communication Load

3.2.3. Throughput

The throughput for each core represents how many bits ar-

rive at that core per second. The aggregate throughput T (t)
is the sum of throughput of each destination core ci during

the interval [0, T ]. It can be calculated as follows:

T (t) =

Nd∑

i=1

®ci(t) (4)

where Nd is the number of cores selected as destinations

(i.e., sinks), and ®ci(t) is the the arrival curve that repre-

sents the accumulated number of flits arrived at the desti-

nation core ci till time t. In the example depicted in Fig. 1,

cores (c1, c5, c12, c13) are selected to be sinks. Using, the

OCI model described by the system of equations (1), the

arrival cure ®ci(t) of each core ci can be calculated. For

example, ®c1(t) = rt+ b+ 5

2
rT .

Fig. 5 shows the variation of aggregate throughput under

different injection rates, which increases linearly when the

injection rate increases because of the number of flits gen-

erated (see Fig. 6). The throughput obtained using Network

Calculus analysis is in the same order of magnitude as the

throughput obtained using simulations, i.e., both show a

deviation of less than 5%.

Figure 5. The Aggregated Throughput

Figure 6. The Number of Flits Generated

3.3. Cost Metrics

In this section, cost metrics, mainly the average energy con-

sumption and area overhead are evaluated using Network

Calculus model and simulations.

3.3.1. Energy

The total energy can be decomposed into the energy con-

sumed on the switches (traversal of input and output

switches) and energy consumed per wire or link distance



traveled. The total energy ℰ(t), can be calculated as fol-

lows:

ℰ(t) =

Nℓ∑

i=1

ℰℓi(t) +

Ns∑

j=1

ℰsj (t) (5)

where ℰℓi(t) is the energy consumed, at time t, on the link

ℓi, ℰsj (t) is the energy consumed inside the switch sj , and

Nℓ and Ns are the number of links and switches respec-

tively involved in transporting the application flows. Using

Network Calculus arrival curves, the total energy consump-

tion can be calculated as follows:

ℰ(t) =

Nℓ∑

i=1

®ℓi(t)Eℓ +

Ns∑

j=1

®sj (t)Es (6)

where Eℓ is the average energy consumed during transport-

ing one flit on a link ℓ, and Es is the average energy con-

sumed during buffering and routing operations inside each

switch. The values of Eℓ and Es are constants for a given

on-chip interconnect and depend mainly on the switch ar-

chitecture and the link characteristic such as the width, the

length, etc.

In this energy evaluation, we use the values already esti-

mated in the energy model proposed in [24] in which the

amount of energy required for a single bit to pass the switch

is equal to 0.9776pJ/bit and the amount of energy required

for a single bit to cross a link ℓ is (0.39 + 0.12Lℓ) pJ/bit,
where Lℓ is the length of the link ℓ. In addition, we con-

sider that the link between each core and its correspond-

ing switch is of length 1mm. We consider that all links

(horizontal or vertical) between neighboring switches are

of length 2mm. For example, as shown in Fig. 7, WK(4,2)

has 16 links of length 1mm, 20 links of length 2mm, and

10 links of length 4mm. However, only 5 links of length

1mm, 5 of length 2mm, and 5 of length 4mm are involved

in transporting flits.

Figure 7. The layout of WK(4,2) On-chip Interconnect

Considered in the Evaluation

Fig. 8 shows the energy consumption using Network Cal-

culus and simulations. This figure shows that the energy

consumption increases linearly when the injection rate in-

creases. This increase can be explained by the big num-

ber of flits generated as the injection rate increases (see

Fig. 6). We can see that the energy obtained using Network

Calculus analysis is in the same order of magnitude as the

energy obtained using simulations, i.e., the difference be-

tween simulation and analysis is about 21%.

