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A B S T R A C T

Networks-on-chip (NoCs) is a communication paradigm that has
emerged aiming to address on-chip communication challenges and
to satisfy interconnection demands for chip-multiprocessors (CMPs).
Nonetheless, there is continuous demand for even higher computa-
tional power, which is leading to a relentless downscaling of CMOS
technology to enable the integration of many-cores. However, technol-
ogy downscaling is in favour of the gate nodes over wires in terms
of latency and power consumption. Consequently, this has led to the
era of many-core processors where power consumption and perfor-
mance are governed by inter-core communications rather than core
computation. Therefore, NoCs need to evolve from being merely metal-
based implementations which threaten to be a performance and power
bottleneck for many-core efficiency and scalability.

To overcome such intensified inter-core communication challenges,
this thesis proposes a novel interconnect technology: the surface-wave
interconnect (SWI). This new RF-based on-chip interconnect has no-
table characteristics compared to cutting-edge on-chip interconnects
in terms of CMOS compatibility, high speed signal propagation, low
power dissipation, and massive signal fan-out. Nonetheless, the realiza-
tion of the SWI requires investigations at different levels of abstraction,
such as the device integration and RF engineering levels. The aim
of this thesis is to address the networking and system level chal-
lenges and highlight the potential of this interconnect. This should
encourage further research at other levels of abstraction. Two specific
system-level challenges crucial in future many-core systems are tack-
led in this study, which are cross-the-chip global communication and
one-to-many communication.

This thesis makes four major contributions towards this aim. The
first is reducing the NoC average-hop count, which would otherwise
increase packet-latency exponentially, by proposing a novel hybrid
interconnect architecture. This hybrid architecture can not only uti-
lize both regular metal-wire and SWI, but also exploits merits of
both bus and NoC architectures in terms of connectivity compared to
other general-purpose on-chip interconnect architectures. The second
contribution addresses global communication issues by developing
a distance-based weighted-round-robin arbitration (DWA) algorithm.
This technique prioritizes global communication to be send via SWI
short-cuts, which offer more efficient power dissipation and faster
across-the-chip signal propagation. Results obtained using a cycle-
accurate simulator demonstrate the effectiveness of the proposed
system architecture in terms of significant power reduction, consider-
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able average delay reduction and higher throughput compared to a
regular NoC. The third contribution is in handling multicast communi-
cations, which are normally associated with traffic overload, hotspots
and deadlocks and therefore increase, by an order of magnitude the
power consumption and latency. This has been achieved by propos-
ing a novel routing and centralized arbitration schemes that exploits
the SWI ′s remarkable fan-out features. The evaluation demonstrates
drastic improvements in the effectiveness of the proposed architecture
in terms of power consumption ( 2-10x) and performance ( 22x) but
with negligible hardware overheads ( 2%). The fourth contribution is
to further explore multicast contention handling in a flexible decen-
tralized manner, where original techniques such as stretch-multicast
and ID-tagging flow control have been developed. A comparison of
these techniques shows that the decentralized approach is superior
to the centralized approach with low traffic loads, while the latter
outperforms the former near and after NoC saturation.
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1
I N T R O D U C T I O N

1.1 motivation

Market demand for ever more complex and sophisticated digital elec-
tronic systems has led to the exponential scaling of integrated circuit
technology processes, as predicted by Moore’s law. In addition, the
scaling cost and limited bandwidth of off-chip communication have
motivated the design option of integrating more on-chip system com-
ponents to keep most communication on-chip [1]. This causes an
intensification of current and future system-on-chip (SoC) in terms of
the number of integrated intellectual property (IP), which includes
processing elements, memories and application-specific intellectual
properties (IPs). Consequently, the volumes and numbers of commu-
nications have also increased dramatically. As a result, a bus-based
interconnect architectures, which have been managing the on-chip
communication since the introduction of SoC, could no longer satisfy
the communication requirements.

Therefore, the research community [2, 3, 4] and industrial organi-
zations [5, 6] have adopted the network-on-chip (NoC) as a scalable
underlying communication structure over the regular bus-based inter-
connect architectures. Although networks-on-chip (NoCs) offer system
designers scalable and adaptable on-chip communication and a plug-
and-play design approach, the fundamental physical channels, where
the signal is transmitted by charging and discharging the whole wire,
remain the same. Therefore, as capabilities of the physical-foundation
of the on-chip interconnects are stretched to their limits with each
technology scaling, a growing burden is placed on the wire-based
NoC.

This is due to the fact that the downscaling of the complementary
metal-oxide-semiconductor (CMOS) targets gate nodes rather than
wires in terms of performance and power consumption. Therefore,
as we enter the sub-micron zone, on-chip communication becomes
a performance bottleneck and dominates power consumption. Thus,
regular metal-based NoCs struggle to match this scalability, especially
for global communication, in terms of latency and energy (J/bit) [7, 8].
Moreover, the cross-section of the wires is decreasing [7] and thus
its resistivity is increasing, which causes higher power dissipation.
Therefore, the issue is not only that metal wire does not scale enough to
match future interconnect requirements, but also that its performance
is projected to get worse in terms of power and latency.

2
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Moreover, in addition to these wire issues, given the nature of
multi-hop NoC communication, providing efficient across-the-chip
communication is also becoming a serious challenge. Some studies
have proposed 3D-integration to ease global communication issues by
reducing the average NoC hop-count. However, although promising,
this technology faces various technical challenges such as process
control requirements, wafer thinning, low through-silicon-via (TSV)
capacitance and design challenges [9, 7, 10].

These intra-chip communication challenges are especially pertinent
for chip-multiprocessors (CMPs), which were introduced to provide
near-linear performance improvements when complexity increases
while maintaining lower power and frequency budgets [11]. Therefore,
the International technology roadmap for semiconductors (ITRS) pre-
dicts that we will reach the many-core era in only few years where
hundreds of cores are integrated, as shown in Fig. 1.1. This will be real-
ized in the very near future since some graphics processing unit (GPU)
chips has been already fabricated with thousand cores [12]. The in-
crease in numbers of cores, but not their complexity, along with the
projected wire issues, will increase the proportion of power budget
accounted for communication rather than computation. Also, these
factors will make performance increasingly determined by inter-core
communication rather than core-complexity. For instance, the NoC
power budget for 8×10 CMP TeraFLOPS, is reported to be around
35% [6]. Consequently, many-core systems design has shifted from
computational-centric to communication-centric [13].

Figure 1.1: Processing element number is projected to scale exponentially
according to ITRS SoC [14].

On the other hand, multi/many-core performance and power con-
sumption depends not only on the NoC, but also on cache coherence
protocols. Cache coherence protocols generate a range of multicast (
one-to-many (1-to-M)) or broadcast (one-to-all (1-to-all)) communication
patterns [15, 16]. These types of traffic are projected to scale in terms
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of number of destinations, burstiness, and spatial distribution as the
number of cores scale up [17]. For instance, broadcast-based cache
coherence protocols produce a relatively high broadcast ratio over
total packet injection rate (PIR) of up to 52.4% [16, 15], as shown in
Fig 1.2a. This could be catastrophic for global coherence and NoC
performance unless the on-chip interconnect fabric supports 1-to-M

communication. Fig. 1.2b shows the severe effect of broadcast traffic
scaling on the NoC performance. Therefore, there is a need to overcome
these constraints and improve performance by using new interconnect
architectures that support multicast. Relevant NoC studies, at most,
aim to achieve 1-to-M latency and energy levels close to wire-latency
and wire-energy [16, 15]. Again, this will not be sufficient in the near
future given the projected issues with regular metal-based NoCs, since
these interconnect fabrics struggle to match the required scalability in
terms of latency and energy (J/bit) [7, 10].
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Figure 1.2: (a) 1-to-M, M-to-1 and 1-to-1 traffic percentage in different CMP
real benchmark when a broadcast-based cache coherence pro-
tocol (token coherence) is used [16], (b) NoC simulation shows
an increase in average delay and fast network saturation when
broadcast treated as unicast in a 6× 4 NoC.

Thus, the challenges facing global and multicast communication
have inspired many researchers to look for alternative or supplemen-
tary types of interconnect. Such emerging cutting-edge interconnects
include the RF-interconnect with transmission-line (RF-I) [18, 19, 20, 21],
wireless network-on-chip (WiNoC) [22, 23, 9, 24, 25, 26] and optical
network-on-chip (ONoC) [27, 28, 29, 30]. However, these types of inter-
connect themselves face various challenges, such as their complexity,
power consumption and/or area overheads.

This thesis opens a new research directions in the development
of new and promising on-chip communication technologies. This
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study by proposing the Zenneck surface-wave interconnect (SWI) for
intra-chip interconnects has already inspired several research teams
to further investigate this promising technology [31, 32, 33]. This
technology involves an electromagnetic wave that propagates, and is
guided, through an interface between the surfaces of different me-
dia. It has many remarkable features compared to state-of-the-art
emerging interconnects in terms of low-power dissipation, high signal
fan-out and close to the speed of light cross-the-chip propagation
[34, 35, 36, 37, 38]. In addition, this thesis proposes innovative archi-
tectures and technologies that maximize the utilization of the SWI and
resolve their system-level challenges. As a result, the original proposed
architecture demonstrates a promising and radical solution to meet
future NoC-based multi/many-core processors necessities such as
those concerning global and multicast communication.

1.2 statement of originality

The major contributions of this thesis can be summarized as follows:

• A comprehensive view is presented of current knowledge of
the merits and drawbacks of emerging interconnects such as
WiNoC, RF-I, ONoC, and SWI. Subsequently, this survey could be
a ground for any study inspired to utilize these emerging inter-
connects advantages and address their challenges. In addition,
a system-level comparison of these promising types of inter-
connects is provided. This comparison especially highlights the
future communication functionality requirements to the under-
layer physical and technologal capabilities of these fabrics [38].

• The challenges, performance, reliability, implementation, and
design considerations for the SWI are studied. This has led to a
quantification of the effectiveness of this promising interconnect.
Moreover, an analytical model for SWI links power dissipa-
tion is developed based on previous experimental results. The
calculated metrics are then used for subsequent system-level
evaluations [35, 34].

• Experiments on different types of designed waveguide surface
have been conducted to build the ground for understanding of
SWI features [39].

• A wire and surface-wave interconnects (W-SWI) interconnect ar-
chitecture is proposed. This NoC architecture aims to utilize the
SW features to allow future on-chip communication scalability.
In addition, these efficient short-cut links are placed so that the
resulting network topology reduces the intra-core average hop
count. This two-layer NoC architecture has considerable advan-
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tages in terms of connectivity, since it employs the merits of both
mesh and configurable bus topologies [35, 34].

• The hybrid W-SWI architecture is improved to mitigate global
communication issues. This is achieved by developing a Distance-
based weighted-round-robin arbitration (DWA) arbitration tech-
nique. This simple and efficient technique intelligently prioritizes
surface-wave channels over metal wires, without saturating these
channels, in the case of global communication. The proposed
DWA is synthesised and tested so that measurements can be used
in a system-level simulator. Evaluations are conducted using
this cycle-accurate simulator, which show improvements in av-
erage delay (34%), throughput (35%), and power consumption
(12 to 23%). In addition, these improvements are achieved with
negligible cost [35].

• A tree-based multicast routing scheme is developed that exploits
the W-SWI architecture for 1-to-M traffic handling. This routing
scheme enabled by SWI is superior to other state-of-the-art multi-
cast/broadcast routing schemes in terms of latency and power
consumption, since it forks the packet only at the destination
routers. In addition, it requires only relatively minor alteration
to the baseline router micro-architecture [36, 40]

• A W-SWI centralized (W-SWI-C) is proposed for 1-to-M traffic that
efficiently addresses multicast traffic contention issues and maxi-
mizes SWI utilization. In particular, a novel global-multiresources-
arbiter (GMA) is designed and a detailed design rationale, hard-
ware realization and schematic are presented. This centralized
arbitration and allocation unit has the ability to allow the con-
current utilization of many resources with relatively low circuit
complexity and delay [36, 40].

• The W-SWI-C is rigorously evaluated using a cycle-accurate simu-
lator for both synthetic traffic and real application benchmarks.
Moreover, the proposed GMA is synthesised and tested. This
proposed architecture is found to surpass previous related work
by achieving improvements in average delay (∼ 22x), power con-
sumption (∼2− 10x), and attaining a reliable quality of service.
Moreover, the additional hardware cost of the W-SWI is found
to be relatively insignificant [36, 40].

• A W-SWI decentralized (W-SWI-D) architecture is introduced
which deploys novel techniques such as stretch-multicast and ID-
tagging flow control. These efficient and flexible decentralized
arbitration schemes maximize the hybrid architecture’s utiliza-
tion and contention handling for 1-to-M traffic. These techniques
have been mathematically proven to be deadlock-free [37, 40].
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• The proposed W-SWI-C is compared and evaluated thoroughly
against W-SWI-D in terms of latency, power consumption and
area overheads. The W-SWI-D has been found to perform better
when traffic levels are relatively low, but worse when the load
reaches the NoC saturation points and case of broadcast. The
evaluation also demonstrates that W-SWI-C has less area over-
head compared to W-SWI-D, but both have relatively negligible
area overheads compared to state-of-the-art on-chip multicast
interconnect architectures [37, 40]

1.3 thesis organization

This thesis is organized into seven chapters, as shown in Fig. 1.3. Two
main requirements of future many-cores are tackled, which are global
and multicast communication, using the proposed hybrid wire-SWI

architecture. The Surface-wave interconnects is covered in Chapter 3,
while Chapter 4 introduces the proposed hybrid architecture and ad-
dresses the on-chip global communication requirements. On the other
hand, Chapters 5-6 cover original techniques based on the proposed
architecture to handle multicast communication challenges.

Chapter 1 "Introduction": introduces the motivations, objectives,
contributions and structure of this thesis.

Chapter 2 "Background and Literature Review": provides back-
ground information and summarizes the literature on topics relevant
to this thesis. In addition, the emerging on-chip interconnects included
in recent literature are reviewed and discussed in detail.

Chapter 3 "Surface-wave On-chip Interconnects": proposes the novel
SWI, discusses its merits and challenges, and develops an analytical
model of power consumption and performance for the SWI.

Chapter 4 "Hybrid Wire and Surface-wave Architecture for On-chip
Global Communications": proposes the Hybrid wire and surface-wave
interconnects architecture W-SWI and discusses the utilization and
efficiency of this proposed architecture for global/semi-global on-chip
communication.

Chapter 5 "Wire and Surface-wave Architecture with Centralized
Control for Multicast" proposes an original deadlock-free centralized
arbitration and allocation technique that exploits the merits of the
W-SWI architecture for 1-to-M communication. Moreover, it presents a
comprehensive evaluation of the proposed architecture and techniques
compared to state-of-the-art architectures running real benchmarks.

Chapter 6 "Wire and Surface-wave Architecture with Decentralized
Control for Multicast" further explores multicast contention issues
by developing new decentralized flexible schemes. A comparative
evaluation of centralized decentralized approaches is also presented.
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Chapter 1: 
Introduction 

Chapter 2: 
Background and 
literature review 

Chapter 3: 
Surface-wave 
interconnect 

Chapter 7: 
Conclusion and future work 

Figure 1.3: Thesis organization.
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Chapter 7 "Conclusions and Future Work" summarizes the conclu-
sions of the study and discusses the implications of the presented
research and draws the horizon for potential future work.



2
B A C K G R O U N D A N D L I T E R AT U R E R E V I E W

2.1 introduction

Growing demand for complex digital systems has caused a dramatic
increase in the number of integrated intellectual properties (IPs) in
current and future system-on-chip (SoC). For instance, in the last
decade, in order to maintain balance between further performance
improvements and available power and frequency budgets, the use of
small many-cores is preferred over single or small numbers of complex
cores [11]. As a result, the number of integrated IPs/cores inside a
single SoC has increased dramatically.

On the other hand, volumes of inter-core or IP communication are
increasing significantly. In contrast, technology scaling enables the
realization of complex, yet with economic implementation, of many
computational or control components. Therefore, on-chip communi-
cations are becoming a performance bottleneck for future systems-
on-chip (SoCs), including chip-multiprocessors (CMPs), due to the
growing burden caused by scalability requirements. As a result, a
communication-centric design has become vital for current and future
SoCs [41, 13].

Consequently, the network-on-chip (NoC) has been proposed for
over a decade now as a way to tackle the challenges and requirements
of on-chip communication. Since then, rapid advances in NoC design
have been achieved by the research community [2, 3, 4, 42, 43, 44] and
industry [5, 6, 45, 46, 47].

This chapter reviews the main concepts of NoC including architec-
tural components, topologies, routing, switching and flow control.
Moreover, cutting-edge current and emerging types of interconnects
are discussed along with recent ground-breaking advances in these
fields by academic and/or industrial entities.

2.2 background

2.2.1 Networks-on-chip

On-chip communication since the introduction of the SoC had been
limited to either bus architecture, point-to-point interconnect, or a mix
of both until the last decade. In the former, the bus consists of single
shared wires (a physical channel) that is accessible by a set of logical
components via their logical channels. Even though this architecture
has relatively low area overheads and high fan-out capability, it suffers

10
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from performance and power limitations [48]. This is still true even
when the bus architecture evolved into a hierarchical bus of which
segments of the bus are connected via bridges that could buffer the
data, such as the AMBA [49].

The second architectural approach is the point-to-point wire inter-
connects. This is the simplest type of interconnect, which consists of
dedicated physical channels that link each two components in the sys-
tem. However, the number of channels grow rapidly as we increase the
numbers of IPs or cores (N) that need to be connected (O(N(N− 1))).
In addition to the cost of many such physical channels, the routing of
these wires inside the chip could become a nightmare.

The NoC has emerged as the underlying on-chip communication
structure, which offers the best cost/performance trade-off that meets
scalability requirements. These networks-on-chip (NoCs) were inspired
by data communication networks, and such an architecture consists
of a network constructed from multiple point-to-point data channels
(links) interconnected by routers. The routers are connected to a set of
distributed IPs/cores and communication among these usually utilizes
a packet-switching method where messages are divided into suitably-
sized blocks, called packets. This section briefly introduces the main
concepts of the NoC.

2.2.1.1 NoC Topology

Network topology is the arrangement or pattern in which the network
nodes are connected using physical channels. For the SoC, these nodes
could refer to any intellectual property (IP) component such as pro-
cessing elements (PEs) and memories in the case of a direct network or
routers and switches in the case of an indirect network [3]. However,
since indirect networks provide more efficient connectivity with large
numbers of IPs, mostly the NoC are indirect networks and the nodes
are referring to routers. The first step in designing a network is to
determine its topology that should balance connectivity requirements
and the resources available. In other words, the best trade-off between
performance and cost should be found. The second step is to ensure
that the resulting topology connects all of the nodes.

Fig. 2.1 illustrates a few common on-chip network topologies. Al-
though the bus shown in Fig. 2.1a was until the last decade the
most common topology, scalability requirements have necessitated
the search for alternatives. Fig. 2.1b presents a ring topology that,
although slightly better than the bus, still suffers from fast network
saturation. The butterfly topology shown in Fig. 2.1c has a low network
diameter and known packet delivery delay. However, it does not offer
path diversity unless a further layer of routers is added and it cannot
be implemented without relatively long wires. The same drawbacks
exist in crossbar networks in terms of a lack of path diversity and the
need for long wires, as shown in Fig. 2.1d. Moreover, even though it
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(a) Bus (b) Ring

(c) Butterfly (d) Crossbar

(e) Tree (f) Irregular

(g) Mesh (h) Torus

Figure 2.1: Examples of on-chip communication network topologies.
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involves the attractive one-hop communication, the cost of the crossbar
increases exponentially as the number of nodes are increased. The
tree topology shown in Fig. 2.1e has low zero-load-latency, but net-
works are also saturated very quickly as the packet injection rate (PIR)
increases since the root becomes a bottleneck.

The torus and mesh topologies demonstrated in Fig. 2.1h and Fig.
2.1g, respectively are the most common topology for general purpose
NoCs. This is due to their many desirable features such as physical
arrangement suitable for chip floor planning. Moreover, the uniform
physical arrangement benefits applications with high communication
locality characteristic where communication with neighbours is more
common than with the rest of the network. In addition, these topolo-
gies have characteristics of path diversity, load balancing, and high
throughput. The mesh has shorter wires than torus especially if the
latter is unfolded. Moreover, although the torus has a lower average
hope count, both the mesh and torus have higher average hop counts
than the butterfly, crossbar and tree topologies.

On the other hand, there are some irregular application-specific
network topologies where the designer tailors the network to the
application’s communication requirements, as in Fig. 2.1f. However,
such networks have very low adaptivity to changes in the injected
application load. In addition, they also have the drawback of long
wires and/or non-uniform and high switches degrees. As a result,
these network topologies are very limited. On the other hand, some
designers have tried to combine more than one topology to utilize
benefits of both topologies, but the resulted topology performance
should justify the extra cost involved [50].

2.2.1.2 NoC Component

The NoC may include different devices based on architecture and
design requirements. This section briefly describes the most common
NoC components. Fig. 2.2 shows a regular NoC with mesh topology and
how its components such as routers, links, and network interfaces (NIs)
are connected. In addition, a block digram of the micro-architecture is
given of a typical router and network interface (NI).

