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ABSTRACT 

Network-on-Chip architectures with various new 
emerging interconnect technologies offer 
unprecedented performance gain compared to their 
more conventional planar metal interconnect-based 
counterparts. A comparative analysis of these 
emerging NoCs will provide a better understanding 
towards adopting them in the mainstream design. This 
paper compares performance of small-world NoC 
architectures having wireless and RF links with optical 
NoCs and presents design trade offs with system size 
scaling. Our analysis demonstrates that the small-
world NoC architecture with THz wireless shortcuts 
provides the best performance-area overhead trade-
off compared to the other NoCs for both uniform and 
non-uniform traffic across various system sizes.  
I. INTRODUCTION 

Networks-on-Chip (NoCs) have emerged as 
communication backbones to enable a high degree of 
integration in multi-core Systems-on-Chip (SoCs). 
Despite their advantages, an important performance 
limitation in traditional NoCs arises from planar metal 
interconnect-based multi-hop links, where the data 
transfer between two distant blocks causes high 
latency and power consumption. According to the 
International Technology Roadmap for 
Semiconductors (ITRS, 2007), “at 0.13um 
approximately 51% of microprocessor power was 
consumed by interconnect, with a projection that 
without changes in design philosophy, in the next five 
years up to 80% of microprocessor power will be 
consumed by interconnect”. Consequently, both 
architectural and interconnect-level innovations are 
needed to address the performance bottleneck in 
conventional metal interconnect-based NoCs. The 
limitations of conventional NoCs can be addressed by 
drawing inspiration from the interconnection 
mechanism of natural complex networks [1]. Many 
networks, such as networks of neurons in the brain, 
the Internet, and social networks share the small-
world (SW) property [2]. Compared to a purely locally 
and regularly interconnected network (such as a mesh 
interconnect), small-world networks have a very short 
average distance between any pair of nodes. This 
makes them particularly interesting for efficient 

communication in modern multi-core chips with 
increasing levels of integration. This small world 
topology can be incorporated in NoCs by introducing 
long-range, high bandwidth and low power links 
between distant cores. One of the possible ways to 
insert long-range links in a NoC is to strategically 
place wireless or RF transmission line-based links 
based on traffic distribution and the location of the 
cores.  On the other hand optical NoC is emerging as 
a promising alternative to address the performance 
limitation of the conventional NoCs. In this paper we 
endeavor to establish a performance benchmark for a 
small-world NoC architecture designed with wireless 
or RF links with respect to emerging optical NoCs. As 
a representative case, we consider two recently 
proposed optical NoC architectures [3] [4] in this 
comparative study. We demonstrate the achievable 
bandwidths, energy dissipation profiles and the area 
overheads of all these novel NoC platforms with 
increase in system size.  
II. RELATED WORK 

Conventional NoCs use multi-hop packet switched 
communication. To improve performance, the concept 
of express virtual channels is introduced in [5]. It is 
shown that by using virtual express lanes to connect 
distant cores in the network, it is possible to avoid the 
router overhead at intermediate nodes, and thereby 
greatly improve NoC performance. NoCs have been 
shown to perform better by inserting long range wired 
links following principles of small world graphs [1].  

The design principles of Photonic NoC are 
elaborated in various recent publications [2, 3]. It is 
estimated that a photonic NoC will dissipate 
significantly less power than its electronic counterpart. 

Another alternative is NoCs with multi-band RF 
interconnects [6]. In this particular NoC, instead of 
depending on the charging/discharging of wires for 
sending data, electromagnetic (EM) waves are guided 
along on-chip transmission lines created by multiple 
layers of metal and dielectric stack. As the EM waves 
travel at the effective speed of light, low latency and 
high bandwidth communication can be achieved.  

Recently, the design of a wireless NoC based on 
CMOS Ultra Wideband (UWB) technology was 
proposed [7]. In [8], the feasibility of designing on-chip 



wireless communication network with miniature 
antennas and simple transceivers that operate at the 
sub-THz range of 100-500 GHz has been 
demonstrated. If the transmission frequencies can be 
increased to THz/optical range then the corresponding 
antenna sizes decrease, occupying much less chip 
real estate. One possibility is to use nanoscale 
antennas based on CNTs operating in the THz/optical 
frequency range [9]. Consequently building an on-chip 
wireless interconnection network using THz 
frequencies for inter-core communications becomes 
feasible. Design of a wireless NoC with CNT antennas 
following the principles of small-world network has 
been demonstrated in [10, 11]. 