Figure 8. The Energy Consumption

3.3.2. Area

In NoC, there are three sources of area overhead, switches,

cores, and links. Switches have two main components: the

buffers to temporally store flits and logic to implement the

routing algorithm. Area overhead of links depends on their

lengths inside the chip [3]. The total area value can be cal-

culated as follows:

A =

Ns∑

i=1

As(i) +

Nc∑

j=1

Ac(j) +

Nℓ∑

k=1

Aℓ(k) (7)

where Ns is the number of switches, Nc is the number of

IP cores, Nℓ is the number of bidirectional links, As(i) and

Ac(j), and Aℓ(k) is the area requirement for the switch

i, core j and link k respectively. The average on-chip in-

terconnect area Av will be determined by the average link

area Aℓ, the average switch area As, and the average IP

core area As. We consider the average since the resources

(e.g., DSP, FPGA, Memory) are heterogeneous, the length

of links are different, and the size of switches depends on

their emplacement in the on-chip interconnect (e.g. de-

gree). We use the architectures’ layout depicted in Fig. 7

to determine these values in particular As and Aℓ. So the

average area A can be derived from equation (7) as follows:

Av = Ns(Rs + asdgSfBs) +NcAc + aℓNℓLℓ (8)



where Bs is the average buffer size, as is the area required

for one byte, Sf is the flits’ size in bytes, aℓ is the area

required for a link with length Lℓ, Rs is other switch sili-

con area such as routing table and logic to implement the

routing algorithm, and dg is the average degree of the on-

chip interconnect, which represents the average number of

buffers inside the switch.

It was demonstrated in many papers, such as [3, 7], that a

dominant part of the NoC area is due to the buffer sizes.

To calculate the average buffer size Bs, we have to calcu-

late the buffer size Bsi of each switch si as follows. As

described in (1), each switch si is constrained by an arrival

curve in the form ®si(t) = rit + bi and provides a guar-

anteed service curve ¯i(t) = Ri(t − Ti)
+ to each flow.

Therefore, Bsi can be calculated as follows:

ℬsi = bi + riTi (9)

where ri is the core injection rate and Ti is the maximum

latency of the service at switch si. For example, since

®s1(t) = rt + b + 3

2
rT , Bs1 = 5

2
rT + b, if the injection

rate is r = 75Mbps, R = 200Mbps, b= 64bits, and the flit

size is k = 8 bytes, then Bs6 =16bytes, where T = k/R.

Fig. 9 shows the area requirements (in mm2) required for

zero flits drop under different injection rates. In this eval-

uation, we consider that the area required to store the rout-

ing table and other related area are considered constant,

Rs = 1mm2, and as = 0.005mm2, aℓ = 0.02mm2,

Ac = 2mm2, Rs = 1mm2. We also consider that the

chip size is of 20mm × 20mm. The value of Lℓ is cal-

culated based on the architectures layout shown in Fig. 7.

As shown in Fig. 9, when injection rate increases the area

requirements are also increased because the network be-

comes more congested with heavy traffic and so more space

is needed to absorb differences in speed and burstiness be-

tween the IP cores (see Fig. 10). This figure illustrates the

buffer size versus the injection rate and demonstrates that

as the injection rate increases more space is needed to avoid

flits being dropped.

4. CONCLUSIONS AND PERSPECTIVES

In this paper, a Network Calculus-based methodology was

presented to evaluate on-chip interconnects in terms of per-

formance and cost metrics (i.e., energy consumption and

area requirements) based on a given traffic pattern. The

results obtained using this methodology for WK-recursive

on-chip interconnect are in the same order of magnitude

as those obtained by simulations. Further work concerns

the scalability issue by the development of a design space

exploration software tool that will be built around Net-

work Calculus and integrated with a simulation and exper-

Figure 9. The Area Requirement (mm2)

Figure 10. The Average Buffer Size

imental environment. The analytical model allows design-

ers to quickly analyze the impact of various application-

specific communication patterns on the overall system’s

performance. The time consuming simulation can only be

used at later stages of the design and after the design space

is reduced to a few configurations.
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