The router is responsible for directing the packets towards their
destination. In addition, the router applies the routing algorithm and
performs the flow control, as will be discussed in Sections 2.2.4 and
2.2.3. The router’s building blocks can be classified as either data path
or control plane as shown in Fig. 2.2. The data path includes all the
units that store and pass packets such as input/output buffers and
crossbar switches. On the other hand, control plane units manage and
coordinate the movements of packets in the data path units.

Once the packet arrives at the input port, it is stored in the FIFO
buffer. Then the routing information is extracted and sent to the
routing unit that determines the possible output port(s). In cases
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Figure 2.2: main components of NoC such as router(R) and network interface
(NI) common micro-architecture.

where the router design includes multiple virtual channels (VCs) per
port, the virtual channel (VC) allocator and arbiter reserve the output
VC for the specific input VC. After that the switch allocator reserves
switch time slots, since it is only allowed to link at most one input port
to at most one output port. As a result, the data passes to the output
port buffer where it must wait until it is transmitted via the physical
channel. These pipeline steps might be different and/or completed
simultaneously to improve crossing latency depending on the router
design. Moreover, these pipelined steps are either conducted per flit
or packet. For instance, routing and VC allocation are conducted per
packet only. This reduces the dynamic power and crossing latency [51].
More information about the flow control of packets and flits will be
discussed in Section 2.2.3.

Network interfaces are much simpler than routers. Their task is
simply to link the local IP cores with the routers. This task requires
the packetization and depacketization of the payload message. Also,
it may include the temporary storage of the packets to and from the
local IP cores.

2.2.2 Deadlock, Livelock and Starvation

A packet might not reach its destination, or may fail to progress even
though there is no failure in the network. This is due to problems
such as deadlock, livelock and starvation. Generally, these problems
are caused because of finite network resources. Therefore, careful
consideration is required when designing the techniques used to
forward packets from thier source to destination in order to avoid or
recover from these problems.
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Channel starvation can result from a request for a network resources
never being granted because the arbitration always or frequently
grants other requests. For instance, packet starvation will exist if a
packet keeps requesting a crossbar switch time slot, which is always
granted to other ports. This issue can easily be handled by adopting a
fair arbitration and allocation mechanism.

Figure 2.3: Example scenario of a deadlock resulting from cyclic channel
dependency.

Deadlock results from the cyclic dependency of packets reserving
some network resources and requesting those of each other. For ex-
ample, Fig. 2.3 shows how packets A, B, C, and D are requesting
channels reserved by B, C, D, and A, respectively, which creates a
cycle of dependency. This situation will prevent any of these packets
from progressing unless one or more of them releases the channels
it has already reserved. This is a very serious problem that might
paralyse the whole network since it increases the number of blocked
packets even if they are not part of the deadlock scenario [52]. This
problem is usually solved either by deadlock avoidance or deadlock
recovery. The former tries to remove the conditions that lead to the
deadlock scenario, such as restricting some routing turns or removes
packet dependency by implementing virtual channels, see sections
2.2.3.5 and 2.2.4.1. On the other hand, deadlock recovery tries to detect
a deadlock occurrence and then recover from it.

The third problem, which is livelock, is usually associated with
nonminimal adaptive routing, which discussed in Section 2.2.4. In this
case, the packets are not stopped from progressing, yet they also do
not reach their destinations. This is due to the packet continuously
being misrouted in a cyclic manner due to the blocking or congestion
of channels in the path toward the destination. The solution to such a
problem includes restricting some paths, adopting minimal path rout-
ing, limiting the number of misroute, or using probabilistic avoidance
[3, 51].
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2.2.3 Flow Control

Flow control is the techniques to efficiently balance network resources
such as buffers and physical channels among travelling messages. An
effective flow control utilizes these resources and achieves higher band-
width and lower latency. This can be viewed as resources allocation
problem, so that these resources should be allocated more efficiently.
Also, it can be considered as contention handling when two messages
requesting the same resources [51].

Figure 2.4: illustration of segmentation and the encapsulation process of mes-
sage into packets, flits, and phits depending on the NoC resources
and the flow control techniques.

Based on the resources available and the flow control techniques
used, the data messages might need to be segmented into packets. This
segmentation process is called packetization, which is achieved by the
NIs. The data segment or payload is encapsulated by the packet header
and tail that include information such as the destination, packet ID
number, time stamp, and various status flags. For the same reason, the
packet might also be divided into smaller units called flits. These are
either header, tail, or payload flits and each also has its own header. A
flit might also be divided into even smaller segments called phits. Fig.
2.4 shows the segmentation and structure of packets, flits and phits.

The following sections describe the main flow control techniques
along with their advantages and disadvantages.

2.2.3.1 Circuit Switching

Also known as bufferless flow control, this basically sets up the physi-
cal channel from the source to the destination using a routing header or
probe that is transmitted before the data. After receiving an acknowl-
edgement that a physical channel is reserved, the data is transmitted.
This type of techniques is suitable for infrequent and long messages
and where buffer avoidance is one of the design requirements.
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2.2.3.2 Store and Forward

Also known as packet switching, this can buffer the whole packet in
intermediate routers. In this way, there is no need to wait until all phys-
ical channels are free. Moreover, This also will improve physical links
utilization by avoiding keeping segments of physical links ideal and
no longer needed until the packet reaches its destination. As a result,
network efficiency in terms of latency and throughput is increased
due to the network’s ability to handle more packets simultaneously.

2.2.3.3 Virtual Cut-Through

In this technique, the router does not need to wait until the whole
packet arrives. Instead, once the packet header that contains all the
routing information has arrived, it starts to forward the packet. These
pipelined packets improve further the effectiveness of the network.
However, in highly congested networks the packets will be delayed
for longer in each node, and thus the network will behave like a
store-and-forward flow control.

2.2.3.4 Wormhole

Due to increased message size, the buffer size might be too small to
hold the whole packet. Therefore, allocation can be accomplished on
a flit basis and the packet might be extended over a few routers. The
benefits of this technique are the low hardware resources needed, such
as buffer size and physical channels, as well as its efficiency. Rout-
ing and port allocation are required only for the header flit, which
is routed ahead of the rest of the packet. Then the other flits follow
the same path as the header flit where they only need to reserve the
switch time slot, as shown in Section 2.2.4. When all flits have been
forwarded, the tail flit will release the reserved channels. Even though
the wormhole is considered a very cost-effective technique, it makes
the network more vulnerable to deadlock and contention issues since
each packet might reserve several channels simultaneously. There-
fore, careful consideration should be given to routing and contention
handling techniques.

2.2.3.5 Virtual Channels (VCs)

Router buffers usually operate as FIFO queues. Therefore, if the packet
is blocked because of congestion, for example, all the packets behind it
will be blocked as well. Alternatively, the input and output buffers can
be divided into separate FIFO queues that can be allocated separately.
These are widely known as VCs, which were first proposed to avoid
deadlock in wormhole flow control [51, 3]. This flow control technique
allows the decoupling of physical channels and buffer allocation,
which increases the flexibility of sharing network resources. However,
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the flits in each VC lane have to compete for physical channels. This
requires the addition of a VC allocation unit, as discussed in Section.
2.2.1.2. This unit might add an extra pipeline stage for the router
crossing.

Figure 2.5: Example scenario showing the benefit of using VCs on mitigating
blocking channels issues, even though the buffer size remain the
same.

Each VC buffer either can have a static size or dynamically allocated
size from a main buffer. Moreover, buffer size does not need to be
increased when it is replaced by several queues. According to Dally
[53], network will achieve high throughput and latency improvements
by increasing the number of VCs even when the buffer size is kept
constant. However, there is a limitation to the increase in the number
of VCs where network performance starts to decay due to the latency
in allocation and arbitration processes for high numbers of VC lanes.
On the other hand, the VC can be used for other purposes, such as
quality of service (QoS) and deadlock avoidance, by restricting their
allocation.

Fig. 2.5 demonstrates the benefits of using VCs while keeping buffer
size constant. In this example, the router input and output buffers have
the size of four and two flits, respectively. The first scenario shows
wormhole flow control where packet A is currently blocked, keeping
the physical link between the two routers ideal and blocking packet B.
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In the second scenario, both input and output buffers are divided into
two VCs. Consequently, packet B can bypass packet A similar to when
a car bypasses another slow car using another street lane. As a result,
many router micro-architectures adopt this technique for flow control.

2.2.4 Routing Algorithms

The routing algorithms represent the process of calculating and de-
termining the packets path from their sources to their destinations.
In router design, the routing unit consists of two functions: routing
and selection. The routing function calculates the possible output
ports based on packet routing informations such as the destination
address and the input port. These options then enter the selection func-
tion, which selects one of them either randomly or based on routing
information and/or network status.

Routing algorithms can be classified based on several criteria. In
this thesis, the most common criteria are briefly listed below along
with their pros and cons:

• Based on the number of destinations: routing algorithms could
be for unicast (one-to-one (1-to-1)), multicast (one-to-many (1-to-M))
or broadcast (one-to-all (1-to-all)). These different types of traffic
exist in networks in different proportions depending on the run-
ning application and used protocols. Unicast routing algorithms
can be used for all other types if the message is to be duplicated
to all destinations. This is known as software multicast, which
significantly overloads the network even with small multicast
PIR.

• Based on adaptivity: the routing algorithm could be determinis-
tic, partially adaptive or fully adaptive. The first type is when
the route from each source to every destination is already deter-
mined regardless of network status. As a result, router complex-
ity will be reduced. In contrast, fully adaptive routing algorithms
allow the option of path diversity based on network status such
as the existence of congestion and faulty links. Although this
makes the network more efficient in cases of non-uniform or
bursty traffic, this might require very complex router design.
On the other hand, partially adaptive routing algorithms try
to achieve a compromise between the merits of path flexibility
and router complexity by allowing only subset of routes to be
selected.

• Based on routing decision maker: this criterion is used to classify
the routing algorithms mainly as source routing, centralized
routing, and distributed routing. In source routing, the packet
path is determined from its source, which makes it mostly de-
terministic routing. Therefore, routing complexity is reduced
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but the packet overhead is not scalable. Centralized routing is
very rare due to its lack of efficiency. This is due to the necessity
for the centralized unit to distribute routing decisions to all net-
work nodes. In contrast, distributed routing is considered the
most favoured type of routing algorithms, where slightly more
complex routers collectively determine the packet’s path to its
destination.

• Based on minimality: some adaptive routing algorithms can be
either restricted to minimal paths, called minimal routing algo-
rithms, or are fully free to chose any path, called non-minimal
routing algorithm. The former type has lower path diversity and
less freedom to adopt to network changing status such as faulty
link. However, minimal routing tries to use the least possible
network resources and avoids further complexity in the design
to avoid livelock and deadlock.

There are other criteria that can be used to categorize routing al-
gorithms, such as whether or not they are oblivious and based on
the implementation techniques used [3, 51]. In the next section, turn
model techniques are discussed as an example of popular simple
routing algorithms.

2.2.4.1 Turn Model

The turn model was firstly proposed by Glass et al. [54] and these
techniques are among the most common NoC routing algorithms. This
is due to the fact that they are simple, unicast, distributed, minimal,
and deadlock-free routing algorithm for two-dimensional (2D) mesh
network. Basically, turn-model techniques avoid deadlock by prohibit-
ing some turns of the total possible turns, which are eight. Fig. 2.6
shows a range of turn-model routing algorithms.

The XY turn mode, or dimension-ordered routing (DOR), prohibits
four turns as shown in Fig. 2.6a and is therefore considered a de-
terministic routing. On the other hand, negative-first, west-first, and
north-last allow six turns while still offering deadlock-free routing, as
shown in Fig. 2.6b, Fig. 2.6c , and Fig. 2.6d, respectively. Therefore,
they show more adaptivity than the XY turn model.

Furthermore, Chiu has proposed another turn model that offers
higher path diversity, which is odd-even [55]. This routing algorithm
has two sets of rules for prohibited and allowed turns, one for odd
columns and another for even columns, as seen in Fig. 2.6e and Fig.
2.6f. In addition, inspired by the odd-even model, Dahir et al. have
proposed a three-dimensional (3D) odd-even routing that balances the
traffic on odd and even XY planes as well as within the planes [56].
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(a) XY routing (b) Negative-First

(c) West-first (d) North-Last

(e) Odd-even: odd column (f) Odd-even: even column

Figure 2.6: illustration of the allowed (solid arrows) and prohibited (dashed
arrows) turns in different turn-model routing algorithms in 2D
mesh NoCs

2.2.5 Arbitration and Allocation

Arbiters and allocators are the building blocks of the control plane
in the routers. Arbiters are control units that resolve conflicts over
shared resources such as buffers and channels. An arbitration process
might be required every cycle, over fixed period of time, or until the
requested agent releases the resources. On the other hand, allocators
are required to match a set of request agents with a set of resources.
There are two main properties of arbiters and allocators that define
their effectiveness:

• Fairness: this is a property of arbiters, which means that the aver-
age number of requests granted over the number of arbitrations
for every request agent is the same. Otherwise, a starvation issue
might rise. Although this property is preferable, different appli-
cations might require different levels of fairness. For instance,
some applications require fixed priority or weighted fairness in
order to grants some requests more than others.

• Legal matching: this is a property of allocators. It means there is
no output resource has been granted for more than one input
request and there is no input request has been granted more than
one resources simultaneously. A maximal match is a favourable
feature since it implies maximizing utilization by assigning the
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maximum number of legal matches between resources and re-
quest agents.

(a) Arbiter bit-slice (b) Priority bit-slice in RR

(c) Four bits arbiter

Figure 2.7: Examples of basic arbiters, where R is request, P is priority, C is a
carry, G is grant, and Any-G= |(G0...Gn−1).

Since arbiters are considered the most important components of
allocators, this section discuses a few basic examples of arbiters. Fig.
2.7c shows a typical arbiter for four requests, in other words a four-bit
request vector. The arbiter bit-slice is presented in Fig. 2.7a. This arbiter
has priority and request inputs that determine the output grant signal.
The arbiter type also depends on the priority feed, which should set
only one of the priority vectors at any time. For instance, if the priority
is statically set for one of the requests, this is called a fixed priority
arbiter, which has no fairness. However, if the arbiter is connected to
4-bit shift register with only one bit set, then it is called a circular or
oblivious arbiter. This type of arbiters have weak fairness, since they
are unaware of the last request that wins the arbitration. On the other
hand, the round robin (RR) type has strong fairness since it enforces
the rule, which states that the last winner’s request has the lower
priority. Fig. 2.7b shows a bit-slice of the priority control circuit of RR.
The signal Any-G= |(G0...Gn−1) allows priority values to be changed
only when a grant signal is set. Moreover, other types of arbiters have
been presented in the literature to deal with different arbitration and
allocation challenges in NoCs [3, 51, 57].
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2.2.6 Multi/Many-Core Processors

Since 1971, when microprocessors were invented [58], performance
improvements from one generation of processors to the next have
been governed by Pollack’s law [11]. This states that a performance
improvement is equal to the square root of complexity (or area, as-
suming that the implementation uses the same CMOS technology).
In other words, if we double the number of transistors, the resulting
processor would have a performance improvements of 40%.

Nonetheless, due to the technology scaling driven by Moore’s law,
a multi-processor design possibility has emerged which overcomes
Pollack’s law. This is due to the fact that using multiple processors
can offer near-linear performance improvements. For instance, if the
number of transistors is kept constant, a double-core processor can
offer performance improvements of 70-80% compared to just 40%
offered by the double-complexity single large processor [11, 58]. As a
result, in the last 15 years, the design of processors has shifted to multi-
core designs. Consequently, CMPs and multiprocessor systems-on-chip
(MPSoCs) have been developed and adopted by industry [59, 60, 6, 6].

Moreover, due to projected high sub-threshold leakage and the
low scaling of supply voltage, the power consumption of the die is
becoming impractical [61]. As a result, the clocking frequency, which
is the key element of performance speed-up for a single processor, will
scale relatively slower than it used to be. The use of smaller cores with
low or moderate frequency also solves this problem since the reduction
of the size of the core is linearly associated with power reduction while
performance is only reduced by the square root of area. Therefore,
design trends have moved from multi-core (∼10’s of cores) to many-
core (∼100’s of cores) since linear performance improvements can then
be offered within an affordable die power budget [11].

However, Amdahl’s law states that performance improvements are
limited by the serial portion of the running code [11]. Consequently,
even small percentage of serial code in running application can ques-
tion the effectiveness of increasing the number of cores beyond certain
limit [11, 58]. This limitation is not a considerable challenge, since
there are usually many applications running simultaneously with
many threads. This almost ensures a good harvesting capability of the
computing power of many-core processors.

In addition to the previously stated main benefits of many-core
systems, they have extra design advantages such as:

• Each core can be turned on, off, or be idle, thus saving power.

• Using dynamic voltage and frequency scaling (DVFS), individual
cores can be tuned to the optimum voltage and frequency, which
reduces power consumption. Moreover, the use of heterogeneous
many-core systems can be tailored to application requirements
and power limitations.
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• Many-core systems are inherently reliable since any core could
replace a faulty core and/or monitor any failure. Moreover, a
load balancing mechanism that distributes heat across the die
can improve reliability.

• Many-core platforms speed up the time-to-market since there is
no need to design a new complex core. Instead, IP/core reusabil-
ity and plug-and-play design approaches are possible.

Consequently, many-cores have started to dominate the future of
computing. Moreover, the intra-core communication is considered to
be the backbone of such systems.

2.2.7 Cache Coherence

In all multi/many-core systems, the cores share a main memory and,
in most cases, an on-chip last-level-cache (LLC) [62]. However, for each
core there is usually a private cache. In this manner, the loading/s-
toring of data from/in the main memory or LLC will be significantly
minimized and therefore system performance will improve [63]. In
addition, such structures comply with limited power budgets yet uti-
lize the ability to integrate large numbers of transistors, since memory
transistors consume less power [11]. Fig. 2.8 presents the structure of
such distributed cache systems. Other changes or improvements to
this baseline architecture can be adopted, such as multi-level caches,
separate cache IPs, or a cache shared by a subgroup of cores. However,
this simple tiled architecture satisfies the purpose of this section.

Figure 2.8: Structure of distributed cache for many multi/many-core proces-
sors.
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This approach of distributed private caches means that there are
possibly a multiple copies of the same data block across the chip.
Consequently, if a core updates a value of specific data in the private
cache, it will be globally inconsistent with other copies of this data
and cause incorrect computation. A cache coherence protocol is a
technique that ensures the coherency of data across multi/many-core
systems by regulating access to the cache data. This is achieved by
enforcing a set of rules (including data status and transactions) that
aim to have a single writer yet with possible multiple readers for any
data bank at any given time [62].

Cache coherence protocols can be classified into two classes. The
first class is snooping, also known as broadcast-based. This class of
protocols depends on broadcasting to all other cores request for a data
whenever it is needed. Then, the owner sends the data or permission
to update its value. As a result, this type of protocols requires a high
fan-out feature from the under-layer interconnects. The second class is
directory-based, where each cache controller keeps track of the status,
owner and/or location of every data block. Therefore, the request
is either send as a unicast or multicast to the set of current sharers.
This is more complex in terms of functionality and the size of the
directory required and therefore it does not scale well with number
of cores. On the other hand, broadcast-based protocols are simpler
but require excessive communication and are therefore also limited by
communication scalability as the number of cores increases. Therefore,
currently balancing the pros and cons of coherency techniques is an
active research area [63, 62].

2.2.8 Three-Dimensional Integration

Three-dimensional integrated circuits (3D-ICs) are technologies that
enable the stacking of 2D dies and linking them together. Many tech-
niques have been proposed, especially in the last decade, to connect
die-to-die, die-to-wafer and wafer-to-wafer [64]. However, the most
common techniques are either by micro-bonding or through-silicon-
vias (TSVs). Recent approaches have suggested wireless vertical com-
munication, such as capacitance and inductive coupling [65].

3D integration is considered to be very attractive approach due to
its ability to match circuit scaling density requirements. In addition,
it allows the integration of heterogeneous systems with different fab-
rication technologies such as data memory, photo-electronics, and
RF-circuitry. In terms of on-chip interconnects, it is even more appeal-
ing for two important reasons. The first is a significant reduction in
interconnect length across the chip . This reduction is proportional to√
Ndies [64], where Ndies is the number of stacked dies, assuming

that the total area remains constant. The second reason is a reduction
in the hop-count and the increased path diversity of packets through
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the NoC routers [66]. However, even though the vertical links are
much shorter than horizontal links, their low density limits die-to-die
bandwidth [64, 67].

Moreover, despite all the advantages mentioned above, 3D integra-
tion faces various technical challenges such as process control re-
quirements, wafer thinning, packaging, low through-silicon-via (TSV)
capacitance, high fabrication costs, and design challenges [64, 9, 7, 10].
However, the thermal impact of stacked dies, which are very dense
and not directly attached to a heat sink, might be the biggest challenge
facing this technology [64, 67]. This thermal impact will decrease per-
formance of the integrated circuits and their life-time. As a result, this
is at the moment considered to be a not fully matured technology and
an active research area. However, great progress is being achieved in
these areas and a number of solutions can be offered for each problem
[7, 64]. However, 3D-NoCs are not considered further in this thesis since
they are beyond the scope of this study.