A comparative performance evaluation between 
these emerging NoCs is currently lacking. This paper 
aims to bridge that gap by evaluating the performance 
of small-world wireless NoCs with respect to a subset 
of recently proposed photonic NoCs. 
III. NOC ARCHITECTURES UNDER 
CONSIDERATION 

In this section we discuss the features of various 
NoC architectures considered for the performance 
evaluation in this paper.  
A. Small-World NoC Architectures: 

A conventional wired NoC suffers from multi-hop 
communication resulting in high energy dissipation 
and latency. To alleviate this problem, network 
topologies with small-world property having a very 
short average path length between any pair of nodes 
can be employed. This small-world network topology 
can be incorporated in NoCs by introducing long-
range, high bandwidth and low power links between 
distant cores. Incorporating the small-world property 
will enable design of hierarchical NoC architectures, 
where closely spaced cores will communicate through 

traditional metal wires, but long distance 
communications will be predominantly achieved 
through high performance specialized links. In this 
work, we consider two types of small-world NoC 
architectures. In one, the long-range links are 
established using on-chip wireless interconnects and 
in the other on-chip RF interconnects are used as 
long-range links. Again, for the wireless interconnects, 
we consider two types of links, viz., THz links 
implemented with CNT antennas and sub-THz links 
as used in [8]. Due to the short range of the UWB 
antennas in [7], they are not suitable to create small-
world architectures. 
i) Small-World Wireless NoC (WiNoC): 
 WiNoC is a hybrid wired/wireless NoC architecture. 
The whole system is first divided into multiple small 
clusters of neighboring cores. These smaller clusters 
are called subnets. As subnets are smaller networks, 
intra-subnet communication will have a shorter 
average path length than a single NoC spanning the 
whole system. Instead of a traditional uniform NoC, 
there may be subnets with varying architectures for 
different parts of the chip. Fig. 1 shows a hybrid 
(wireless/wired) NoC architecture with heterogeneous 
subnets. The cores in a subnet are connected to a 
centrally located hub through direct wireline links and 
the hubs from all subnets are connected in a 2nd level 
network forming a hierarchical architecture. This 
upper level of the hierarchy is designed to have 
characteristics of small-world graphs. To reduce the 
overhead arising due to the insertion of the wireless 
links, neighboring hubs are connected by traditional 
wired links forming a ring and a few wireless links are 
distributed between hubs separated by relatively long 
distances depending on their frequency of 
communication. The hubs with wireless links are 
equipped with wireless base stations (WBs) that 
transmit and receive data packets over the wireless 
channels. For inter-subnet and intra-subnet data 
transmission, wormhole routing is adopted [12]. 
 Suitable on-chip antennas are necessary to 
establish wireless links for WiNoCs. Recent research 
has uncovered excellent emission and absorption 
characteristics leading to dipole like radiation behavior 
in carbon nanotubes (CNTs), making them promising 
for use as antennas for on-chip wireless 
communication [9]. By using multiband laser sources 
to excite CNT antennas, different frequency channels 
can be assigned to pairs of communicating subnets. 
This will require using antenna elements tuned to 
different frequencies for each pair, thus creating a 

 
Figure 1. A conceptual hybrid (wireless/wired) NoC architecture 
with heterogeneous subnets following the small-world principle 



form of Frequency Division Multiplexing (FDM). This is 
possible by using CNTs of different lengths, which are 
multiples of the wavelengths of the respective carrier 
frequencies. These CNT antennas principally operate 
in the range of tens of THz and consequently their 
sizes are in the order of few hundreds or tens of 
microns. High directional gains of these antennas, 
demonstrated in [9] [14], aid in creating directed 
channels between source and destination pairs. The 
different frequency channels are assigned to multiple 
wireless links in the WiNoC in such a way that a 
particular frequency is allocated only once to avoid 
signal interference. High-speed silicon integrated 
Mach-Zehnder optical modulator [15] can provide 
10Gbps data rate per channel on these links. On-Off 
Keying (OOK) modulation scheme is adopted for 
WiNoC implementation.  