2.3 literature review

2.3.1 Current and Emerging Interconnects

This section discusses a set of promising emerging types of inter-
connect. These interconnects have been proposed in the literature
as replacement or supplement interconnects to regular wire, which
projections show will soon face serious issues in terms of global and
multicast communication.

2.3.1.1 Wire Issues

The on-chip interconnect trend for decades has been to rely only
on the regular metal wire interconnect, which transmits the signal
by charging/discharging the whole wire. These wires, also known
as resistive and capacitance (RC)-lines, provide a cheap and easy
to implement communication medium. Although the interconnect
fabric has changed from bus to NoC [51, 3], the under-layer media
is still the same. Wires have been meeting all of the performance,
power consumption, and economical implementation requirements
for intra-chip communication for many generations of the technology.
However, with the continuous scaling of complementary metal-oxide-
semiconductor (CMOS) technology, the projections for wired global
communications do not seem promising.

Even though global wiring length might remain the same or increase
slightly, wire thickness and spacing have been continuously decreasing
as technology has scaled down. This increases wire resistance and
capacitance [7, 10, 68]. Subsequently, wire delay increases because it
is inversely proportional to wire resistance and capacitance [1]. Fig.
2.9 shows the increasing gap between gate delay and wire delay [7].
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Figure 2.9: Projected delay issues of global regular wire compared to gate
delay with technology scaling [7].

Moreover, Ho et al. predicted that global and semi-global wiring
delay for delivering 50% of the signal (threshold of transferring from
logic 0 to logic 1) might exponentially increase [8]. As a rule of thumb
this delay equal to 0.4d2RC, where d is the distance, and R and C are
the resistance and capacitance of wire per meter, respectively. Local
wiring does not have this problem because, unlike global wiring; its
length decreases with technology scaling as shown in Fig. 2.9.

This latency will decrease the single wire bandwidth and overall
interconnect throughput. The attempt to keep wire dimensions (thick-
ness and spacing) constant regardless of technology scaling is known
as fat wires. This approach has a serious drawback, which is to reduce
the ratio of bits per area and thereby aggregated bandwidth could be
severely reduced comparing to the delay resulting from decreasing
the wire geometry [8]. However, the industrial sector now uses mixed
wire geometry in different layers in the IC based on wire length and
functionality in order to mitigate the delay problems [10, 68]. Other
solutions, such as introducing a new conductor and dielectric mate-
rial with better physical characteristics [10] or using repeaters [69, 7],
could postpone the problem for a few years but will be unable to meet
future demands. For instance, some studies show that introducing
repeaters for global and semi-global wires mitigates the delay problem
by making the delay rise linearly with technology scaling [69, 7].

2.3.1.2 Optical Interconnects

Optical-based interconnects or optical networks-on-chip (ONoCs) offer
many significant features which would overcome the drawbacks of
wires in global communications, such as high bandwidth per channel,
low electromagnetic interference, the ability to cover longer distances,
and speed-of-light signal propagation [27, 28, 29, 30, 7, 70].These fea-
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Table 2.1: Summary of reported key features for implementation of integrated
optical interconnects.

study technology
node

Gb/s pJ/bit

Meade et al.[71] 180nm 5 2.8

Dong et al.[29] - 20 -

Cunningham et al.[72] 40nm and
130nm

10 0.344 without op-
tical source and
ring tuning power

Zheng et al.[73] 40nm 10 0.53 without op-
tical source and
ring tuning power

Faralli et al.[74] 220nm 10 -

tures have led researchers to investigate this type of interconnect for
on-die communication given that it has previously been limited to
relatively long range, such as on-board communication or longer. For
instance, to utilize speed-of-light communication to eliminate clock
skew, the optical interconnect has been proposed for clock signal dis-
tribution [7, 70]. Moreover, its projected high aggregated bandwidth
(up to 1Tb/s) could satisfy the future large intra-chip data communi-
cations of many-cores [28]. Recent work has achieved up to 20Gb/s
per physical channel [29]. In terms of maturity, significant advances
have been demonstrated in the last few years in silicon photonics, as
shown in Table 2.1.

Despite all of the previously mentioned merits, optical interconnects
face significant challenges, mainly in terms of complexity, thermal
regulation, and power budget requirements [28, 75, 76]. In terms of
power consumption, there is debate over whether optical interconnects
will reduce or increase overall power consumption. Many optimistic
researchers [27, 77] argue that the absence of resistance loss and the
assumption that quantum sourcing and detecting can be used in the
future could offer better bit/J than regular metal wires. In contrast,
pessimistic researchers question the potential power savings unless
these interconnects are used for relatively long communication dis-
tances, since currently proposed optical devices are so power-hungry
[30, 10]. Moreover, researchers have yet to tackle the extra power
requirements for scalable multicast, since current devices decay the
signal significantly.

Optical interconnects have another major challenge, which is their
complexity. For instance, they need expensive area-hungry and some-
times non-CMOS devices to transfer signals from electrical to optical
form and for routing optical signals [27, 28]. The main devices used
are laser sources, photo detectors, modulators/filters, waveguides and
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laser-waveguide couplers in the case of off-die laser sources. Also, de-
pending on the interconnect architecture, other optical devices might
be needed such as nanoscale mirrors, micro-lenses, photonic switching
elements and splitters/combiners. Some of these devices, such as laser
sources, might need to be placed off-chip [30, 10]. This creates issues
with manufacturing complexity (such as packaging and pin number
requirements) and high coupling losses that might dominate the power
consumption budget [10]. However, advances in more-than-Moore op-
tions represented by silicon photonics devices have almost eliminated
the CMOS compatibility challenge. This is achieved by developing tech-
niques to integrate almost all optical devices on silicon chips such as
the silicon-germanium photodetector and polysilicon optical modula-
tors [71, 78, 10]. However, some of these techniques are not yet mature
and face their own challenges. For instance, the columnar polysilicon
optical waveguide has attenuation loss of 40dB/cm [71]. In general,
optical interconnects are still a relatively costly alternative despite all
the significant advances in the last decade in silicon photonics.

On the other hand, optical waveguide routing is constrained so that
no hard turns are allowed in order to avoid major signal degradation.
Other major challenges include careful thermal tuning management,
which is required in microring-based wavelength filters otherwise
thermal variation might lead to link failures [29, 75, 79]. This could be
difficult in dense VLSI applications such as future many-cores with
variable switching rates and/or in harsh environments. Moreover,
optical devices with critical dimensions are found to be sensitive
to integration process variation, which is a natural result of CMOS

fabrication [79]. Both thermal and process variation cause the passband
of the optical transmitter and receiver to mismatch and this leads
to signal loss and crosstalk [79]. As a result, some techniques have
been introduced to mitigate thermal and process variation, but their
complexity or power overheads increase the optical network-on-chip
(ONoC) existing cost and power budget challenges [79]. Therefore,
these challenges are likely to prevent the optical interconnect from
being preferred in the near future.

2.3.1.3 Wireless Interconnects (WiNoC)

RF-based interconnects such as wireless interconnects or wireless
NoCs (WiNoCs) appear to to be a cost-effective alternative compared
to optical interconnects [22, 23, 9]. This is due to the fact that radio
frequency (RF) circuitry is compatible with CMOS technology and
therefore it is less area and power-hungry. Many studies have proposed
wireless network-on-chip (WiNoC) solutions as either supplementary
[24, 25, 26, 80] or possibly replacement [81] interconnects for regular
wire-based NoCs. This type of interconnect basically transfers the
electrical signal into an electromagnetic (EM) signal via the use of an
integrated transceiver and antenna. This EM signal would propagate in
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Table 2.2: Examples of demonstrated integrated wireless communication
systems along with their key features for a single link.

study technology
node

modulation Gb/s pJ/bit

Chen et al.[84] 180nm ASK 6 17

Wang et al.[85] 90nm FSK 1 -

Yu et al.[86] 65nm OOK 16 -

Kawasaki et al.[87] 40nm ASK 11 6.4

Okada et al.[88] 65nm and
40nm

16QAM
and QPSK

3-6 11.8

Kawai et al.[89] 65nm 16QAM 7 -

one-hop via free space to the surrounding nodes in the coverage area
at nearly the speed of light. In terms of physical channel bandwidth,
predictions show an increase in transistor switching speed as CMOS

technology scales down. This would enable the use of higher carrier
frequencies [82, 7, 83]. As a result, a wide spectrum of frequencies up
to the terahertz (THz) is possible, which is necessary to allow multi-
channel realization at this shared medium [22]. Moreover, these high
frequencies would require an integrated antenna of smaller size. Table
2.2 reviews examples from the literature of implemented integrated
wireless communication systems. This wide range of studies shows
the level of technology maturity of this type of interconnect.

WiNoC technology is considered to be one of the most mature emerg-
ing interconnect types since many implementations of WiNoC com-
ponents such as integrated antennae and transceivers have been pre-
sented in the literature [90, 81, 86, 91]. However, so far, there are some
challenges facing WiNoC. For instance, researchers are finding it diffi-
cult to design an antenna with wide frequency bandwidth, low power
dissipation, larger coverage area and small area overhead [22]. Firstly,
the WiNoC channel bandwidth is limited by the antenna operational fre-
quency (Fc, the central resonance frequency) and the 3 dB bandwidth
(B). For example, the 0.38 mm zigzag antenna has a transmission gain
(S21) showing B around 15 GHz [92]. Antenna percentage bandwidth
(Br) is inversely proportional to operational frequencies, as shown by
the following equation:

Br =
F1 − F2
Fc

× 100% (2.1)

where F1 and F2 are the starting and ending frequencies respectively
of the 3 dB bandwidth. For example, the zigzag antenna mentioned
earlier has Br = 27% [92, 22]. Thus, the WiNoC link might require a
cluster of antennae with different central frequency and design charac-
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teristics in order to collectively provide the required frequency range.
Other solutions include the use of antennae with high operational
frequencies, such as in the THz range, where they would consume
less area and have wider frequency bandwidth [93]. However, these
solutions waste a large part of the available frequency spectrum, which
is limited and governed by the CMOS technology cut-off frequency. The
second solution is a time multiplexing approach [94], which obviously
decays the throughput of the channel. In terms of area overheads,
integrated antennae are considered to be area-hungry passive compo-
nents [22, 94]. However, antenna dimension is inversely proportional
to operational frequency. Therefore, with the scaling down of technol-
ogy and the realization of THz, the area overhead could be effectively
reduced [22, 94, 90]. Other solutions for antennae include the use of
carbon nanotube [95] or planer graphene [23]. These techniques could
improve power and area budgets and might allow to some extent
a configurable resonance frequency. However, the implementation
challenges of these technologies have yet to be addressed.

Other challenges facing WiNoC are related to channel reliability. Due
to the nearby circuitry, noise could be injected into the transceivers
or the antennae [90]. However, previous studies show that effective
isotropic radiated power (EIRP) has almost negligible effects on ad-
jacent circuits such as DRAMs [96] and analog-to-digital converters
[97]. Moreover, many studies have addressed the alleviation of chan-
nel interference and error rates by adjusting transmitter power, in
other words, adjusting the signal-to-noise-ratio (SNR) [98, 25]. Other
reliability issues result from the antenna being influenced by the chip
packaging [90]. Therefore, these issues need to be carefully considered
in transceiver and antenna design in order to become an efficient
design option.

2.3.1.4 RF-interconnects with Transmission Lines (RF-I)

The other alternative to electromagnetic free space signal propaga-
tion is waveguided propagation via transmission-lines (TLs), which
is known as the RF-interconnect with transmission-line (RF-I) [82, 19,
20, 18, 21]. These types of interconnects are similar to the WiNoC in
terms of CMOS compatibility, signal velocity close to the speed of light,
low global communication energy and high throughput compared to
regular wires. As a result, many studies have proposed RF-I as a sup-
plementary interconnect for the metal wire [82, 18]. Moreover, some
researchers have even discussed the possibility of replacing metal wire
with RF-I [19]. These studies utilize the RF-I either as a special-purpose
interconnect [19, 99] or as general purpose express links [82, 18]. In
terms of RF-I maturity, demonstrations of on-chip RF-I implementa-
tions have been presented in many studies [98, 21, 100, 101]. Table
2.3 presents the key features of some recent on-chip implementations
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Table 2.3: Examples of reported implementations of integrated transmission
lines along with their key features for a single link.

Study Technology
node

Gb/s pJ/bit TL

Chang et al.[98] 180 nm 4-20 - CPW
(predicted)

Chang et al.[101] 90 nm 5 20 CPW

Hsu et al.[21] 90 nm - - modified
CPW

Ito et al.[100] 90nm 8 0.3-0.9 CPS

of RF-I in the literature. Moreover, high-end chips that utilize global
transmission lines for clock distribution already exist [99].

RF-interconnects with transmission-lines (RF-Is) require an inte-
grated transceiver, similar to WiNoC, to transform the electrical signal
into an RF signal. However, instead of an antenna, the RF-I uses the
on-chip transmission lines as waveguides to propagate the signal.
Consequently, the RF-I has less power dissipation and less power
consumption is required. There are three main types of on-chip TLs

[19, 102], which are the microstrip line (MSL), the coplanar waveg-
uide (CPW), and the differential line or coplanar strip (CPS), see Fig.
2.10. The MSL is known for its simplicity compared to the CPS and
CPW, while the latter two show better robustness against crosstalk,
especially in mm-waves [19]. Moreover, the CPS is known for its higher
interconnect density compared to the CPW [19].

RF-I inherit the same limitation as WiNoC in terms of interference
and the cut-off frequency of the CMOS technology. However, in terms
of limited frequency, designers have the option to have more than
one shared media by adding more TLs. This would increase the aggre-
gated data bandwidth [19, 82]. Moreover, unlike with the WiNoC, the
frequency spectrum of RF-Is is not limited by the resonance frequency
of the antenna and Br.

In terms of interference and channel reliability, the main challenge
facing the RF-I is crosstalk among TLs and between TLs and the sur-
rounding circuitry. This is especially true at high frequencies or in
long TLs [22, 103], and is due to increasing resistivity because of the
skin-effect (reduces the cross section) that increases with the increase
of operational frequency [20]. As a result, many studies have proposed
various techniques to improve crosstalk robustness, such as designing
the TLs with low impedance (Z0) [100]. However, this will increase the
power dissipation [100]. Other studies mitigate this issue by propos-
ing power and ground shielding lines between the TLs [100], increase
spacing between TLs [104], adopt or develop special TLs types such as
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Figure 2.10: Structure of the main three types of the transmissions lines: (a)
microstrip line (MSL), (b) differential line or coplanar strips
(CPS), and (c) coplanar waveguide (CPW).

CPW and CPS. However, these suggested solutions increase complexity
and decrease the aggregated bandwidth per area.

The second main challenge concerns the area overhead and intercon-
nect density. These TLs are fabricated using the upper-layer of CMOS
metal wires because of the thickness required. This is due to the fact
that these high dimension wires have low resistance. However, they
have large capacitance and therefore require a wider inter-metal di-
electric to mitigate parasitic capacitance [20]. Moreover, some studies
propose the insertion of a metal pattern underneath the transmission
lines in a multi-layer design to reduce parasitic effects and crosstalk
[21]. These costly wires might need to span the whole chip in a worm
or cycle layout, as mentioned earlier. Thus, significant performance
improvements of TLs woud be required to justify this extra cost.

The third main challenge is the limitation of drop points, which
raises the question of the level of RF-I scalability in many-core pro-
cessors with hundreds or thousands of cores [22, 103]. These drop
points are necessary to fully utilize these costly fat wires by having a
multichannel frequency instead of many segments of TLs [19, 82]. In
addition, these multi-drop points are needed to providing the fanout
feature, as mentioned earlier. Therefore, many researchers have tried to
mitigate multi-drop scalability and transmission-line (TL) discontinuity
[19, 82, 100].
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2.3.1.5 Surface Wave (SW)

The Zenneck surface-wave (SW) is an inhomogeneous EM wave sup-
ported by a metal-dielectric surface. The designed surface is a waveg-
uide that traps the EM signal in a 2D medium instead of three-
dimensional free space. As a result, the E-field decay rate in the SWI
from the source horizontally along the boundary is around (1/

√
d), as

shown in Fig. 2.11, where d is the distance from the source [105]. This
feature allows the Zenneck surface-wave interconnect (SWI) to offer
relatively linear J/bit over this short distance compared to the high
scaling of regular global buffered wire interconnects.

Figure 2.11: Zenneck surface wave propagation decay which is significantly
better than free space propagation [105].

The surface wave communication can be realized in various ways.
The surface waveguide should be engineered by altering its dimen-
sions, and the materials used for the conductor and/or dielectric.
These characteristics are chosen so that the characteristic impedance
(Z0) will be around (10+ j300) Ω. For instance, the designed surface
medium could consist of a dielectric layer placed over a corrugated
conductor layer [106, 105, 107, 31]. According to Hendry et al., the
surface characteristic impedance of the corrugated surface can be
calculated using the following equation:

Zs = jZw
d2

d1
tan

(2πd3
λ

)
(2.2)

where d1,d2 and d3 are defined in Fig. 2.12, Zw is the character-
istic impedance of the dielectric material in the grooves, and λ is
the wavelength. The dimensions of the corrugated surface are pro-
portional to the wavelength, with at least three or four repetitions
in one wavelength and a depth less than quarter of the wavelengths
[105]. Moreover, a dielectric-coated metal flat surface has been devel-
oped successfully using dielectric material, which has the required
impedance, overlaid with a conductor sheet [32].

Moreover, in order to have a Zenneck surface wave, a positive
reactance (Xs) is required [106, 32], where Xs is derived as follows:

Xs = 2πfµ0

[
εr − 1

εr
l+

√
1

4πfµ0σ

]
(2.3)
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d1

d2d3

Figure 2.12: The corrugated surface.

This equation shows that reactance depends on the operational
frequency (f), dielectric constant or permittivity (εr), thickness of the
dielectric layer (l), permeability of the free space (µ0), and the conduc-
tivity of the metal layer(σ). More details of surface wave propagation
theory can be found elsewhere [106, 105, 107].

On the other hand, maximum transmission into the SW occurs when
the incoming wave is incident at or close to the Brewster angle, where
reflections are minimized. Therefore, the integration of a transducer
linked to the transceiver is needed to launch the waved signal into the
surface [106, 108]. This can be as simple as, for omni-directional trans-
mission, a coaxial to parallel plate (or flange) waveguide [105]. Also,
it could be a dipole or monopole for omni-directional communication,
with a parallel plate waveguide [109].

Recently, experiments have demonstrated the transfer of data using
two coaxial waveguide transducers, one for the receiver and the other
for the transmitter, with a corrugated aluminium sheet as surface
wave guides between them [106]. Measurements were conducted in
the frequency range 10 GHz-50 GHz for distances up to 1.26m and
simulations were carried out up to 100 GHz using HFSS and CST sim-
ulators [110, 111]. Unlike the WiNoC, there is no limitation of frequency
range as long as the appropriate transceiver and dielectric material are
used. For instance, Fig. 2.13 shows simulation results for a flat surface
and 50 mm distance. Obviously, these results demonstrate that if care-
ful consideration is given to the choice of dielectric material for the
waveguide surface, the surface can carry a wide range of frequencies
with relatively very low signal dissipation.

In terms of reliability, due to the lossy free space propagation of
WiNoC, the bit error rate (BER) of SWI (10−14) is much better than the
BER of WiNoC (10−7) for the same signal power [32]. Therefore, since
the BER SWI is comparable to wire BER, SWI can achieve performance
improvements up to 30% over WiNoC [32, 112].
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Figure 2.13: Flat surface wave signal power loss proportional to frequency in
the case of a dielectric material with relatively high loss tangent
(Tan-Loss). These results obtained in collaboration with K.Tong
in University Collage of London

2.3.1.6 Comparative Summary

Table 2.4 presents a summary comparison of the key features that will
be crucial in future interconnect architectures. Power consumption is
the main limitation for future interconnects, especially after projections
which show that interconnect fabrics might consume a non-trivial
percentage of the entire chip’s power consumption [113]. As shown in
Table 2.4, RF-based interconnects that use waveguides have relatively
low power consumption since they neither require power-hungry
devices nor involve high power dissipation.

In terms of signal decay and reliability, the signal integrity of optical
interconnects is superior to other interconnects. The second best type
in terms of reliability is the SWI. This is due to the fact that, unlike
the RF-I, the designed surface waveguide is almost immune to inter-
ference from nearby circuitry. On the other hand, the WiNoC and SWI

show remarkable natural fanout features compared to other emerging
interconnect types. This feature is crucial for scalable multicast archi-
tectures in future many-cores processors, especially since 1-to-M and
1-to-all traffic PIR, size, and the likelihood of creating hotspots could
increase with the increase of number of cores, as will be discussed
further in chapter 5.
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Figure 2.14: Comparison of forward transmission gain (S21) between Wire-
less [22] and SW interconnects [105].
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Given the projected scaling in number of CMPs cores and predicted
volumes of their communication, interconnect bandwidth is consid-
ered to be one of the main requirements of future many-core proces-
sors. All RF-based interconnects are limited by the cut-off frequency of
CMOS technology. However, the cut-off frequency will continue scal-
ing up as technology scales down. On the other hand, as mentioned
earlier, the operational frequency of antenna and relative bandwidth
further limit the bandwidth of the WiNoC data channels. For instance,
the 0.38 mm Zigzag antenna has a value of B around 15 GHZ [22],
as shown in the reported transmission gain (S21) in Fig. 2.14c. In
contrast, Fig. 2.14a and Fig. 2.14b show the SWI transmission gain
(S21) with a much wider frequency spectrum [106, 105]. On the other
hand, optical interconnects superpass other emerging interconnects
in terms of bandwidth. However, due to CMOS compatibility and the
costly implementation process for optical interconnect devices, ONoC

is so far an expensive solution as shown in Table 2.4. In contrast, other
emerging RF-based interconnects such as the WiNoC, RF-I, and SWI are
CMOS-compatible and therefore are relatively cheap devices.

2.3.2 Existing NoC Architectures

This section presents examples of selected cutting-edge many-cores
systems utilizing NoCs that have been developed in academic and/or
industrial contexts.

2.3.2.1 SpiNNaker

The SpiNNaker is a cooperative project between Manchester and
Southampton Universities and many other entities [114]. This project
aims to build a massive parallel processing architecture with up to
one million processing units intended to emulate the human brain.
This is due to the fact that spiking-neural-network (SNN) has high
parallelism and can harvest the computing power of such a system
more efficiently than general purpose applications. However, it has
recently been proposed for many other applications such as in robotics
and computer science [114].

The building blocks of this architecture is the SpiNNaker multipro-
cessor chip that consists of 18 ARM968 cores. Two of these cores are
used for monitoring and redundancy for fault tolerance while the rest
run the application software. These cores are connected to a 128MB
SDRAM on top of it using gold wire bonding [115, 116]. Each chip
is connected to six neighbour chips, creating a 2D triangular mesh
topology. Moreover, these chips are connected to each other using
circuit boards; the latest board incorporates 48 chip nodes [115, 114].
The project aims to connect around 1200 boards to achieve its aim.

In terms of interconnects, the SpiNNaker chip has two NoC routers.
The first is for both on-chip and off-chip inter-core communication,
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also known as the communication NoC. The second connects the cores
to the peripherals and memory, and is also known as the system NoC.
The router supports multicast communication and is able to replicate
the packet to more than one output (tree-based multicast). The routing
algorithm is deterministic (application-based) and is implemented
using a lookup table (with 1024 words) [117]. This on-chip router
represents a crossbar on-chip topology enabling 2-hop communication
for intra-chip communication. This design choice, along with the
implementation of one turn per direction in the router, was made
to reduce the NoC area. However, the NoC area is still non-trivial
(∼10%). Moreover, this system is not ideal for applications that require
communication reliability, since it drops packets after a waiting period
without resending them. However, this is an ongoing project and is
considered to be the tip of the spear for NoC-based many-core systems.

2.3.2.2 Intel Many Integrated Core (MIC) Architectures

In terms of processing units, industry has all but abandoned the single
core for multi/many-core processors in attempt to continue to follow
Moore’s law. The Intel many-integrated-core (MIC) architecture project
is an obvious example of this trend [118, 119]. Over the last decade,
this projects depicts has yield two prototypes and one product.

The 80-core TeraFlops with 10×8 2D mesh NoC was first presented
in 2008 [6]. The chip was fabricated using the 65nm technology and it
consumes around 100W. The NoC consumes 28% of this power and
represents 17% of the die area. The routers specifications include a
16-flit buffer per port and it has five ports connected to one processing
element (PE) and four other routers using 32bit links. In addition, it
offers 4-cycle per hop latency and operates at 4GHz.

The second prototype, which is the single-chip cloud comput-
ing (SCC), was presented in 2011 [5]. This state-of-the-art architecture
increases the complexity of the tile to include two cores of Pentium
class IA-32 and two L2 caches. The chip has 24 tiles connected via
6×4 2D mesh NoC, and thus the total number of cores is 48. Fabri-
cated using 45nm technology, this chip was designed to offer DVFS. In
terms of interconnects, the SCC NoC offers 2.8x power/performance
improvements over the TeraFlops NoC. This NoC runs at lower opera-
tional frequency (2GHz), and consumes 10% and 5% of the chip power
and area, respectively. This is remarkable since the wire link width is
increased to be 16 bytes and the router ports have eight VCs per port,
where each VC can hold one packet (3 flits). These VCs are divided
into two message classes, which are request and response, and one of
each class is reserved for breaking deadlock cycles. The router uses
XY routing and virtual-cut-through switching.

Although these two prototypes were very promising, the first gen-
uine many-cores commercial product offered by Intel was the Xeon
Phi coprocessor in 2013 [118]. This chip is manufactured using 22nm
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technology and includes up to 61 cores and consumes up to 300W.
The cores, memory and other peripherals are connected using a bidi-
rectional ring NoC. Unlike the mesh, this topology can offer uniform
communication bandwidth for all cores, since the cores at the edges
of a mesh have fewer connections than the rest. Moreover, this NoC

topology is more power efficient and costs less for a low number of
cores than the mesh. However, the researchers have acknowledged the
drawbacks of this design decision [118], which include the following:

• Low scalability, since latency is proportional to the number of
cores (N/4 hop latency).

• Not robust to failure and one damaged link can cause the whole
chip to be faulty.

• Easily congested network.

The links, however, are four times wider than the SCC (64byte) with
a separately controlled bidirectional links. On the other hand, the
routing algorithm is either deterministic or the packet continue to
bounce until it reaches its destination. Obviously, the interconnect
architecture has many known limitations in terms of scalability but it
seems to be cost-effective for the current number of cores.

2.3.3 NoC Simulators and Models

Due to the need to evaluate and explore the potential of different
design parameters and configurations of NoCs and the high cost of
NoCs platforms prototyping, many studies have been dedicated to
develop NoC simulators, models and design tools. This is especially
true for system-level evaluation tools and simulators, since these are
essential to match future application requirements to the under-layer
communication fabric and to explore the potential and limitations of
proposed designs. These simulators either evaluate the performance,
power consumption, and/or area of the design [120, 121, 122, 123, 124,
125, 126]. Table 2.5 presents a comparison of some of these simulators
along with those developed in this thesis. Obviously, some of these
simulators have been further developed to offer more features. For
instance, Noxim has been developed to simulate the WiNoC [127, 128].
Moreover, other researchers have adjusted it to simulate 3D mesh/3D

routing algorithms [67, 52] and the torus/twisted-torus [129]. In this
thesis, the Noxim simulator is adjusted also to evaluate the proposed
architecture, as will be discussed in the following chapters.
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3
S U R FA C E - WAV E O N - C H I P I N T E R C O N N E C T

3.1 introduction

As a result of technology scaling, the number of integrated IPs inside
a single SoC has increased dramatically and this has led designers
and researchers to adopt the NoC as the underlying communication
structure [2, 4, 5, 6]. However, the size and volume of inter-IP commu-
nication and the number of IPs are still continuously increasing and
causing a growing burden on the NoC. Thus, the regular metal-based
NoC (that transmits the signal by charging/discharging the whole
RC wire) struggles to match this scalability in terms of latency and
energy (J/bit) [7, 8]. This due to the fact that the cross-section of the
wire is decreasing [7], and thus wire resistivity is increasing which
causes higher power dissipation. Therefore, the issue is not only that
the metal wire does not scale enough to match future interconnect
requirements, but also that the situation is projected to get worse in
terms of power and performance. In other words, we do not have
Moore’s law for interconnects.

A typical solution is to introduce repeaters for global and semi-
global wires, which has been shown to mitigate the delay problem
by making it increase linearly with distance. However, this increases
the power consumption and area overhead. Therefore, much work is
being done on managing repeaters placement and minimizing their
numbers and size with an acceptable delay penalty [69]. The drawback
of such solutions is that neither power consumption nor latency are
optimal.

A more promising way is to look for alternative communication
fabrics such as RF-based [24, 82, 18, 19] and optical interconnects
[27, 28, 130]. These also seems to be far from ideal, as discussed in Sec-
tion. 2.3.1. The Zenneck surface wave interconnect is one of the emerg-
ing types that might be the optimal solution for satisfying on-chip
communication issues. This technology involves an electromagnetic
wave that propagates and is guided through an interface between
different media surfaces. This chapter investigates this proposed alter-
native interconnect in terms of performance, power dissipation, and
reliability. The major contributions of this chapter are as follows:

• A SWI link design and integration requirements are presented
that provide the targeted bandwidth and performance to deliver
a flit across the chip in one hop.

45
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• An analytical model is proposed for the SWI based on experi-
mental results.

• A set of experiments are conducted to confirm and establish
main concepts regarding the surface-wave technology realisation
and features.

3.2 surface-wave interconnect fabric

3.2.1 Surface Wave Interconnects (SWI) implementation

This section discusses the requirements for implementing surface wave
for on-chip interconnects. The Zenneck surface wave is an inhomo-
geneous plane wave supported by a surface. Zenneck surface waves
require a surface to have appropriate surface impedance for it to prop-
agate along. These types of surfaces can be realised in a number of
ways, however only inductive surface impedances exist in nature, as
mentioned in Section 2.3.1.5. Moreover, maximum transmission into
the Zenneck surface wave occurs when the incoming wave is incident
at or close to the Brewster angle, where reflections are minimized.
According to Hendry and et. al. [105], the E-field decay rate in Zen-
neck surface wave from the source horizontally along the boundary
should be around (1/

√
d), where d is the distance from the source.

On the other hand, the decay is exponential vertically away from the
boundary. This allows less power dissipation for far larger coverage
areas than the regular wireless RF, as mentioned in Section 2.3.1.5.

The designed surface media consists of a dielectric layer placed over
a corrugated conductor layer [106, 105, 107]. The surface can be engi-
neered by altering its dimensions and materials of conductor and/or
dielectric used so that the characteristic impedance (Zs) will be around
(10+ j300) Ω. In this thesis, for low fabrication costs and simple ge-
ometry, the flat surface of dielectric-coated metal sheet is preferable
and will be considered. According to Equation 2.3, the waveguide
surface can be realised using either silicon dioxide (SiO2, εr = 3.9)
or ceramic (Al2O3, εr = 9.8), on a metal ground plane of thickness
1µm (σ = 3.5). In the case of millimetre-wave applications at 60 GHz
or above, the thickness of the dielectric layer for silicon dioxide and
ceramic will be 0.8mm and 0.7mm respectively, and the coating pro-
cess can be integrated with a conventional semi-conductor fabrication
process. In addition, due to the fact that the surface roughness of the
dielectric layer will not be an issue when the operating frequency
of the system is less than 300 GHz, no expensive highly polished
wafer (Ra < 0.01µm) is needed. As a result, the cost of the additional
process can be neglected. On the other hand, in order to dissipate the
heat of the chip to the chip heat-sink, the dielectric material should
be thermally conductive dielectric. Such dielectric has been widely
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Figure 3.1: Integrated transceiver and integrated transducer (inverted quarter-
wavelength monopole) stacked over the designed surface.

investigated and many patents and studies can be found in literature
[131, 132].

As mentioned earlier in Section 2.3.1.5, there is no limitation for
frequency range carried by the surface. The only limitation, to the
authors’ best knowledge, is the switching speed of the CMOS technol-
ogy. Nonetheless, predictions show an increase in transistor switching
speed with technology scaling, which would enable the use of higher
carrier frequencies [82, 7, 83]. For instance, the maximum carrier
frequency for 16nm CMOS technology is 1136 GHz [82]. This range
of frequencies is necessary to allow multi-channel realization based
on frequency-division-multipliable-access (FDMA) or code-division-
multipliable-access (CDMA) at this shared media with necessary fre-
quency spacing to avoid channel interference, see section 3.2.2. For
this work, a transceiver with FDMA designed for wave guided signal
is chosen similar to the transceivers proposed by authors in [19, 98].

On the other hand, an integration of a transducer is needed to
launch the waved signal in to the surface. There are a few different
ways to implement the transducers for surface communication. It can
be as simple as, for directional transmission, a coaxial to waveguide
flange as described in [105]. Also, it could be a dipole or monopole
for, Omni-directional communication, with parallel plate waveguide
[109]. In 3D-EM simulation model shown in Fig.3.1 we used an inverted
quarter-wavelength monopole. The transducer layer can be fabricated
separately and using flip-chip bonding and TSV technique for connec-
tion to the integrated transceiver. The transducer and the transceiver
design definitely need further investigation, but it is out of this thesis’s
scope.

3.2.2 SWI Links design

The SWI channels need to be designed to match the requirements of
performance critical SoC. The baseline architecture interconnects are
designed so that a flit is transmitted through the channel in one cycle.
Therefore, the surface wave channels should provide one cycle across
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the chip transaction. The cycle period is 0.5ns (frequency 2 GHz) and
given that the surface-waves propagate at a speed close to the speed
of light, the maximum distance that the signal may travel in one cycle
should be less than 15cm. This distance is enough for on-chip, and
even off-chip, interconnects.

Transducer

Fl
it

 (
1

2
8

 b
)

(n) Sub-channels

Tx Rx

Shared surface

Rx node

16-QAM

F0

Fn

F0

Fn

Figure 3.2: Surface wave interconnect communication channel with multi
sub-channels where the master node transmit through the shared
surface to slave node(s).

On the other hand, the communication channel needs to be designed
to handle the same baseline architecture, which is SCC [5], link data
rate (256 Gbps) as shown in Section 4.3.1. This can be achieved using
an integrated transceiver with capability for multiple access algorithms
such as FDMA [98, 101] to give more than one node the right to transmit
over the shared surface. In addition, each channel can be designed to
have a number of sub-channels (SCs). Each sub-channel (SC) transmits
a nibble (4 bits) after it has been modulated using 16-quadrature-
amplitude-modulation (QAM) to achieve better bandwidth efficiency
(bit/second/Hz) and offer minimum symbol error performance, see
section 3.3.2. Furthermore, each SC has a dedicated two GHz frequency
bandwidth to guarantee the needed sub-channel frequency spacing. In
order to transmit a flit (128 bit) in one cycle, 32 SCs are needed. The total
frequency ranges needed per channel (64 GHz) are feasible and even a
wider range of frequencies can be achieved in the future as projected [7,
18, 82]. For instance, a 324 GHz oscillator was already demonstrated for
the 90nm technology [83]. Notice that a lower frequency bandwidth
can be used if the transmitted flit is serialized. The 32-SC option is
chosen as shown in Fig. 3.2, because it offers lower latency for the
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targeted performance critical systems, even though it increases area
overhead as shown in section 4.4.3.

3.2.3 SWI Challenges

The SWI is considered to be one of the newest types of interconnect.
Therefore, the potential of this technology requires research to tackle
various design and implementation challenges of different levels in
order for it to be utilized in future NoCs. Firstly, in terms of compo-
nent integration, the realization of the SWI requires 3D integration
techniques to link the transceiver to the transducer, such as TSVs and
flip-chip bonding. This technology still faces some technological chal-
lenges, as described in section 2.2.8.

Secondly, in terms of communication and RF engineering, careful
consideration is required in the design of the integration level of the
transceiver, the surface and the transducer. Otherwise, the SWI may
pick up noise signals from any CMPs in nearby integrated devices such
as power distribution networks and different interconnect components.
This interference could affect either the transceiver or the waveguide
surface. The impact on the transceiver can be addressed using tech-
niques similar to those in the WiNoC, as mentioned earlier. However,
unlike the WiNoC, the SWI requires less SNR due to the fact that it has
less signal power dissipation, as will be discussed further in chapter 3.
In terms of interference affecting the designed surface, there are two
points that strongly mitigate this. The first point is the spacing and
isolation between the surface and the integrated circuits. The second
is the reflection of any RF signal unless it is incident at or close to the
Brewster angle [35, 106].

3.3 zenneck surface wave modelling

This section develops a mathematical model for power dissipation and
discuss the physical link performance and reliability, which will be
used in system level evaluation sections in the following chapters.

3.3.1 Analysis of link power dissipation

This section provides the mathematical modelling for the measured
power dissipation in Zenneck surface-wave for different frequencies
and different distances. Fig.3.3 shows the measured voltage gain (S21)
in terms of distance for wide frequency range on the designed surface
with reactance Xs = j188.5. The proposed surface acts as waveguide of
the propagated signal, with unique characteristic impedance that offers
a better attenuation rate than a transmission line. Nonetheless, the
transmission line model can be adopted for the modelling of power
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dissipation of surface-wave. Thus, Equation.3.1 that represents the
transmission line voltage decay equation with distance fits perfectly:∣∣V+

∣∣
d
=
∣∣V+

∣∣
0
e−αd (3.1)

Thus:

|V+|d
|V+|0

= e−αd (3.2)

Therefore, the voltage gain in dB is:

S21 = E+ 20 log10 e
−αd (3.3)

Where S21 is the signal forward voltage gain in dB, |V+| is the ampli-
tude of travelling wave, α is the attenuation constant (dB/m), and d is
the propagation distance (m). E is the loss constant (dB) resulted from
the inefficiency of signal transformation between the surface waveg-
uide and transceiver due to the use of an off-the-shelf transducer in the
experiment set-up [106] where the surface was designed to resonate at
23GHz. The Matlab curve fitting tool is applied to extract the value of
α and E. This procedure was repeated for a set of frequencies ranging
from 23-35 GHz. The calculated attenuation constant average is 6.33

neper/m and average E is -23.8 dB. Fig.3.4 shows calculated versus
measured voltage gains with an error average percentage at around
1.15%. These values are used in simulations to calculate the link power
dissipation in this thesis.

3.3.2 Communication system performance

It is important to discuss and identify SWI channel capability and
reliability at this point. The chosen sub-channel bandwidth is 2 GHz
to fit the required data throughput to avoid inter-symbol interference,
thus minimizing the error rate. The targeted channel BER is less than
10−14. Moreover, each channel consists of 32 sub-channels with 16-
QAM signal modulation. Thus, the calculated SNR needs to be more
than 19 dB for this communication system as shown in Fig.3.5.

On the other hand, for a SoC with many integrated devices, a power
distribution network and/or different interconnect fabric could inject
noise signal either to the the SWI or to the transceiver. However, as
mentioned in Section 2.3.1.5, giving the right spacing between the
surface and integrated circuits and the maturity of integrated RF

devices especially the transceivers will significantly mitigated the
interference. However, for a reasonable assumption we should consider
that the channel is not noise free. As presented in [133, 98] a thermal
limit (ThN) is used to set the noise floor (-174 dB), SNR determined to
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Figure 3.3: Experiment results showing power decay with distance for a
range of frequencies [35].
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be (20 dB), and noise figure for the receiver (RxN) assumed to be (3 dB).
These limit the minimum error free received power per sub-channel
to:

Pmin = 10 log10 (∆F) + SNR+ RxN + ThN, (3.4)

Where ∆F is the frequency bandwidth for one channel. And for a chan-
nel bandwidth of 64GHz the minimum detectable signal is (-43 dBm).
Moreover, we will assume a loss of inefficient signal power transaction
between the surface and the transducer, which was observed to be
E=-10(dBm), assuming that a better designed integrated transducer is
being used, unlike the transducer used in real experiments, see section
3.3.1. Therefore, Equation(3.4) can be used to calculate the surface
wave decay rate per distance. Consequently, the minimum received
power should satisfy this equation:

0 >
∣∣E+ 20 log10 e

−αd
∣∣+ Pmin, (3.5)

Based on this equation, a signal is valid for a distance close to 60cm

with this low BER constraint. This distance is suitable for on-chip and
on-board communication. A deeper and more detailed analysis and
investigation are needed to the communication system, transducer
design and the noise figures. However, this is out of this thesis scope.
Nonetheless, this level of analysis is serving our purpose since it gives
first order estimations that can be used by SoC designers to assess this
technology for on-chip interconnects fairly on a system-level abstract.
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3.4 experiment results

This section presents experiments that aim to confirm and/or estab-
lish a set of main concepts regarding surface-wave communication.
Firstly, test the hypothesis that surface-wave is better than free-space
electromagnetic propagation in terms of power dissipation. Secondly,
confirm previous experiments and simulations conducted in related
work. Thirdly, compare between the corrugated and the flat surface. Fi-
nally, prove that surface-wave can be realized even when off-the-shelf
equipment is used due to limited funding for instance.

Figure 3.6: The surface-wave experiment set-up.

Fig. 3.6 shows the experiment set-up for the corrugated surface. In
this set-up, two different coaxial to waveguide adaptors have been
used. These two transducers, according to their data-sheet and experi-
mentations have a common frequency range between 14 and 25 GHz.
These transducers then were connected to a vector network analyser
(VNA) type Agilent-8363B. The transducers lowest aperture point is
the designed surfaces top edge where the dielectric materials in the
surface is to the top. Calibration for this wide range and with the
available equipment and connectors has been proven to be not ideal.
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Figure 3.7: The surface-wave experiment equipment alignment and set-up.