The other wireless interconnect considered here is 
designed to operate at 100 − 500 GHz sub-terahertz 
frequency bands. As shown in [8], this available 
bandwidth can be divided into multiple frequency 
channels, each operating at 10-20 Gbps.  

The wireless links are placed in the network using 
Simulated Annealing (SA) [16] based optimization 
technique. To perform SA, a metric µ has been 
established, which is closely related to the 
connectivity of the network. The metric µ is the 
average distance, measured in number of hops, 
between all source and destination hubs and weighted 
with a normalized frequency of communication 
between the particular pair of hubs. The optimization 
metric, µ can be computed as   

∑=
ji

ijij fh
,

μ ,   (1) 

where hij is the distance (in hops) between the ith 
source and jth destination. The frequency fij of 
communication between the ith source and jth 
destination is the apriori probability of traffic 
interactions between the subnets. This is determined 
by the particular traffic pattern mapped onto the NoC. 
In this work we adopt the Cauchy annealing schedule 
where the temperature profile varies inversely with the 
number of iterations as   

k
T

T 0= ,   (2) 

where T is the temperature profile, T0 is the initial 
temperature and k is the current annealing step. The 
convergence criterion is that the metric at the end of 
the current iteration differs by less than 0.1% from the 
metric of the previous iteration. 

ii) Small-World NoC with RF Interconnects 
(RFNoC): 
 Another possible way to establish the long-range 
link is to use multi-band RF interconnects. The 
RFNoC is designed by replacing the wireless links of 
the WiNoCs by RF interconnects, maintaining the 
same hierarchical topology with shortcuts in the upper 
level. In 65nm technology it is possible to have 8 
different frequency channels each operating with a 
data rate of 6 Gbps [6]. Like the wireless links, these 
RF links can be used as the long-range shortcuts in 
the hierarchical NoC architecture. These shortcuts are 
optimally placed using the same SA based 
optimization as used for the WiNoC.  
B. NoCs with Optical Interconnects: 
 NoCs with high speed optical interconnects is 
another promising alternative to conventional wireline 
NoCs. We consider two such optical NoC 
architectures for the comparative study. The first one 
is adopted from [3] and is referred as Photonic NoC 
for the rest of this paper. This NoC requires an 
electrical control network to configure photonic 
switching elements which uses a flat wireline mesh. 
Photonic NoC architecture employs an optical circuit-
switched network for bulk message transmission and 
an electronic packet-switched network for distributed 
control and short message exchange. The optical 
torus network is augmented with additional optical 
paths to provide path multiplicity, so that blocking can 
be avoided and path setup latency is accordingly 
reduced. Maximum path multiplicity in the Photonic 
NoC ensures that there is no blocking in the network. 
An illustrative 16 core Photonic NoC architecture with 
path multiplicity of 2 is presented in Fig. 2.  
 The second optical NoC considered in this paper is 
the Clos network proposed in [4]. Clos is a low-
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Figure 2. A representative 16 core Photonic NoC with path 
multiplicity of 2.



diameter non-blocking network. It uses multiple stages 
of routers to create a large non-blocking all-to-all 
connectivity. Clos network uses point-to-point 
channels instead of global shared channels resulting 
in significantly less overhead compared to global 
photonic crossbars. A 16 core photonic Clos network 
is shown in Fig. 3. 
IV. PERFORMANCE EVALUATION 
 In this section, we present the experimental results 
to establish the relative performance benefits offered 
by the above mentioned emerging NoCs. To do this, 
we present detailed network level simulations with 
various system sizes and traffic patterns. 
A. Characterization with uniform random traffic 

As a first step, we analyze the characteristics of 
the different NoC architectures in presence of a 
uniform random traffic and study trends in their 
performance with scaling of system size. For our 
experiments we consider three different system sizes, 
namely 128, 256, and 512 cores. All the network 
architectures mentioned in section III are simulated 
using a cycle accurate simulator, which models the 
progress of data flits accurately per clock cycle 
accounting for flits that reach their destinations as well 
as those that are dropped. In this work we assume flit 
width of 32 bits and each packet consists of 64 flits. A 
self-similar traffic injection process is assumed. 