This is due to either the imperfection of equipment alignment, such as
the transducer angel to the surface or the alignment of the transducer
edge as shown in Fig. 3.7, or the mismatch between the used transduc-
er/waveguides. This is clearly shown in Fig. 3.8 where waveguides
are connected face-to-face without any intermediate medium and yet
the S21 measured on average equals to -14.42 dB.

Regardless of all the factors mentioned above, experiments show
improvements in S21 up to 20 dB and 10 dB on average over free-space
propagation when a corrugated surface has been inserted between
the two transducers for a distance of 20cm. This corrugated surface
grooves have dimensions which are d1 = 2mm, d2 = d3 = 1mm, see
Section 2.3.1.5. The second designed surface involve a two off-shelf
sheets of polyethylene terephthalate glycol (PETG) of 1.2mm thickness
and flat aluminium sheet of 1mm thickness. The latter surface shows
even better signal propagation with an average of S21 equal to -21.04

dB, which is higher by 4 dB than the corrugated surface.
Fig. 3.9 shows the attenuation of the signal in distance as the distance

between the transducers changed from 20, 10, and 6 cm for the flat
surface with average S21 -21.04, -18.7, and -16.49 dB, respectively.
Thus, according to Equation 3.3 the calculated average attenuation
constant (α) is around 4.8 neper/m. Although, these results confirm
the reported attenuation relation with the propagation distance, they
have not been used in our analytical power dissipation model since
the experimentation set-up was not optimum as mentioned earlier.
Nonetheless, the experiments successfully achieved their goals in
validating a set of main hypotheses presented in this chapter that
are considered to be the ground for system-level evaluation in the
following chapters.
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Figure 3.8: S21 measurements results for the corrugated surface, flat surface,
free-space, and the case where transducers connected face-to-face
for wide range of frequencies.
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Figure 3.9: S21 measurements results for the flat surface shows signal attenu-
ation with distances for wide range of frequencies.

3.5 summary and conclusion

This Chapter aims to propose and discuss SWI as future promising
on-chip interconnect. Zenneck surface wave low power dissipation,
CMOS compatibility and high signal propagation speed might allow
significant mitigation of intra-chip communication issues that are pro-
jected to scale up as the technology scales down. Implementation
considerations for this interconnect have been discussed such as the
needed RF integrated devices and communication channel design.
In addition, the SWI system level power modelling and performance
considerations have been discussed. System level evaluation in the
rest of the thesis will be based on this analytic model and considera-
tions. Moreover, experiments on different types of designed surface
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compared to free-space propagation to confirm analytical power and
performance model. Consequently, experimentation, analysis, and
modelling would allow the study of potential improvements and
challenges for any SWI-based communication architecture.



4
H Y B R I D W I R E A N D S U R FA C E - WAV E
A R C H I T E C T U R E F O R O N - C H I P G L O B A L
C O M M U N I C AT I O N S

4.1 introduction

Integrated circuit (IC) technology processes are scaling rapidly due to
growing market demands for more complex SoC. This is leading to an
intensification in terms of IPs/core density and functional complexity
of current and future SoC. Moreover, the inter-IPs/core communication
increasingly becoming a major factor in determining performance and
power consumption of SoC. This is due to the fact that CMOS technology
scaling is not in favour of wires. This challenge is only mitigated by a
major shift in the designing of on-chip interconnect architectures from
the bus to the NoC architecture where such an architecture consists
of a network constructed from multiple point-to-point data channels
(links) interconnected by routers, in other words multiple hops. This is
due to the fundamental wire issues especially for global cross-the-chip
communication and the increasing of the number of intermediate
hops, and therefore its delay, for such architectures. In contrast, for
local communication, since wire length is scaling down with the gate
size, the wire seems to be still efficient. This is different from global
communication in which the wire length remains the same yet the
cross section of the wire is decreasing [7], and thus wire resistance is
increasing, which causes higher power dissipation. Consequently, the
regular metal-based NoC will no longer match this scalability in terms
of latency and energy (J/b) [7, 8] and new interconnect architectures
are required.

Novel solutions include the use of alternative communication fabrics
such as radio RF-I [24, 82, 18, 19] and optical interconnects [27, 28, 130]
as supplementary interconnects for global communication. These inter-
connects seem to have some drawbacks that yet have to be addressed,
as discussed in section 2.3.1. Zenneck surface wave might be able to
mitigate global communication issues due to its remarkable features
in terms of power efficiency and CMOS-compatibility. This chapter
proposes a new architecture that utilizes merits offered by this pro-
posed alternative fabric to mitigate the projected increasing global
communication and multi-hop issues. The major contributions of this
chapter are as follows:

• A hybrid wire and surface-wave interconnects architecture utiliz-
ing the Zenneck surface-wave features is introduced to mitigate
global communication issues.

57
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• A distance-based weighted-random arbitration algorithm is pro-
posed that intelligently prioritizes surface wave channels over
metal wires in the case of global communication.

• Results show improvements in average delay (34%) and through-
put (35%) and power consumption (12 to 23%) over low cost in
terms of area overhead.

4.2 relevant work on cross-the-chip communications

4.2.1 Multi-hope Challenges and Wire-based Solutions

Despite the fact that NoC is far more scalable than the bus architecture,
the packets are required to travel via multi-segments of wires linked
by routers. To pass through these routers, in turn, packets need to
go through their pipeline which range from 2-4 cycles depending on
router’s micro-architecture. The travel from one router to another is
referred to as a hop. Moreover, the average-hop-count among nodes
is a metric that defines the NoC latency and performance, and it is
scaling with the number of routers for many NoC topologies such as
mesh.

To avoid this issue, Ogras et al. targeted application-specific net-
works by inserting shortcuts links on a mesh NoC based on studying
characteristics of application traffic [134]. This work was then devel-
oped further to target the small-world principle, which improves NoC

performance by inserting these long-range links. On the other hand,
Kumar et al. suggested to use express VCs to reduce the time to by-
pass routers [135]. A configurable NoC was also suggested to introduce
direct or long-range links by skipping intermediate routers. For in-
stance, the ReNoC includes a configurable layer between routers and
links that can be customized based on the application [136]. Moreover,
configurable multidrop express links have also been proposed [137].
However, all these novel architectures are limited not only by the extra
hardware they require but mainly by issues associated with wires
in terms of latency, bandwidth, and power dissipation (see Section
2.3.1.1). Therefore, other emerging interconnects have been introduced
to overcome these limitations.

4.2.2 Routing in Hybrid Architectures

Novel routing schemes are needed to forward traffic in hybrid archi-
tectures with a multilayer network, irregular topology and different
physical interconnect specifications. These routing schemes should aim
to maximise the utilization of the under-layer fabric while avoiding
deadlocks or hotspots. Wettin et al. developed routing algorithms for
irregular networks [138, 139, 140], which offer deadlock-free routing
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and alleviate hotspots, and some of them offer flexible routing based
on NoC status. However, these routing algorithms have relatively high
complexity and area overhead. For instance, both multiple-tree-roots
(MROOTs) and adaptive-layered-shortest-path (ALASH) algorithms
require a set of dedicated VCs.

Other studies have used routing tables in each router [18], which
offer reconfigurability to the NoC. However, these routing techniques
also involve extra area overheads for the routing tables that scale
exponentially as NoC size scales. Moreover, if the NoC needs to be
reconfigured, many cycles might be required to update all of the
distributed routing tables.

Therefore, for many state-of-the-art hybrid architectures, simple
turn models have been proposed to route packets via the wire-based
layer, which are usually connected as a mesh. Then to route packets
via the second NoC layer such as RF-I [82] and WiNoC [103, 94], a few
modifications or special routing schemes are used. These routing
schemes involve low area overheads to the router micro-architectures.
However, careful consideration is required with wormhole flow control
in order to avoid deadlocks, since the express links added to the wire-
based mesh might create cyclic dependency.

4.3 hybrid wire and surface-wave interconnect architec-
ture

Hybrid interconnect architectures that combine the shared medium
bus and the indirect network have been previously shown to have
limited scalability in performance-critical SoCs due to the limitations of
the wire-based bus layer [3]. Hybrid networks could retain many mer-
its of the buses such as the 1-to-M capability and reducing inter-node
average hop count while maintaining high interconnect scalability if a
high performance interconnect was adopted as the bus network layer
[3]. Therefore, the use of the SWI as a supplementary interconnect,
with the favourable merits is proposed here. This section presents
schemes to maximize the utilization of W-SWI for global cross the chip
communication.

4.3.1 Addressing Multi-hop Challenges Using W-SWI Architecture

The SWI has significant advantages over many other interconnect
technologies, as mentioned earlier. However, as with all RF-based
interconnects, it suffers from limitations in terms of shared media and
limited ranges of frequencies. These make it infeasible to completely
replace metal wire interconnects in the near future [141]. Moreover,
in terms of wire-based interconnects, local communication seems to
scale well with technology scaling unlike global communication [7].
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Figure 4.1: Example showing that inserting two SWI channels in the proposed
hybrid wire-SWI multilayer-network increases the overall NoC
bisection bandwidth: (a) conventional on-chip network layer with
4-ary 2-mesh topology; (b) connections of both layers, metal wire
and SWI.

In addition, this type of interconnect has the cheapest implementation
cost compared to other fabrics.

Therefore, we argue that the best solution would be to combine
both metal and surface-wave interconnect in hybrid wire-SW inter-
connects to create a multi-layered network architecture; in this thesis
it will be referred to as W-SWI, as shown in Fig. 4.1. The first layer
is a regular mesh topology, which is preferable for general purpose
interconnects. The second layer is the surface wave bus topology. Thus,
this architecture offers a natural fanout feature, which is lost when
the interconnects system changes from the bus to the NoC. Moreover,
it substantially increases the network bisection by Nm(N− 1), where
N is the NoC size and Nm is the number of number of nodes with
transmission capability via SWI channels. Therefore, the reliability of
the overall system is improved by increasing the network bisection,
which makes it more robust to any type of failure that may isolate
part of the NoC.

In addition, it can be seen that the extra links bring the NoC closer
to achieving the small-world phenomena [142] where every node
have access to other nodes in one hop. Fig. 4.2 shows the effect of
introducing and increasing Nm on the average and maximum hop
count assuming minimum rout. Clearly, even small number of Nm has
significant effect on closing the gap between the resulted topology and
small world. As a result, even small number of SWI would increase the
NoC capacity to higher PIR.

In order to preserve the fanout feature, all the routers in the NoC are
designed to receive information through SWI. On the other hand, if all
the nodes have transmission capability, this will increase connectivity.
However, this would increase the contention on the SWI layer as the
NoC size increases. In addition, multicast communication and global
communication are relatively low but with a dramatic effect on NoCs

performance, as mentioned will be discussed in the next chapters.
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Figure 4.2: Closing the gap towards small world phenomena in a 10×10 NoC
as the number of nodes with transmission capability via SWI (Nm)
increased.

Moreover, as mentioned earlier small number of Nm will have signif-
icant topological advantage in terms of hop count. Therefore, fewer
nodes are selected to have the transmission capability to reduce the
circuit overhead and comply with the available frequency bandwidth.
These nodes will be referred to as masters, while the rest are referred
to as slaves. These slaves can only receive data but they may transmit
some control signals, see chapters 5 and 6.

Masters can be distributed based on many targets such as minimiz-
ing the maximum-hop-counts in the NoC or average distance between
the nodes [143]. Moreover, master locations could be determined using
optimization algorithms for general or specific application patterns to
achieve optimum performance and/or power consumption [144, 145].
However, in this work, masters are distributed so that the average hop
count (Manhattan distance) from all slaves to the nearest master is at
a minimum. This placement of the master nodes reduces the average
hop count of packets via the costly wires and routers in the network. In
addition, it would allow each master to be the centre of a sub-network
region. As a result, the masters would be accessible with minimum
hop count via wires and routers for critical traffic such as the 1-to-M
or global communication, thus mitigating their impact, which is the
target of this thesis. In this study, The master placements calculations
have been determined using simple simulated-annealing optimization
algorithm targeting lowest average-hop-count from all slaves to the
nearest master. Fig. 4.3 shows an example of such placement of 4

masters in 6× 4 NoC.
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Figure 4.3: Example of 4 master placement in a 6×4 NoC based on simple
simulated- annealing optimization algorithm with target to mini-
mize the average-hop-count from all slaves to the nearest master.

In this thesis SCC [5] is adopted as the baseline architecture (Baseline-
Arch). This chip is designed for performance critical multicore pro-
cessor, which makes it optimum for this work aim. However, a sixth
port needs to be added to the router with all related control circuits.
Also, a crossbar switch size needs to be adjusted according to the
newly added port. This port is linked to a transceiver with either
transceiver (Tx/Rx) capability or just receiver (Rx). The tile specifica-
tions and parameters, which are used in all the thesis simulations and
results sections, are shown in Table 4.1.

4.3.2 Routing scheme

Wormhole flow control is used in the hybrid W-SWI architecture be-
cause of its low latency and small routers buffer size required com-
pared to other cut-through switching [51, 3]. As mentioned earlier,
in hybrid architectures with two interconnects fabrics used, decision
problems rise to route the packet via this irregular NoC topology
and non-uniform interconnects fabrics. This routing decision problem
should aim to utilize the under-layer interconnects physical fabric
while avoiding creating hotspots or deadlocks.

In this thesis, for router micro-architecture simplicity, an odd-even
turn model routing is being used for routing in the Mesh [55]. This
turn model has been chosen due to its high path diversity compared
to other turn models routing algorithms. In order to utilize the SWI

express links without creating hotspots on master nodes, there are no
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Table 4.1: The adopted parameters of the NoC based multi-processor chip (
consists of 6× 4 tiles).

Each Tile consists of

IP components NoC components

Two Pentium™
class IA-32 cores

Message
passing
router

4-port to neighbour routers, 1-
port to local cores and 1-port for
the SWI

6 buffers each with 3-flit depth
and 16 Byte width

Two 256 KB private
L2 caches

Links 5 bidirectional wire interconnects
(16 Byte width)

1 surface wave channel (Rx or
Tx/Rx)

Tile dimension 3.6× 5.2mm2

predetermination, static or dynamic, for packets to be routed via SWI

for one-to-one communication and avoid deadlocks. The following
routing rules are suggested:

• Rule 1: Packet passing via master node may transfer via SWI inter-
connects since there are no predetermination, static or dynamic,
for packets to be routed via SWI for 1-to-1 communication.

• Rule 2: Packets are not allowed to be routed again via the Mesh
and should be drained directly in the local PE.

These rules can be demonstrated in the example in Fig 4.4. The
first rule aims to avoid creating hotspots and congestion in SWI links.
Moreover, Section 4.3.3 tries to prioritize the use of SWI by directing
global communication via SWI and therefore increase its utilization. On
the other hand, since the odd-even routing via the mesh is deadlock
free, the only remaining concern is cycle dependency due to routing
via the NoC second layer, which is the SWI. The second rule guarantees
a unicast deadlock free routing in the proposed hybrid architecture.
This theory can be proved by contradiction. Assume packets are creat-
ing a resource cycle dependency that include one packet that is routed
through SWI. Since this packet is directed to the destination node only
where it should be drained locally, then it cannot be waiting for any
other packets that aim to travel via the mesh layer. This would break
any possible cycle dependency and therefore prevent any deadlock
scenario.

4.3.3 Distance-based Weighted-round-robin Arbitration (DWA) Algorithm

This algorithm aims to maximize the gain of the proposed hybrid
architecture while avoiding creating a bottleneck. It can be described



4.3 hybrid wire and surface-wave interconnect architecture 64
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Figure 4.4: An illustration example showing the master node routing deci-
sion, which is either forwarding the traffic via SWI or continue
via regular Mesh.

as following: First, the possible set of paths for each propagating flit
is given by a routing algorithm in each router. Second, a selection
operation is carried out by the arbitration algorithm based on the
calculated weight (W). The proposed Distance-based weighted-round-
robin arbitration (DWA) algorithm takes into consideration the distance
between the current router and the destination router before selecting
surface wave channel as this would increase the power saving and/or
enhance network performance (throughput and delay). Therefore, the
DWA algorithm (see Algorithm.4.1) is used to give a higher priority to
the surface wave channel as the distance increases. Moreover, based
on our power analysis presented in Section 4.4.2, we found that if
the destination is at close proximity of less than 2 hops then the
power cost of the SWI will exceed the power cost of metal links and
routers (assuming not loaded path). Figure 4.5 compares the power
consumption per distance of SWI and regular wire with repeaters. The
DWA should keep the SWI likely available for the flits need to travel
long distances (in terms of hop counts) and increase power saving in
the NoCs.

This algorithm assigns zero weight (W0) for a distance of one hop
and certain start up weight (W1) for 2 hops and increases weight
linearly until it gives the maximum weight (100%) for the maximum
possible distance (i.e., in case of mesh NoC this distance will be equal
to half the NoC diameter).
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Figure 4.5: Energy dissipation per bit according to on-chip communication
distance for buffered wire [22] and SWI.

Algorithm 4.1 Distance based weighted random arbitration algo-
rithm(DWA).

1: Input: NoC Dimension in direction X (X), NoC Dimension in

direction Y (Y), distance in hops (d) , P = set of possible Output

port from a routing algorithm.

2: Output: Chosen output port

3: if (d > 1) then

4: W = ( W1

(X + Y) −2 × (d − 2)) + (100 −W1)

5: else

6: W =W0;

7: end ifCircular Shift Right(W);

8: if (W[LSB] == 0) then

9: Return : Surface wave channel;

10: else

11: Return : C,where C ∈ P;

12: end if
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To implement the proposed DWA algorithm, we can use a circular-
shift-register (CSR) to hold a code that will represent W, see Fig.4.6.
This weight is calculated and stored in each master node in advance,
such as design time or at NoC configuring time. For example, to give
SWI a weight of 70% (metal wire weight is 30%) we can store the code
(0010010010) in CSR, where if the value of the least significant bit least
significant bit (LSB) is (0), it will forward only SWI signal generated
from the used routing algorithm. Otherwise, if LSB value is (1), it
will forward the signals of the regular ports linked to metal wires.
The CSR will be shifted after each access. This is to do with how the
Round-robin algorithm works. The decoded flit destination node is
the address where the right weight word stored in CSR is accessed. Flit
destination is also used as the selector for the multiplexer (see Fig.4.6).
The size of CSR is proportional to the weight precision required. On the
other hand, the number of CSR is equal to (N-1), where N is the total
number of nodes in the NoC. The circuit drawn in solid line in Fig.4.6
is the additional hardware required to implement our proposed DWA.
Moreover, this hardware is required only if the router is situated in a
master node. Thus the power and area over head is almost negligible,
see section 4.4.3 and 4.4.2.

Figure 4.6: DWA implementation, where CSR provide the round robin func-
tionality and store the weight code.

4.4 system level evaluation and discussion

This section presents results obtained from our cycle-accurate NoC

simulator which was built by modifying the existing Noxim simulator
[121] for the W-SWI and the baseline architecture of regular mesh; in
short Mesh. The Mesh in this chapter refers to a wire-based mesh NoC.
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Table 4.2: Scaling of number of SWI channels as the NoC scale based on the
assumption that the CMOS technology has scaled.

CMOS technology (nm) 45 32 22 16

Max. carrier Frequency
(GHz) [82]

592 768 944 1136

NoC size 6×4 8×8 10×10 12×12

SWI channels 4 5 6 8

In this thesis, the Intel SCC [5] is adopted as the baseline architecture, as
shown in Table 4.1. This chip is designed for performance critical CMPs,
which makes it optimal for the purpose of this study. The number
of master nodes is based on the available frequency range for 45nm,
which was estimated to be five channels. However, this frequency
range is scaling with technology [18, 82], see Table 4.2. As a result,
the number of master nodes was increased when simulating larger
NoCs, assuming that the technology will have been scaled, too. Packet
sizes 12 flits were chosen as an example to demonstrate the behaviour
of the proposed architecture under wormhole-switching flow control.
Fig. 4.7 presents a flowchart for the procedure and tools, or models,
used to conduct the experimental evaluation in this chapter.

Figure 4.7: The conducted system-level evaluation flowchart shows the
methodology and tools used to obtain the results.

The simulation was conducted with synthetic traffics, which are:
(1) Random, where packets are transmitted randomly with uniform
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Figure 4.8: 6× 4 Network average delay verses PIR for W-SWI and baseline
architecture.

probability to other nodes; (2) Hotspot, which is the same as the
random but with specific nodes called hotspots, four in this case
which are either at the edge of the NoC (Hotspot1) or the centre
(Hotspot2), with higher probability of traffic dispatched to them; (3)
Transpose, where a node sends a packet to anther node that has its
address transposed; (4)Butterfly, the destination address swapping the
MSB with the LSB of the source; (5) Shuffle, rotate the address one
bit; (6) Bitreversal, the destination address is swapping all bits of the
source address.

4.4.1 Performance Evaluation

This section presents results obtained from the cycle accurate NoC

simulator for the hybrid architecture and compares it with the baseline
architecture. The DWA algorithm, proposed in section 4.3.3, was used
in route selection for master nodes.

Results had shown significant improvements in performance in
terms of average delay. For instance, Fig.4.8 shows less average delay
for hybrid architecture over the baseline architecture. This is simply
due to the fact that some packets no longer need to travel through
routers and costly wire links if they use the SWI highway to reach its
destination in one hop. Also, these extra channels are enabling the
NoC to handle higher throughput rates than the baseline architecture
as shown in Fig.4.9. Table 4.3 shows the use of hybrid interconnect
improvement rate over the baseline architecture for different types of
traffic. These statistics are taken with limiting the average delay to
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Figure 4.9: 6× 4 Network throughput verses PIR for W-SWI and baseline
architecture.

double the zero-load-latency time [51], which represents the edge of
NoC saturation point for fair comparison. The average improvement
for PIR and the average throughput is 35% and 34% over the baseline
architecture, respectively.

Moreover, to test the proposed architecture on real application
benchmarks, we adopted three different size tests used in [146]. These
benchmarks are mapped to NoC platforms with the aim of reducing
the overall communication energy. Table 4.4 presents the performance
improvement gained using the proposed architecture compared to
the baseline architecture after running the simulation for 1,000,000

cycles using these benchmarks. The results are consistent with syn-
thetic traffic presented earlier. Moreover, results are shown that as the
NoC size increases the global communication issues grow, thus the
hybrid wire-SWI architecture has better performance improvements.
On the other hand, the energy-aware mapping used to map the appli-
cation characterization graph of the benchmarks aims to place traffic
hotspots near each other. This explains why the gained throughput
improvement is less significant than the ones attained with the syn-
thetic traffics. However, mapping traffic hotspots in a close proximity
is not always possible if bigger and more complex benchmarks are
considered. Therefore, the global communication issue will continue
to worry the designer and the proposed hybrid architecture is a very
promising approach to tackle it.
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Table 4.3: W-SWI PIR and throughput improvement over Mesh at the edge
of network saturation where latency reach double the ZLL.

Traffic Mesh W-SWI Improvements

Random PIR 0.005 0.0073 46.0%
throughput 0.062 0.089 45.0%

Transpose PIR 0.0055 0.0081 47.3%
throughput 0.068 0.098 43.8%

Butterfly PIR 0.008 0.0096 20.0%
throughput 0.098 0.116 19.1%

Shuffle PIR 0.0075 0.009 20.0%
throughput 0.092 0.109 19.2%

Hotspot1 PIR 0.0044 0.006 36.4%
throughput 0.054 0.074 36.0%

Hotspot2 PIR 0.0045 0.0061 35.6%
throughput 0.055 0.075 35.3%

Bittrreversal PIR 0.0062 0.0088 41.9%
throughput 0.076 0.107 40.0%

Table 4.4: W-SWI average delay and throughput improvement over Mesh for
a range of applications

Benchmark No. of tasks NoC size Improvement (%)
(Tile) Average

delay
Throughput

AMI49 49 7 x 7 45.5 19.3

AMI25 25 5 x 5 45.3 7.8

TELE 16 4 x 4 33.1 4.5

4.4.2 Power Consumption

This section demonstrates results of the other projected major issue
in global communication which is the increasing overall power con-
sumption of interconnects system. The router’s static and dynamic
power is calculated using the Orion 2.0 [147, 122] model, and power
dissipation for wire links is calculated for the x (3.6mm) and the y
(5.2mm) directions. The modelled baseline router power has been
calibrated to match the reported power measurement of the imple-
mented NoC [5]. The transceiver (Tx/Rx) power consumption projection
[18, 82, 101] is used (24mW per sub-channel). SWI power dissipation
is also modulated based on the analytical model derived earlier in sec-
tion 3.3.2. In addition, the DWA algorithm was designed using Verilog
and then synthesized using Synopsys Design Compiler and mapped



4.4 system level evaluation and discussion 71

onto the PDK 45nm technology library to calculate its dynamic power
(6.97mW) and leakage power (21.95µW). Then all these values are
used in Noxim to calculate the total power consumption of the overall
network, as shown in Fig. 4.7.

Figure 4.10: Comparison between W-SWI with DWA algorithm and with
basic Round-robin (RR) Communication power saving ratio to
the Mesh for different network size and traffic scenarios.

Fig.4.10 shows the power consumption saving ratio for the proposed
hybrid architecture over the power consumption of the baseline archi-
tecture for different NoC sizes and synthetic traffic. It also compares
between the proposed architecture when DWA algorithm used as a
selection function with the same architecture when RR is used. It obvi-
ously demonstrates reductions in NoC power consumption by 12-23%,
which is up to 6% enhancement over RR due to the DWA algorithm
utilizing the proposed fabric more effectively. Moreover, it shows
that as the NoC size increases for most cases the power saving ratio
is increased due to the increasing distances between nodes, which
increases the global communication problem. These findings prove
that SWI has remarkable potential in mitigating the growing global
communication issue.

4.4.3 Area Estimation

It is essential to evaluate chip area overheads for the extra on-chip
circuits required for our architecture. Firstly, for transceivers we as-
sume that the active area calculated in [18, 82, 101] is the only part
scaled down when we move to 45nm technology, while the passive
part remains almost the same since they are proportional to the chan-
nels’ operational frequency range. Therefore, the projected transmitter
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Table 4.5: Area overhead consideration for the proposed Architecture com-
paring to related Architectures. Noticed that some component are
needed only in the Master nodes

NoC component Area per item (mm2) for 45nm technology

Item No. of
items

Mesh W-SWI (pro-
posed)

RF-I with
transmission
line (TL)

Router 24 1.0853 1.5124 1.5124

Transmitter 6 - 0.1558 0.1558

Receiver 24 - 0.0083 0.0083

DWA 6 - 0.0044 0.0044

TL Link 1 - - 0.7608

Wire Link 1 13.653 13.653 13.653

Total extra area over
Mesh (all compo-
nents × their num-
bers)

- 13.011 13.772

Total die
area(mm2)

567.1

NoC area (%) 7 9.01 9.15

area is (4870µm2) per sub-channel, while the projected receiver area
is (260µm2) per sub-channel (the active area is proportional to the
square of the scaling factor [148]). Secondly, the extra router port
(buffer, crossbar and related circuits) area is calculated using the Orion
2.0 [147, 122] model to be (0.427mm2). The modelled baseline router
area is a 6% less than the reported implemented router area [5], which
is acceptable for the purpose of comparison evaluation in this study.
In addition, the DWA algorithm was designed using Verilog and then
synthesized using Synopsys Design Compiler and mapped onto the
PDK 45nm technology library to calculate its area. On the other hand,
the value of RF-I transmission line considered to be routed through the
chip (NoC size 6×4) as (U) shape passing through all nodes to calculate
its length[18, 82]. In addition, a transmission line with a pitch of 12µm
is considered in calculations of the link area overhead.

Table 4.5 shows area considerations for the baseline architecture,
proposed SWI hybrid architecture and transmission line RF-I. Obviously,
most of the extra area overhead for the W-SWI (2%) is due to the 6th
router port and the increased size of the crossbar. Moreover, W-SWI

offers a better area-performance trade-off compared RF-I transmission
lines that offer the same connectivity [18], since transmission lines
need to be implemented through the chip. Therefore, W-SWI actually
saves the area that is needed by transmission lines in high metal layer.
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4.5 summary and conclusion

This chapter aims to explore potential scalable global communication
features offered by the proposed hybrid wire-SWI architecture for on-
chip interconnect, while maintaining a competitive area/performance
trade-off. Zenneck surface wave low power dissipation and high signal
propagation speed might allow significant advantage to address the
global communication issues that are projected to scale up as the
technology scales down. Therefore, SWI has been adopted for global
communications, while enabling the regular wire to serve local and
unicast communication. This has been accomplished considering these
goals in two levels, the under-layer physical interconnects and the
NoC multilayer topology. Moreover, simple DWA arbitration algorithms
are developed that smartly and efficiently utilize the proposed archi-
tecture. Implementation considerations for this extra circuitry have
been discussed. Results show significant improvements in terms of the
average delay, throughput and power consumption without any topol-
ogy optimization algorithm or task mapping. All that while having
relatively small die area penalty comparing to the related work. As a
result, the proposed architecture enabled by SWI has promising poten-
tial for future on-chip 1-to-1 global communication. The next chapter
will investigate the potential of the proposed W-SWI architecture under
one-to-many communication patterns.



5
W I R E A N D S U R FA C E - WAV E A R C H I T E C T U R E W I T H
C E N T R A L I Z E D C O N T R O L F O R M U LT I C A S T

5.1 introduction and motivation

As mentioned earlier, due to growing market demands, a growing
burden on the NoC increasing significantly in terms of performance
and power consumption scalability. This is especially true for CMPs,
which have been introduced to provide near linear performance when
complexity increases while maintaining lower power and frequency
budgets [11]. This goal can be achieved by adopting the approach
where many simple cores used instead of focusing on increasing single
or multi-cores complexity [11]. Consequently, we are approaching a
many-core era where the number of cores is expected to increase
rapidly. Thus, a good utilization of such many-core architecture is
becoming a crucial challenge.

The performance and power consumption of CMPs depend on both
interconnect fabric and cache coherence protocols. These protocols
rely heavily on an underlying communication fabric to provide one-
to-many (1-to-M) communication. These protocols inject non-trivial
percentages of 1-to-M packets [16, 15]. Moreover, some applications
that are optimum for NoC-based CMPs, such as SNN modelling, inject
high percentages of multicast traffic up to 100% into the NoC [116].

In the literature, NoCs conventionally treat 1-to-M traffic patterns
as repeated unicast traffic, which is referred to as software multicast
[3]. This basic handling of multicast by retransmitting the same data
will increase power consumption and congestion. As a result, NoC
performance is inversely proportional to the increase in the 1-to-M
ratio, and even small ratios of multicast (1-to-M) or broadcast (1-to-
all) will have severe effects on NoCs such as high latency and fast
NoC saturation, see Fig. 5.1b. Therefore, NoCs designed for CMPs are
expected to support multicast as well as unicast to meet applications
demands.

Many studies have proposed wire-based NoC schemes that sup-
port 1-to-M communication. However, these studies struggle to match
wire-latency and/or wire-energy [16, 15]. Nonetheless, these regular
wire interconnects, which transmit the signal by charging/discharging
the whole regular RC wire, find it difficult to maintain performance
benefits in terms of latency and energy for even unicast global com-
munication [7, 8]. Thus, these on-chip multicast schemes will not be
sufficient in the near future. As a result, many researchers are looking
for alternative communication fabrics, such as RF-based interconnects

74
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[24, 18, 19, 22] and optical interconnects [27, 28]. However, although
such interconnects seem promising, they might not be the ideal so-
lution due to their complexity, incompatibility, power consumption
and/or area overheads [7]. As mentioned earlier, The Zenneck surface
wave [106, 105] is an emerging on-chip interconnect technology which
is exploited in this chapter to mitigate 1-to-M communication issues.
The major contributions of this chapter are as follows:

• To propose a fair and deadlock free arbitration and routing
mechanisms for 1-to-M traffic that efficiently address multicast
traffic and maximize W-SWI utilization. In particular, design the
centralized arbitration techniques, that allow the concurrent uti-
lization of many resources with relatively low circuit complexity
and delay.

• To evaluate rigorously the W-SWI for both synthetic traffic and
real application benchmarks. This proposed architecture is found
to surpass the previous work by achieving improvements (∼ 22x)
in average delay, (∼2− 10x) in power consumption and attaining
a reliable quality of service. Moreover, additional hardware cost
of the W-SWI is found to be relatively insignificant.

5.1.1 Motivation

In literature, NoC conventionally treat 1-to-M traffic patterns as re-
peated unicast traffic (software multicast) [3]. This basic handling will
have a dramatic effect on the NoC, for the following reasons:

1. 1-to-M increases congestion on the source node of this traffic
(router, network interface and links) and thus creates bottlenecks.

2. It causes a poor QoS due to the queueing of repeated unicast
packets on the same communication fabric. Thus, it is difficult
to provide guaranteed service.

3. Power consumption is increased due to retransmitting the same
data, but to different destinations.

As a result, even small percentage of 1-to-M traffic will have severe
affects on NoC performance and cost , as shown in Fig.5.1b.

Cache coherence protocols depend on a range of 1-to-M communi-
cation patterns such as multicasting invalidation requests (directory-
based protocols) and broadcasting ordering tokens (broadcast-based
protocols) [15, 16]. Cache coherence broadcast-based protocols (such as
token coherence) offer less hardware overheads than directory storage
that scales with number of cores, and low latency unlike other cache
coherence protocols [16, 149]. However, in these protocols the ratio
of broadcasting (a special case of 1-to-M) to the total PIR is considered
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Figure 5.1: (a) The non-trivial 1-to-M traffic percentage according to the sim-
ulation of a range of CMP benchmark applications (from PARSEC
and SPLASH2) with MESI cache coherence protocol; (b) our 6× 6
regular mesh NoC simulations with random traffic plus random
traffic with a small percentage of multicast or broadcast (5%).
The introduction of multicast or broadcast leads to severe de-
terioration in performance in terms of latency and saturation
PIR.

to be very high (5% to 52.4% [16, 15]). For instance, Fig. 5.1a shows
multicast ratios for a set of standard benchmark applications from
PARSEC [150] and SPLASH2 [151]. All these benchmark applications
were running with the MESI cache coherence protocol.

This could be catastrophic for global coherence unless the intercon-
nect fabric supports the 1-to-M communication. Therefore, the trend
in cache coherence protocols design is to mitigate (because they are
unable to eliminate) 1-to-M communication. For example, the multicast
injection ratio ranges from 3.1% to 12.4% [15]. As a result, broadcast-
based protocols, or any other promising solutions that require high ra-
tio of 1-to-M and/or large multicasting destination groups, are avoided.
This study attempts to eliminate these constraints and improve perfor-
mance by proposing an interconnect architecture using the emerging
surface wave technology.

Moreover, the NoC-based CMP has been found to be naturally suited
for applications such as SNN modelling since SNN requires high pro-
cessing and communication parallelism [152]. These networks have
potential in many applications, such as mimicking mammalian brains
to solve complex intelligent tasks and medical applications such as to
replace damaged brain cells. The key aspect of this type of SNN is the
real-time performance of the communication architecture because they
depend on to match the behaviour of biological neurons. Moreover, a
scalable architecture with low power and area budgets is also a vital
feature for future spiking-neural-networks (SNNs). These requirements
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represent a challenge even with full custom designs [153], since the
multicast rate in such networks may reach 100% with high graph
density.

Most previous studies have suggested tree-based, see Section.5.2.1,
area/power hungry look-up tables for SNN [116, 152]. Some promising
architectures leverage the communication nature of SNNs by propos-
ing hierarchical NoCs that support local and global interconnects in
different interconnect layers [153]. However, these are still limited
by global wire/router fabric latency. Thus, this study proposes an
upper global interconnect layer that overcomes these issues, which
other custom (or general-purpose) NoC-based CMP architectures and
schemes struggle to cope with.

5.2 related work in current and emerging interconnects

for multicast

In this section a trend in wire-based multicast routing and architec-
tures will be outlined and reviewed, which will raise the need for
new emerging interconnects. Thus, the fanout feature of promising
emerging interconnects will be discussed. In addition, examples of
state-of-the-arts interconnects architectures that support multicast and
enabled by these emerging interconnects are going to be reviewed.

5.2.1 Wire-based Multicast Routing and Architectures

Previous studies in 1-to-M on-chip communication have tried to solve
the challenges of basic software-multicast routing by altering the
interconnect fabric hardware and/or introducing multicast routing
algorithms. These studies can be divided into path-based and tree-
based schemes. Firstly, in a path-based scheme, a 1-to-M packet is
submitted to members of a multicast group sequentially following one
path and dropping a copy at each destination node [154], as shown
in Fig. 5.2a. This method provides a non-trivial saving in energy and
less load on the interconnect fabric, since it propagates one packet,
compared to a software multicast. However, it offers varying and
very significant delivery latency, especially in broadcast scenarios.
Moreover, careful consideration might be needed to avoid creating a
deadlock scenario due to the packet worm non-minimal path.

Secondly, in tree-based schemes, 1-to-M traffic is propagated in a
tree route embedded in the network that branches only at the disjoint
points in the path [16, 15], as shown in Fig. 5.2b. This alleviates traffic
load near the source and reduces energy consumption by allowing the
1-to-M traffic to be duplicated only when it has to fork. However, there
are few issues facing tree-based routing. The first issue with tree-based
routing is the multicast dependency that occurs sometimes between
two or more 1-to-M wormhole traffic requesting simultaneously the
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(a) Path-based (b) Tree-based

Figure 5.2: Demonstration of different 1-to-M routing schemes: (a) path-
based delivers packets sequentially in a worm-like route 5.2a, (b)
Tree-based delivers the packets in a tree-like route [16, 15].

input port
output port

(1,2) (2,2) (3,2)

(1,1) (2,1) (3,1)

Packet A

Packet B

Figure 5.3: Illustration example of multicast dependency that causes dead-
lock in tree-based multicast routing [156].

same output ports, as shown in Fig. 5.3. Therefore, these tree-based
routing algorithms are limited to packet switching [15]. Nonetheless, a
novel tree-based multicast routing for wormhole flow-control has been
proposed [155, 156]. Such deadlock-free multicast routing algorithms
avoid the multicast dependency by dynamically, locally, and virtually
allocating each port based on a flow tag. However, this would require
non-trivial complex control circuits and reservation tables to interleave
flows flit by flit. In addition, it is limited to routers where their micro-
architectures consist of distributed routing and arbitration units over
each output port.

On the other hand, although tree-based routing reduces congestion
near the traffic source, the second issue with tree-based routing is
duplicating the packets in intermediate nodes. This way a packet
is forward to disjoint destination(s), which adds non-trivial power
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consumption. To handle this issue and balance between the path-
based and tree-based routing, a set of mixed tree-path-based routing
algorithms has been proposed [157, 158, 154]. These methods are
either deterministic [154] or partially adaptive [157, 158] routing algo-
rithms. In this type of multicast routing algorithms, the destinations
are divided into subsets based on their location. Then the packets are
duplicated only in the source node (the tree root) so that each copy is
forwarded in a path-based style to each sub-group of multicast des-
tinations. Nonetheless, the path-based avoids deadlock by following
a Hamiltonian path to visit each destination. However, the packets
are still duplicated up to four times and routed in some cases via
non-minimal path. Therefore, it still suffers from performance and
power consumption issues. Moreover, this multicast handling does not
fully address the challenging issues of the regular metal-based NoCs,
since it mitigates but does not eliminate the wire issues, excessive extra
load, and hotspots that reflect significantly on network performance
and power consumption [159].

5.2.2 Optical interconnects

The interconnect infrastructure should support 1-to-M communication
to cope with future many-core requirements, as mentioned earlier.
Therefore, although the optical-interconnects does not offer a natural
fanout feature, many studies have proposed optical interconnect ar-
chitectures for multicast. These studies either suggest free-space or
waveguided optical interconnects. The free-space optical interconnect
directs the signal using chip surface devices such as micro-lenses,
micro-mirrors, diffractive optical elements (DOEs), laser sources and
photo-detectors (PDs) [75, 28]. However, only a few studies have in-
vestigated the option of optical free-space for clock distribution, but
not for data multicast [28].

On the other hand, waveguided optical interconnects have been
thoroughly investigated and many state-of-the-art architectures have
been proposed. These vary in topology and the on-chip devices that
support them. For example, the tree-topology requires splitters and
combiners to fork and join the optical signals [160], as shown in
Fig. 5.4a. Another example is a bus-based topology that utilizes
wavelength-division-multiplexing (WDM) and then uses a bank of
microring modulators, which can be configured to listen to a selected
channel [29], as shown in Fig. 5.4b. However, all these architectures
have limited fanout capability because the optical signal would decay
significantly after each forking or partial drop of the signal to a receiver
node [29, 160]. The number of nodes that can receive the signal depend
on the signal power budget, which is considered to be relatively high.
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(a) optical tree-based multicast [160] (b) optical path-based multicast [29]

Figure 5.4: Optical-based interconnect architecture examples that support
op-chip multicast.
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Figure 5.5: Examples of multicast clustering in WiNoC-based interconnects
architectures.

5.2.3 Wireless Interconnects

In contrast to optical interconnects, the WiNoCs have natural scalable
fanout capability, which makes them preferable for multicast-enabled
interconnect architectures. As a result, many studies have suggested
the WiNoC for CMPs with multicast requirements [23, 103, 161]. How-
ever, the WiNoC fanout capability depends on the antenna radiation
pattern and coverage distance, which are up to 23mm [22]. This is
due to high power dissipation of the RF signals when they propagate
in free space, which leads to a low coverage distance to power ratio.
Therefore, the transceiver power amplifier and the antenna design
should take into consideration the required distance and the direc-
tions of the destinations. For instance, some studies propose run-time
tunable transmitting power based on the required destination [93].
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In terms of connectivity, most researchers have suggested a virtually
1-to-all connectivity for each RF-transmitter node in the wireless inter-
connect layer [81, 23]. This does not mean that all the nodes are able
to communicate with all other nodes simultaneously. However, these
RF-transmitter nodes are competing over the shared media. Therefore,
contention issues are a main challenge for such architectures and
especially when facing the dramatic scalability of NoC size [23]. The
other type of multicast architecture depend on NoC clustering, where
each cluster, either statically or dynamically, would be listening for a
specific carrier frequency [161, 103], as shown in Fig. 5.5. Thus, this
clustering should mitigate contention, but would increase reconfig-
urability and routing complexity. Moreover, this approach limits the
crucial fanout capability to a subset of the nodes.