For small world architectures the number of 
subnets and their sizes are chosen for optimum 
performance for different system sizes. 128 core 
system is divided into 16 subnets with each subnet 
consisting of 8 cores, 256 core system is divided into 
16 subnets with each subnet consisting of 16 cores 
and 512 core system is divided into 32 subnets with 
each subnet consisting of 16 cores. For this exercise, 
we assumed that the cores within each subnet are 
connected in a mesh topology. Each core also has a 

direct path to the central hub. The upper level of the 
network is considered to be a ring with wireless 
shortcuts. The shortcuts are optimally deployed 
among the hubs following the SA methodology.  
 For small-world NoCs the subnet switches and the 
digital components of the hubs are synthesized using 
65 nm standard cell library from CMP [17] at a clock 
frequency of 2.5GHz. The delays in flit traversals 
along all the wired interconnects that are introduced to 
enable the small-world NoC architecture were 
considered while quantifying the performance.  
 It is shown that 24 distinct frequency channels can 
be created for CNT antennas [13] used in WiNoC. In 
the WiNoC with sub-terahertz wireless links, 24 
frequency channels each with a data rate of 10 Gbps 
is considered to provide same bandwidth as the CNT-
based scheme,  For WiNoC using CNT antennas the 
energy dissipation of the longest possible wireless link 
on the chip was found to be 0.33 pJ/bit. However, the 
sub-THz wireless link dissipates 4.5 pJ/bit in the same 
topology [8]. In case of RFNoC, the energy dissipation 
for RF interconnects in 65nm technology is 
considered to be 1pJ/bit [6].  
 For the Photonic NoC architecture, we have 
considered maximum path multiplicity for each system 
size for highest sustainable system throughput. The 
energy dissipation value for different optical 
components in the Photonic NoC is taken from [3].  
 The Clos NoC architecture uses multiple stages of 
small routers to create a larger non-blocking all-to-all 
network. As in [4], all of the Clos routers are 
implemented electrically and the inter-router channels 
are implemented with photonics. As assumed in [4], 
enough WDM optical channels are considered to 
enable a flit to be transmitted in a single cycle. The 
conservative energy projection values for all the 
optical components from [4] are used for energy 
calculations. 
 Fig. 4 shows the achievable overall network 
bandwidth for all the different NoCs under 
consideration. The bandwidth of flat mesh is also 

Table I: Packet Energy per Bandwidth (nJ/ TBps) for 
different NoC architectures with scaling of system size 

System 
Size 

Flat 
Mesh 

WiNoC_  
THz 

WiNoC_ 
subTHz 

RFNoC Clos Photonic 
NoC 

128 560.0 21.0 31.3 34.1 16.6 34.1 
256 721.7 13.3 19.6 25.8 9.0 29.6 
512 1171 10.0 15.4 32.8 7.3 35.1 

Figure 4. Achievable Bandwidth for different NoC architectures 
with scaling of system size 

 
Figure 3. A 16 core Photonic Clos network 



included for comparison. It is evident that all these 
emerging NoCs outperform the flat mesh. Among the 
small-world and optical NoCs, WiNoC with both types 
of wireless links and Clos perform significantly better 
than the others for all system sizes. As the different 
architectures produce different peak bandwidths, the 
packet energy per bandwidth for different NoC 
architectures is considered as a relevant metric and is 
presented in Table I. From the packet energy per 
bandwidth results it can be seen that Clos NoC 
performs best for all system sizes followed by THz 
WiNoC with CNT antennas.  
 Fig. 5 presents the area overhead arising out of the 
hubs and switches inclusive of necessary transceiver 
modules for the various NoC architectures. It is 
evident that Clos and the Photonic NoC have 
significantly higher area overhead compared to other 
NoCs. For 512 core system the area overheads for 
Clos and Photonic NoC even exceeds the limits of a 
20mmX20mm die. The area overhead of Photonic 
NoC can be reduced by decreasing path multiplicity 
which will however correspondingly degrade the 
achievable bandwidth.  
  Fig. 6 shows the total wiring, RF and optical 
waveguide requirement of various lengths for the 
different NoC architectures considered in this work 
implemented in a 20mmx20mm die. The wiring 
requirement for flat mesh architecture is also shown 
for comparison. It is evident that all these emerging 
NoCs have extra interconnect overhead with respect 
to a flat mesh. WiNoC and RFNoC introduce less 
number of extra links compared to the Photonic and 
Clos NoCs. In the Photonic NoC high interconnect 
overhead arises mainly due to the path multiplicity and 
in the Clos this happens due to the non-blocking all-
to-all nature of the network. 
 From all the above analysis, it is clear that among 
different NoC architectures compared in this paper, 
WiNoC with CNT antennas provides the best trade-off 
between performance and area overhead as system 
size scales up. This is because in WiNoC, the high-
performance long range links are optimally placed to 
achieve a small-world network. WiNoC with sub-THz 
wireless links have higher packet energy per 
bandwidth and area overhead compared to WiNoC 
with CNT antennas. Though RFNoC uses the similar 
small-world network architecture, the less number of 
links ( 8 links compared to 24 available in WiNoC) and 
limited bandwidth of each link (6 Gbps compared to 
10 Gbps of WiNoC) affect the performance, especially 
when the system size scales up. Both Clos and 