5.2.4 Transmission Lines

Although the RF-I has a low ratio of power dissipation to signal prop-
agation distance, RF-I-based multicast architectures face several chal-
lenges. For instance, RF-I tree-topology forking requires stubs, which
means an impedance discontinuity. Therefore, a careful matching cir-
cuit design is required at the end of each stub [1]. This would increase
design complexity especially if the stubs lengths and distribution of
forking points are non-uniform.

Therefore, to avoid using a tree of TLs, many designs have proposed
a worm or cycle layout of this thick wires to pass through all the
nodes, as shown in Fig. 5.6. This layout involves further challenges
such as adding nontrivial area overheads, signal decay and signal
latency. Firstly, in terms of area overhead, the signal distribution in
RF-I is limited to the nodes that transmission lines pass by them. As a
result, the worm or cycle layout of these thick wires should go through
almost every tile in the chip [82, 18, 19]. This might add nontrivial
area overheads and on-chip routing issues because the pitch of TLs

(width and spacing) is relatively large. Secondly, this layout might
mitigate but not eliminate the impedance discontinuity unless careful
matching circuit is introduced. Therefore, multicasting the signal to
many destinations is not scalable because, with each drop point, the
signal decay, latency and signal reflections are increased unless careful
matching circuits are designed [21, 1].

5.2.5 SWI Fanout Feature

Unlike all the already mentioned emerging interconnects, SWI intercon-
nect offers natural efficient fanout features. For instance, the E-field
decay rate in SW from the source horizontally along the boundary
should be around (1/

√
d), as mentioned in chapter 3. On the other

hand, vertically, the decay is exponential away from the boundary.
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(a) (b)

Figure 5.6: Examples of some RF-I multicast architectures [18, 19].

This allows less power dissipation for far larger coverage areas than
the regular WiNoC since they for the same SNR propagate the signal up
to 10cm [35], 23mm [22, 94], respectively. This is due to the fact that RF

wireless signals are dissipated via antennas and free space. However,
both WiNoC and the SWI signals transmit in all directions (over the
surface for the SWI) at a speed close to the speed of light if we assume
the WiNoC antenna radiation pattern is circular 360o. Thus, SWI can
fanout the signal across the chip in one clock cycle with competitive
levels of power consumption and circuit complexity compared to other
emerging interconnects [35].

However, like wireless, there are two cases in SWI multi-receiver of
the signl: The first when they are on different angle from the source,
then the transducer, similar to the antenna in wireless, would receive
the electromagnetic signal without effecting each other. The second
case is when they are on the same or close angle of the source. Then
each transducer would absorb part of the signal power. Thus, fan-
out is limited by the transmission power if the receivers within the
same direction. However, the impedances will remain the same since
every transducer that has been designed to match the impedance
of the surface will absorb/receive part of the electrical-field and the
magmatic-field (the ratio between them remain the same) and waveg-
uide surface characteristics that define the impedance remain the same.
As a result, SWI does not suffer from the same discontinuity like the
transmission-lines with stubs. Therefore, SWI may be the favoured
supplementary interconnect for future CMPs that depend highly on
1-to-M.



5.3 w-swi multicast routing scheme 83

5.3 w-swi multicast routing scheme

Multicast traffic benefits from the characteristics of the SWI, but a smart
routing technique is required to direct and deliver multicast traffic to
its final destinations and to maximise the benefits at minimum cost.
In this thesis, the 1-to-M routing for the proposed architecture is an
improved tree-based scheme where the embedded tree path forks at
one point; specifically, the nearest master. Therefore, the maximum
degree of routing graph is up to (N− 1); thus, the need for the SW

fanout feature. The nearest master then delivers concurrently the flit
to all the addressed leaves (slaves) in one hop via SWI as illustrated
in Fig. 5.7. This is accomplished by adding the following rules to the
routing rules (Rule 1 and Rule 2) presented in Section 4.3.2:

• Rule 3: Direct all the 1-to-M traffic to the nearest master using any
deadlock-free routing algorithm.

• Rule 4: If the master is part of the multicast group, the packet
cannot request or allocate the router local port until it has used
and released the output port linked to SWI.

These rules provide higher efficiency in handling 1-to-M traffic and
avoiding deadlock, for the following reasons. Firstly, by Rule 3, each
node simply needs to direct the 1-to-M traffic to the nearest master
using any simple deadlock-free routing algorithm. For instance, as
mentioned in section 4.3.2, a simple partially adaptive algorithm such
as the odd-even could be adopted since it offers more path diversity
than other turn model routing schemes [55]. Hence, there is no need
for extra circuitry or complicated algorithms to build the multicast
tree path and to determine the forking points. Moreover, this routing
scheme allows the tree to have only one forking point (the nearest
master), and due to the fanout feature of the SWI, packets will be
replicated only at the destination routers. This will reduce power
consumption by eliminating the need for duplicated traffic to travel
through costly (power hungry and already loaded) intermediate wires
and routers.

Secondly, by adding Rule 4, we would insure that the multicast
dependency could be only created in the SWI layer. This multicast
dependency is a major issue in multicast routing because it leads to
deadlock scenario. The multicast dependency in SWI layer issue and
its handling scheme will be presented in Section 5.4.

In order to direct the packet to the multicast group members, each
multicast packet header must have multicast-address-bits (MAB). This
header field is a bit vector where each bit represents a node, and
it is set if the node is a member in the multicasting group. This
header field might also be used along with the source identity (ID) to
uniquely identify a 1-to-M request, as will be described in the following
section. This multiaddress encoding technique is far more efficient
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Figure 5.7: W-SWI improved tree-based with low latency packet delivery
where branching possible only at the SWI master nodes .

than all-destination encoding and simpler than region-encoding [3].
Moreover, another field that is added to the packet header is the
multicast/unicast bit, which allows the routers to distinguish between
a multicast and unicast packets. This way unicast packets header does
not need to have MAB field. As a result, it reduces the header size
overhead. After the flit has been successfully delivered to slaves via
the SWI, it will wait until it has been drained locally by the master (if
the master is part of the multicast group) in the next clock cycle before
being ejected from the router buffer. this considered the only forking
point happening in the network mesh layer.

5.4 proposed arbitration and allocation schemes

This section presents the arbitration and allocation challenges in the
SWI layer of the proposed NoC hybrid architecture. Design rational and
discussion are then offered for the centralized approach to address
these challenges.

5.4.1 Contention Challenges

Arbitration and allocation is crucial to avoid channel starvation and
deadlock in the SW layer. The SWI can be represented logically as a
bus topology with multiple master nodes with Tx/Rx capability and
multiple slave nodes with Rx capability. Each master has its own dedi-
cated logical bus (frequency channels). However, each slave can receive
from one master at a time, which creates competition between masters.
This competition escalates as the size of multicast group members
(destinations) and the number of masters increase. As a result of this
competition, two scenarios might develop: channel starvation and a
multicast dependency deadlock. The first issue results when master(s)
win the allocation of slaves repeatedly while other master nodes are
waiting.
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Figure 5.8: Demonstration of the deadlock problem created by the multicast
dependency.

The second scenario could occur if one master (M1) allocates only a
subset of the multicast group (slaves) because the rest of the requested
slaves have already been allocated. In the next arbitration, M1 might
lose the arbitration of the remaining subgroup to another master (M2).
Consequently, if M2 is requesting a subset of the slaves allocated
by M1, a cycle dependency will occur. For example, Fig. 5.8 demon-
strates the deadlock problem resulting from multicast dependencies
between two masters M1 and M2 requesting slaves {D1,D2,D3} and
{D1,D3,D4}, respectively. In this example, M1 manages to allocate
{D2,D3} and now is waiting for D1, while M2 allocates {D1,D4} and
now is waiting for D3. This scenario will cause a deadlock situation,
since each master will not release its allocated slaves unless it delivers
the rest of the packet flits.

Moreover, the use of virtual-channel for surface-wave-interconnect
(VSWI) offers the best utilization of SWI and enables slaves to listen
virtually to more than one master. This way, if a master is waiting for
a message to be delivered to the rest of slaves or this message needs to
be drained locally by the same master, idle reserved slaves will not be
prevented from accepting traffic from another master. This complicates
the allocation problem in finding a legal match between masters ×
virtual-channels for surface-wave-interconnect (VSWIs) × slaves (three
dimensions) so that no two masters are allocated the same VSWI for
the same slaves simultaneously. Therefore, to offer fair deadlock-free
arbitration while efficiently utilising the W-SWI, a centralized approach
is proposed in the this chapter.

5.4.2 Centralized Arbitration

This section describes the design of the global-multiresources-arbiter
(GMA) and its rationale in addressing the contention problems men-
tioned above in a centralized approach. The resulting hybrid archi-
tecture with GMA will be referred to as W-SWI centralized (W-SWI-C).
To avoid the multicast cycle dependency scenario mentioned earlier,
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slaves could be allocated as a group. This can be achieved in the ar-
bitration request masking stage by using the MAB-Check unit, which
shown in Fig. 5.9. This unit will not validate a request from any master
unless all the slaves that have been requested are free by comparing
the request with the content of a GMA reservation table. In this way,
the arbitration problem is also minimised from the three-dimensional
matching masters × VSWIs × slaves to the two-dimensional matching
masters × VSWIs.

S RmMABm[0]
Rs-MABv[0]

Valid request

MABm[x] : Is bit x ( correspond to slave x) in MAB 
vector in the master m request

Rs-MABv[1] : Is bit x (correspond to slave x) in reservation 
table slot for VSWI v

Rm : Is request from master m

MABm[1]

Rs-MABv[1]

Rs-MABv[S]

MABm[S]

Figure 5.9: The proposed MAB-check unit to mask the requests unless all the
requested multicast group are free.

Arbitration in systems such as CMPs requires a high parallelism fea-
ture in order to minimize decision latency. Moreover, a legal matching
where an output is assigned to one input and vice versa is crucial in
multi-resource arbitration. These two features can be achieved between
the vector of inputs, which represents the masters, and a vector of
outputs, which represents the VSWI, by using two sets of arbitration:
one for the input and one for the output. However, this is likely to
lead to a poor legal matching or minimum matching, where less than
optimal possible resources have been allocated. Optimum legal match-
ing (maximum matching) can be achieved by adopting a lonely output
allocator (LOA) that introduces one more stage before input arbitration
[51]. This extra stage counts the number of valid requests for each
output in order to detect the level of competition over each output.
Then, the less popular output (or least-requested) will be given higher
priority in the next arbitration stage. This should minimize conflict
and produce maximum matching whenever possible.

Fig. 5.10 and Algorithm 5.1 show the structure and the operation of
the proposed GMA which achieves the best legal match in two cycles
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Algorithm 5.1 procedure of centralized arbitration and allocation using
GMA.
...........................................................................................................Stage 1 -

1: for all i ∈ {0, ...,Nm − 1} do

2: for all j ∈ {0, ...,Nv − 1} do

3: if Ri then

4: Ei,j =!
(
(MABi[0] ∨ Rs−MABj[0]) ∧ (MABi[1] ∨ Rs−MABj[1])... ∧

(MABi[N− 1]∨ Rs−MABj[N− 1])
)
;

5: end if

6: end for

7: end for

...........................................................................................................Stage 2 -

8: for all j ∈ {0, ...,Nv − 1} do

9: Cj =
∑

i=0→Nm−1
Ei,j;

10: end for

11: P = min(C0,C1, ...,CNv−1);

...........................................................................................................Stage 3 -

12: for all i ∈ {0, ...,Nm − 1} do

13: Xi,0 = VariableArbiter
(
(Ei,0, ...,Ei,Nv

),P
)
;

14: end for

...........................................................................................................Stage 4 -

15: for all j ∈ {0, ...,Nv − 1} do

16: minTimeS= CurrentTime;

17: for all i ∈ {0, ...,Nm − 1} do

18: if (Xi,j and TimeSi 6 minTimeS) then

19: winner = i;

20: minTimeS = TimeSi;

21: end if

22: end for

23: Wwinner,j = 1

24: end for

...........................................................................................................Stage 5 -

25: for all j ∈ {0, ...,Nv − 1} do

26: RT(Wwinner,j,MABwinner);

27: end for

...........................................................................................................Stage 6 option 1 -

28: for every Allocation Cycle do

29: G = RR(RT);

30: end for

31: if any HID = Release then

32: RTrelease(MAB);

33: end if

...........................................................................................................Stage 6 option 2 -

34: if any HID = Release then

35: RTrelease(MAB);

36: G = RR(RT);

37: end if



5.4 proposed arbitration and allocation schemes 88

(given that the requested resources are free) and with remarkably
low circuit complexity. When the request is received from masters via
SWI, they are demodulated and the request data are extracted, such
as the requested destination(s) (MAB), a time-stamp and a source-ID.
The first stage is a request masking in order to check if the master’s
request is possible for any of the VSWI by comparing its MAB with
already reserved resources in the reservation table using the MAB-
check unit, as mentioned earlier. The next three stages (2-4) represent
the LOA which achieves the maximum matching of master-to-VSWI

by minimising conflict between master requests over VSWIs. This is
accomplished in stage 2 by counting the valid requests for each VSWI,
and then generating the priority signal that will prioritize a VSWI that
is subject to less competition. Afterwards, in stage 3, each request will
elect one of the VSWIs to compete over it. The elected VSWI should have
less competition over it and the slaves requested by this master are
currently free. In stage 4, the final stage of LOA, requests are competing
for each VSWI, where the winner will be out of comparator tree arbiters
is the oldest.
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The LOA is followed by stage 5, where the winning request from
earlier stages will be stored in a reservation table. The size of this
table is proportional to the NoC size, the number of master nodes
(SWI channels), and the number of VSWIs. The final stage 6 represents
physical channel allocation, which switches among subgroups of slaves
reserved in previous stages under the same VSWI in order to generate a
grant signals for a slaves subgroup in a limited number of clock cycles.
This stage utilizes the VSWI to provide higher performance by allowing
non-conflicting masters to transmit at the same time using their own
channel frequencies. This stage consists mainly of a simple arbiter
such as a RR arbiter. The duration of the allocation can be designed so
that the allocation period is:

1. One cycle.

2. Fixed period, which would need a frequency divider.

3. As long as the request is asserted, which would need a hold
release mechanism [51], in short, Hold.

Tuning between these options mainly depends on traffic pattern
and system-level evaluation, as discussed in Section 5.5.1.

The final step is where the output is stored in an allocation register,
and will be transmitted as a grant signal through an SWI-specific
frequency control channel. The time cost of the arbitration in case
of winning the arbitration is two clock cycles. Otherwise, the delay
would equal to the arbitration cost plus a blocking period (Tb), which
could be up to Packetsize ×Nv, where Nv is the number of VCSWs
if there is no congestion in the slaves.

To illustrate the GMA functionality, Fig. 5.10 also shows an example
of the first four stages of the GMA that serves four masters with two
VSWIs. However, the logic related to the forth master (M3) is not shown,
for simplicity, because it is currently merely reserving S3 via VSWI1.
Masters M0,M1, and M2 have requested the slaves {S1,S2}, {S2,S3},
and {S1,S2} respectively. Since S3 is already reserved via VSWI1, E11
is the only signal deactivated (not color red) by the MAB-check unit. In
stage 2, therefore, the output priority (P) will be for the competition
over the less-requested VSWI, which is VSWI1. Then, through the
priority arbitration in stage 3, M1 and M3 will compete over VSWI1
while M2 will compete over VSWI0 alone, which are highlighted in
blue. The winner of stage 4 (W1) will be the master request with the
lowest value of the time-stamp (TimeS).

5.4.3 Communication Protocol

The communication protocol among masters, slaves and the GMA

taking place at the SWI level is shown in Fig. 5.11. The master interface
sends a request on the same master data frequency channel (channel
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Figure 5.11: Demonstration control signals of SWI communication protocol
exchanged between master, slaves and the GMA.

establishing phase). This request is identified by the header ID (HID),
which distinguishes received flit to be either request, release, or data
flits. In addition, the request packet consists of the data required for
the arbitration process, such as the MAB, TimeS and Source ID (SID).

When the arbiter grants the request, it will generate two types of
signals. The first type is the master grant signal, which grants their
requests for the next cycle. The second grant signals are to be sent
to the slaves. These signals consist of two parts: the grant/release bit
(G/R) and the requested master number (MID) that will inform the
slave which channel it should listen to. After these signals are received,
the data handshake phase starts. The master transmitter sends a data
flit and waits for all the slaves in its multicast group acknowledge
signals. In order to utilize the limited available frequency bandwidth,
the master request signal is transmitted via the same dedicated master
data channel frequency. Thus, the rest of the control signals require
a bandwidth of 104 bits (for 4 masters and 24 slaves). The frequency
bandwidth available for 45nm technology should be sufficient for the
bandwidth required by the four data channels and the extra control,
see Chapter 3.

5.5 system level evaluation and discussion

This section presents results obtained from our cycle-accurate NoC

simulator which was built by modifying the existing Noxim simulator
[121] for the W-SWI, VCT and the baseline architecture of regular mesh;
in short Mesh. The Mesh in this chapter refers to a wire-based mesh



5.5 system level evaluation and discussion 92

NoC that manages the 1-to-M traffic as a software multicast. In this
thesis, the Intel SCC [5] is adopted as the baseline architecture as
mentioned earlier. This chip is designed for performance critical CMPs,
which makes it optimal for the purpose of this study.

Packet sizes of 1, 4 and 12 flits were chosen as an example to
demonstrate the behaviour of the proposed architecture under packet-
switching, virtual-cut-through-switching, and wormhole-switching
flow control, respectively. The number of master nodes is based on the
available frequency range for 45nm, which was estimated to be four
channels (plus the frequencies specified for control signals). However,
this frequency range is scaling with technology [18]. As a result, the
number of master nodes was increased when simulating larger NoCs,
assuming that the technology will have been scaled too. In addition,
a VSWI number of four was chosen, which realizes a better perfor-
mance/cost trade-off. In addition, in the evaluation in this section
the VC was chosen to be equal to the VSWI for simplicity of router
architecture.

The simulation was conducted with synthetic traffics, which are:
(1) Random, where packets are transmitted randomly with uniform
probability to other nodes; (2) Hotspot, which is the same as the ran-
dom but with specific nodes called hotspots, four in this case, with
higher probability of traffic dispatched to them; (3) Transpose, where
a node sends a packet to other node that has its address transposed.
These synthetic traffic adjusted to inject a specific percentage of broad-
cast (1-to-all) or multicast (1-to-M). The source nodes of this multicast
traffic are selected randomly during the simulation, while the rest of
the traffic consists of normal unicast packets according to the named
synthetic traffic. In addition, in the case of multicast, the destinations
of these packets are also selected randomly.

5.5.1 Performance Improvements

This section presents a performance evaluation of the proposed ar-
chitecture under synthetic traffic. Fig. 5.12a shows much less average
delay for the W-SWI-C over the Mesh with Random traffic consisting
of 10% broadcast and 90% unicast. Even for ZLL, the average de-
lay improvements is ∼22x. Similar improvements are obtained with
Transpose (∼ 24x) and Hotspot traffic (∼ 21.8x). These significant im-
provements are due to the software multicast in Mesh that replicates
the multicast traffic to all destinations. Thus, it will increase the load
and hotspots on the NoC. In contrast, In W-SWI-C, packets are replicated
at the multicast destination routers and through short-cut links that
avoid costly intermediate routers and wire links. In addition, when
multicast traffic is used, the resulting improvements were up to 12x
over Mesh. Obviously, this is due to the lower load and hotspots
caused by multicast rather than broadcast.
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Figure 5.12: Average delay results of 6× 4 NoC with the following: (a) com-
parison of Mesh and W-SWI-C under random traffic with 10%
broadcast; (b) W-SWI-C with different allocation techniques;
(c) W-SWI-C with different SWI master number. Note that W-
SWI:Nm:VCNv:ArbP refers to W-SWI with Nm number of mas-
ters, Nv number of VC and P number of grant cycles. Hold is
where GMA grants a master until all its current data flow is
transmitted.
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On the other hand, Fig. 5.12c shows that W-SWI-C with a Hold
allocation is better than fixed period allocation with 10% multicast,
see Section 5.4. This is due to the fact that the hold-release mechanism
eliminates the reallocation delay. Fig. 5.12c also shows that, as the
allocation for fix-period is increased, performance starts to decay
because of the inflexibility of resources time scheduling.