Photonic NoCs are benefited by the high bandwidth 
low power optical links. The Clos NoC dissipates least 
packet energy per bandwidth as it is non-blocking all-
to-all network, whereas the Photonic NoC is affected 
by the electrical path set up latency. Though the clos 
network dissipates least packet energy per bandwidth, 
but it comes at a high price in real estate overheads 
compared to the small-world architectures.  
B. Performance Evaluation in presence of 
application-specific traffic 

In order to evaluate the performance of the 
different NoC architectures with non-uniform traffic 
patterns we considered both synthetic and application 
dependent traffic distributions. This result highlights 
the advantages of the Small World based WiNoC and 
RFNoC networks which have optimized topologies 
based on traffic distribution. In the following analysis, 
a 128 core system size is considered. We have 
principally considered inter-core communication 
patterns arising out of these traffic distributions. 

We considered 2 types of synthetic traffic to 
evaluate the performance of the different NoC 
architectures. First, a transpose traffic pattern [5] is 
studied where a certain number of cores are 

Figure 5. Area overhead for different NoC architectures with 
scaling of system size 

Figure 6. Total wiring, RF and optical waveguide requirement of 
various lengths for a 20mmx20mm die for different NoCs. 



considered to communicate more frequently with each 
other. We have assumed 3 such pairs and 50% of 
packets generated from one of these cores are 
targeted towards the other in the pair. The other 
synthetic traffic pattern considered is the hotspot [5], 
where each core communicates with a certain number 
of cores more frequently than with the others. We 
have assumed 3 such hotspot locations to which all 
other cores send 50% of the packets that originate 
from them. To represent a real application a 256-point 
Fast Fourier Transform (FFT) is considered on the 
128 core system. Each core is assigned to perform a 
2-point radix 2 FFT computation. The traffic pattern 
generated in performing multiplication of two 128x128 
matrices is also used to evaluate the performance of 
the NoC architectures.  
 Fig. 7 shows the bandwidth for non-uniform traffic 
distributions for all the NoC architectures discussed in 
this paper. From the bandwidth results it is evident 
that WiNoC (both configurations with THz and sub-
THz links) has a better bandwidth for all the different 
traffic patterns for 128-core system. This is precisely 
because WiNoC architecture is optimized taking the 
traffic distribution into account. The same traffic 
dependent optimization is carried out in RFNoC. But 
the achievable bandwidth is less due to less number 
of available shortcuts and their lower bandwidths. 
From this performance analysis it becomes clear that 
WiNoC provides better performance in both uniform 
and non-uniform traffic scenarios compared to the 
other alternative NoCs considered in this study. 
V. CONCLUSIONS 
 In this paper we undertook a comparative 
performance evaluation between small-world 
wireless/RF NoC and optical NoC architectures.  It is 
shown that small world network employing THz 
wireless shortcuts provide the best performance-
overhead trade-off compared to the optical NoC 
architectures considered in this study for both uniform 
and non-uniform traffic distribution. 
  As part of this on-going investigation, we intend to 
undertake a more detailed and comprehensive 

performance benchmark for the small-world wireless 
NoC architecture with respect to a full spectrum of 
emerging optical NoCs. We also plan to evaluate the 
performance of the small-world wireless NoC with 
respect to other emerging NoCs like 3D NoCs.   
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