On the other hand, Fig. 5.12b demonstrates the effect of increas-
ing the number of masters in W-SWI-C: Hold under 10% multicast.
Clearly, the performance in general improves as the number of Zen-
neck surface-wave interconnects (SWIs) is increased. However, the
W-SWI-C with two masters and two physical channels (SWI:2) seems
to slightly outperform the SWI:3. This could be because the increase
in SWI channels will increase contention on the shared medium and
the arbitration delay might impact on the performance. Thus, the
optimum number of masters is not always the highest. In this work,
the SWI:4 is chosen as the design parameter since it offers the best
performance/cost trade-off, in addition to the fact that it copes with
the frequency limit for the 45nm technology.

5.5.2 Power Reduction

This section presents the evaluation results of an important cost metric
for future interconnects, which is power consumption. The router’s
static and dynamic power is calculated using Orion 2.0 [122] area and
power models. The modelled baseline router power has been calibrated
to match the reported power measurement of the implemented SCC

NoC [5] by adjusting the link activity variable in Orion 2.0. Power
dissipation for wire links is calculated for the horizontal links (3.6mm)
and the vertical links (5.2mm), according to the SCC measurements [5].
The transceiver power consumption projection [18, 98] is used, which
is calculated to be 24mW per sub-channel. The SWI power dissipation
is also calculated based on the analytical model introduced previously
[34]. The GMA was designed using Verilog and then synthesized using
the Synopsys Design Compiler and mapped onto the PDK 45nm
technology library to calculate its dynamic power (4.8mW) and leakage
power (59.3µW). Then all these values were used in our cycle accurate
simulator to calculate the overall NoC power consumption.

Fig. 5.13 shows the ratio of the Mesh power consumption over the
power consumption of the W-SWI-C at PIR = 2× ZLL for different NoC

sizes, synthetic traffics and percentages of 1-to-M. Significant improve-
ments in the NoC power consumption reduction ratio are demonstrated.
For instance, the power ratio of Mesh to W-SWI-C starts from more
than double (∼2X) and increases up to ∼10X as the NoC size and the
broadcast percentages are increased.

However, less improvement appears in the case of multicast. This
is because the multicast group members are fewer, which reduces
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(a) Multicast (5%)
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(b) Multicast (10%)
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(c) Broadcast (5%)
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Figure 5.13: Communication power saving ratio of the W-SWI over the Mesh
for different network sizes, types of synthetic traffic and broad-
cast/multicast ratios.

the utilization of the SWI fanout feature. Nonetheless, it still shows
remarkable improvements, increasing from ∼1.5X to ∼2.3X proportion-
ally to NoC size and 1-to-M ratio. In general, these findings prove that
the W-SWI has a remarkable scalability and effectiveness in mitigating
1-to-M communication issues.

5.5.3 Quality Of Service (QoS)

Offering guaranteed communication service is important for a range
of on-chip applications that require reliable system performance. This
can be measured in terms of the diversity of packet delays in passing
though the interconnect fabric. Thus, this section compares the soft-
ware multicast in Mesh and the W-SWI-C. Fig. 5.14 shows histograms
of packet delay frequency for both architectures. There is less packet
delay diversity with the W-SWI-C architecture (ranging from 4 to 189

cycles) with a standard deviation of 18.07. In contrast, Mesh shows
greater packet delay diversity (ranging from 4 to 2978 cycles) with
a standard deviation of 446.7. Moreover, Fig. 5.14a shows a compari-
son of W-SWI-C and Mesh in terms of the percentage of packet delay
occurrences, which is the number of packets with a certain delay di-
vided by the total number of packets. Unlike with the W-SWI-C, most
of the curve of packet occurrence percentage of the Mesh lies under
2%. These levels of performance for Mesh will not be sufficient for
applications that require highly guaranteed quality of service and
high real-time performance (such as SNN) since the system behaviour
and performance are unpredictable.



5.5 system level evaluation and discussion 96

0 20 40 60 80 100
0

5

10

Packet delay (Cycle)

O
cc

ur
re

nc
es

 (
%

)
 

 

 W−SWI−C
 Mesh

Ends at 2979
Ends at 189 

(a) Occurrences percentage comparison

0 50 100
0

1000

2000

3000

4000

5000

Packet delay (Cycle)

O
cc

ur
re

nc
es

 (
P

ac
ke

ts
)

 

 

standard deviation:18.07

Ends at 189 

(b) W-SWI (c) Mesh

Figure 5.14: Packet delay distribution comparison of W-SWI and Mesh with
software multicasting for a 6× 4 NoC with 5% broadcast.

5.5.4 Comparison with Related Work

In this chapter, one of the state-of-the-art wire-based NoCs with a tree-
based multicast scheme was replicated in order to compare it with
the proposed architecture. This scheme is the VCT [15]. It has been
chosen because of its efficiency and simplicity, where a minimum of
modifications to the baseline router microarchitecture are required.
These modifications mainly include the VCT table and the control
circuits for the forking of one flit/cycle. These features will provide a
fair comparison with the proposed architecture.

This scheme is based on assigning one of the virtual circuit table
entries in each router to a multicast group with a unique source. Then,
packet forking and routing is conducted according to the virtual circuit
table. This look-up-table needs a set-up stage to define its content for
each new multicast group introduced to the NoC. The set-up stage uses
software multicast and the table entry is cumulatively set up. Thus, the
authors acknowledged that interconnect performance is proportional
to the VCT table size in the router and inversely proportional to the
number of unique multicast groups injected to the NoC [15].

A big limitation of the VCT is its inability to handle wormhole
traffic due to deadlock occurrence. Therefore, the chosen packet sizes
were one and four flits to give a fair demonstration of the NoC’s
performance compression under packet-switching and virtual-cut-
through-switching respectively. In addition, the VCT is limited to a turn-
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Table 5.1: Average delay and PIR at the edge of NoC saturation comparison
of the W-SWI and VCT.

Packet Multicast Average delay PIR Improvements
size (Cycle)
(flit) (%) W-SWI VCT (VCT/W-SWI)

1 5 16.74 29.65 0.315 1.77

10 16.68 28.87 0.18 1.73

15 16.61 29.07 0.125 1.75

4 5 16.86 96.71 0.065 5.73

10 16.33 88.75 0.04 5.43

15 16.6 90.5 0.03 5.45

model routing with no path diversity. Otherwise, deadlock problems
could appear because diversity might introduce cycles when building
the multicast tree in the set-up stage. In contrast, path diversity is a
favourable feature in our architecture and has been tackled by using
odd-even routing, see Section 5.3. Therefore, XY routing was used
in all of the simulations in this section in order to provide a fair
comparison. Moreover, according to Jerger et al. [15], a VCT with 512

entries per source offers good performance/cost levels in most cases.
Therefore, a VCT with 512 entries was considered in all our evaluations.

Table 5.1 shows a performance comparison of the W-SWI-C and the
VCT architectures with different multicast ratios. The multicast source
and group members were selected randomly. The average delay and
PIR is reported for the NoC saturation edge where the average delay
is double the ZLL. In this PIR, the proposed architecture shows steady
improvements of around ∼1.8X and ∼5.5X for one and four flit packet
sizes respectively. Although the proposed architecture performs better
with wormhole or virtual-cut-through switching, its performance is
still almost double that of the VCT under basic packet switching.

5.5.5 W-SWI-C for Spiking Neural Network (SNN)

The SNN modelling applications are an extreme case with 100% multi-
cast ratio that might benefit from W-SWI. The adopted neural network
model was biologically-inspired and generated from anatomical con-
nection statistics [162]. It was assumed that each tile processes 1000

neurons along with their interconnects. These neurons were power-
based mapped to the tiles based on the annealing algorithm [163]. A
compression technique that aggregates neuron spikes with the same
destinations, similar to the one proposed by Carrillo and et al. [153])
was assumed. Then, the benchmark was built after calculating the PIR
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for all the mapped neurons in each tile along with their source/desti-
nation(s) for each traffic scenario.
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Figure 5.15: Average delay comparison of NoC (6× 4) between W-SWI and
VCT and Mesh under SNN benchmarks for different NoC size.

Fig. 5.15 shows an average delay comparison of the W-SWI-C, VCT and
Mesh. Once more, the packet sizes were selected to be one and four to
give a fair comparison with the VCT. Even though the traffic injection
was relatively low with a spike size of 16 bits and the number of
unique multicast groups is relatively small, the proposed architecture
shows better performance than the VCT and huge improvements over
Mesh, especially for a packet size of 4 flits. Moreover, the improvement
increases from ∼ 2% to ∼ 30% over VCT and from ∼ 46% to ∼ 95%
over Mesh when the NoC size is increased. This is due to the efficient
handling of multicast traffic with high graph density and graph degree.
Thus, the W-SWI is more scalable than the VCT and Mesh for SNN

modelling architectures.

5.5.6 Area Overhead Evaluation

It is essential to evaluate chip area overheads for the extra on-chip
circuits required for the proposed architecture. Firstly, it is assumed
that the active area calculated for transceivers in previous research [18]
is the only part scaled down when moving to 45nm technology, while
the passive parts remain almost the same since they are proportional
to the channels’ operational frequency range. Therefore, the projected
transmitter area is 4870µm2 per sub-channel, while the projected
receiver area is 260µm2 per sub-channel, where the active area is
proportional to the square of the scaling factor [148].

Secondly, the area of the extra router port (buffer, crossbar and
related circuits) is calculated using the Orion 2.0 [122] model as
0.427mm2. The modelled baseline router area is a 6% less than the
reported implemented router area [5], which is acceptable for the
purpose of comparison evaluation in this study. In addition, the GMA

was designed using Verilog and then synthesized using the Synopsys
design compiler and mapped onto the PDK 45nm technology library
to calculate its area (0.0114mm2), to which the Tx/Rx estimated area
of 0.0438mm2 was added. Likewise, the VCT with a 512 entry/source
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Table 5.2: Area overhead evaluation for W-SWI-C, proposed W-SWI-D and
VCT-512 [15] over baseline architecture (Mesh).

NoC component Area per item (mm2) for 45nm technology

Component No. Mesh W-SWI-C VCT RF-I

Router 24 1.0853 1.5124 1.0853 1.5124

Transmitter 4 - 0.1558 - 0.1558

Receiver 24 - 0.0083 - 0.0083

Global arbiter 1 - 0.0552 - 0.0552

VCT table 24 - - 2.3608 -

Wire Links 1 13.653 13.653 13.653 13.653

Total extra area over
Mesh= (all components
× their No.)- Mesh area
(mm2)

11.13 56.66 11.9

NoC/SCC-die
area (%)

7 8.96 16.99 9.1

lookup table was designed using Verilog and then synthesised. On
the other hand, to compare other emerging interconnects, the RF-I’s
transmission line area was calculated and considered to be routed
through the chip (NoC size 6×4) as a U shape passing through all
nodes [18]. In addition, a transmission line with a pitch of 12µm was
considered in calculations of its area overhead.

Table 5.2 shows area considerations for the Mesh, proposed W-SWI-C,
VCT and RF-I. Obviously, most of the extra area overhead for the
W-SWI-C, of around 1.96% is due to the extra router port. Moreover,
the W-SWI-C offers a better die area-performance trade-off compared to
RF-I transmission lines that offer the same connectivity [18], since fat
transmission lines need to be implemented through the chip. Not only
that, but the W-SWI-C also beats the VCT in area overhead at around
five times less. Therefore, the W-SWI-C succeeds these architectures in
terms of low area overheads and circuit complexity.

5.6 summary and conclusion

In this chapter a hybrid wire-SWI architecture has been proposed for
on-chip communication that is able to tackle 1-to-M traffic efficiently
and gives an attractive area/performance trade-off. Zenneck surface
wave low power dissipation, high signal propagation speed and fanout
capability all help to significantly mitigate the 1-to-M communication
issues that the NoC-based CMP in particular suffers from. In addition,
centralized (W-SWI-C) arbitration and allocation techniques along with
a multicast routing scheme for this architecture are proposed and dis-
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cussed. The evaluation results show significant improvements in terms
of average delay, saturated PIR and power consumption with a rela-
tively small die area penalty compared to state-of-the-art-architectures.
In general, the results demonstrate the high scalability of the W-SWI-C

for future NoC-based CMPs. Next chapter will try to solve the SWI

multicast contentions issues in decentralized manner.



6
W I R E A N D S U R FA C E - WAV E A R C H I T E C T U R E W I T H
D E C E N T R A L I Z E D C O N T R O L F O R M U LT I C A S T

6.1 introduction and motivation

Continuous increase of the number of cores in CMPs enabled by the
CMOS technology scaling will bring us soon to the many-core era.
1000’s of cores are foreseen in the near future. Therefore, the number
and size of communication between cores are expected to increase
exponentially. However, CMP performance and power consumption
depend both on NoCs and cache coherence protocols.

Cache coherence protocols depend on a range of 1-to-M communica-
tion patterns such as multicast invalidation requests (directory-based
protocols) and broadcasting ordering tokens (broadcast-based proto-
cols) [15, 16]. This could be catastrophic in terms of performance and
power budget since it leads to high congestion, hotspots, and power
consumption, as mentioned in the last chapter.

On the other hand, regular wire projected issues [7] inspired many
researchers to propose hybrid NoC architectures. These promising
paradigm could solve future many-core scaling issues such as traffic
load increase, global communication and multicast communication.
These hybrid NoC architectures utilize a set of alternative merging
interconnects, such as RF interconnects RF-I [18], WiNoC [22] and opti-
cal interconnects [28]. However, the main issue facing most of these
promising hybrid architectures is the contentions [23]. In the previous
chapter these issues were tackled using a dead-lock free centralized
approach that is more superior for broadcast than the general case
of multicast. In this chapter we further explore the design of hybrid
W-SWI to efficiently resolve the issues of multicast contentions in a
decentralized manner. The major contributions of this chapter are:

• A novel technique called stretched multicast is proposed maxi-
mizing the utilization of S-SWI for on-chip multicast.

• A novel decentralized arbitration scheme is proposed which can
maximize the slack-time scheduling in a multiple-source and
multiple-destination scenario.

• It has been shown that the proposed arbitration and routing
method is deadlock-free using a newly proposed ID-tagging
scheme.

• The proposed architecture is rigorously evaluated. Comparing
to the previous approaches, it can achieve an improvement for

101
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Table 6.1: Notations used in this chapter.

Mx Master node number x

Sx Slave node number x

Pt(Sx) Probability that Sx is free at time t

N NoC size

Rqx,y Request from Mx to Sy
Nm Number of masters

MGi Set of multicast group members

Nv Number of VCs

Tag ID-tagging for flow control

F Flit

ST Time when the multicast flit is delivered to all its destinations

RT Reservation table

RVx Request vector from Mx

Tx Time slot sequence x

Grx,y Grant signal from Sy to Mx
vi Input VC

vo Output VC

power reduction and communication speed up to 63% and 12X,
respectively.

6.2 decentralized arbitration and allocation

In the centralized approach, a master has to wait until all the requested
slaves (multicast group) are free in order to avoid deadlock, as men-
tioned in Chapter 5. To mathematically express the problem in this
approach, assume a master (Mi) is sending a request vector (RVi) to
the GMA to allocate a set of multicast-group (MGi) ⊂ {S0, ...,SN−1},
where Sj is a slave, and N is the NoC size. The probability that a slave
(Sj ∈MGi ) is free in time slot t is denoted by Pt(Sj). Therefore, the
probability that the Mi request (Rqi,j) will be granted is the intersec-
tion probability (Pt(Sx) ∗ Pt(Sy)... ∗ Pt(Sz)), which is clearly less or
equal than Pt(Sj) for all Sj ∈MGi. This will keep free requested slaves
idle until all the members of MGi are free. Moreover, GMA might be
considered as a single point of failure, which makes the architecture
less robust to any possible errors. Therefore, a less constrained and
centralized arbitration and allocation technique are required to seize
any available opportunity to utilize the physical channels of SWI. Table
6.1 shows a list of notations used in this chapter.
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Figure 6.1: Example shows traffic flows from four masters multiplexed in
SWI where (a) W-SWI-C architecture with Hold allocation mech-
anism (b) W-SWI-C architecture with fixed period (one cycle)
alternation and two VSWI, and (c) W-SWI-D architecture (decen-
tralized arbitration and stretched multicast), where M is a master,
S is a slave and T is a time slot.

6.2.1 Stretched Multicast

To improve SWI utilization and avoid centralized arbitration, this sec-
tion proposes an alternative technique we refer to as a stretched
multicast. This approach allows a master to transmit a multicast flow
to any available slaves. Although this technique requires partial re-
transmission, it allows the concurrent execution of several overlapping
multicast communications. This is achieved by enabling a master to
transmit multicast flow to any number of currently free slaves and
to retransmit it to the rest later. Consequently, the decision should
be determined at the slave end in a decentralized arbitration. This
can be realized by any simple independent fair arbiter in each slave.
Round-robin has been chosen since it provides stronger fairness than
rotating or random arbiters and requires less circuit complexity than
matrix and queuing arbiters [51, 57].
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There are many possible scenarios where this scheme will show
better contention handling, fairness, and higher SWI utilization. For in-
stance, Fig. 6.1 shows a comparison of contention handling of W-SWI-C

and a decentralized architecture, we refer to it shortly as W-SWI
decentralized (W-SWI-D). Fig. 6.1a shows W-SWI-C with hold-release
mechanism (Hold) where master hold the physical SWI channel until
his request is fulfilled, see Chapter 5. On the other hand, Fig. 6.1b
shows W-SWI-C with 1 cycle allocation period for each master that
already reserved one of two VSWIs. Clearly, even though we assume
that the W-SWI-C in both cases manages to allocate all members of
MGi at T1, it offers less fairness and utilization of the SWI links. In
addition the multiplexing between flows is limited to the packet level.
In contrast, although the same flit might be retransmitted (up to NM,
where NM − 1 is the number of master nodes), the stretched multicast
offers higher fairness and utilization of the SWI in this case, as shown
in Fig. 6.1c. This is because the reallocation of slaves on flit bases pre-
vents flows from blocking each other. In contrast, the blocking period
(Timeblock) in W-SWI-C with Hold mechanism can be predicted to be
up to:

Timeblock = (Packetsize ×Nm) − 1+ Timecongestion (6.1)

while the blocking period with W-SWI-C with a fixed period alter-
nation could be up to:

Timeblock = (Packetsize ×
Nm −Nv
Nm −Nv

) + Timecongestion (6.2)

where Nv is the number of VC, Timecongestion is the duration of
any congestion in the master (the channel owner) or the slave that
would cause idle time slots. However, Timecongestion might equal
zero if there is no heavy load at either ends. Thus, the stretched
multicast improves fairness by reducing the blocking period between
flows. However, partial allocation of multicast group members in W-
SWI-D might cause a multicast dependency that leads to a deadlock
scenario.

6.2.2 Deadlock-free Flow Control

In section 5.4.2, the use of wormhole switching in blocking channels
limits the transmission by constraining it. The constraint was allocating
all MGi to avoid multicast dependency. In order to break multicast
dependencies without the need to allocate all the requested slaves
(MGi) at a given time slot as suggested by Section 6.2.1, each master
should have its own virtual non-blocking channels for every slave.
This will allow wormhole switching at packet level but with cut-
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through switching at flit level. That means each master should have
its own statically allocated virtual link. Therefore, since each master
already has its own physical channel frequency, virtually non-blocking
channels can be achieved at the slave router by using a statically
allocated VC where each master transmits via one VC (Nv = NM).

The other design option is the proposed ID-tagging-based flow
control (Tag). This is simply achieved by tagging each flit (F) with the
transmitter master’s ID (Mx) so that Tag = Mx, where Tag,Mx ∈
{0, ...,NM − 1}. Then, at the reservation table (RT ), the allocation entry
is distinguished based on the input buffer (i), Tag and the input VC
(Vi, if the design include VSWI). For simplicity, the ID-tagging remains
unchanged in the router output port while being drained for the local
PE.

Fig. 6.2 shows an example of a router micro-architecture providing
two virtual non-blocking channels by using either ID-tagging or stati-
cally allocated VCs. Obviously, ID-tagging allows designers to choose
a virtual-channelless design or at least not constrain the number of VC

to be Nv > NM. Consequently, the router would require less area and
power overheads. For this example, if alterations are limited to the
router port linked to SWI, then our calculations estimate a reduction
in area of ∼ 2%, and in power of ∼ 5%. Moreover, ID-tagging gives the
freedom to use the VC for other purposes such as multiplexing flows
from the same master (VSWI) in cases of congestion.

i vi o vo
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Input FIFO Output
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Figure 6.2: Illustration of router micro-architecture with ID-Tagging based
flow control and VC flow control.

To prove that this scheme breaks the multicast dependencies on
the SWI layer, assume that we have requests (Rqi,j ∈ RVi for a Mi to
any slave (Sj ∈ {1, ...,N}). These requests should be granted within a
finite time (Tf). This is to prove, that for all Rqi,j = 1, then Gri,j = 1
within Tf, where Gri,j is a grant signal. The probability that a slave
local arbiter (RR) grants a master’s request at the next time slot Tx is
PTx(Sj) =

1
NM

. In the worst case scenario, Mi has just been granted
in Tx−1 and all masters are requesting Sj at Tx. Thus, Mi has to wait
until the Sj RR arbiter grants all other masters. Assuming the average
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Table 6.2: Comparison of highlighted features of the centralized and decen-
tralized approaches for the proposed architecture.

Features Centralized
approach (W-SWI-
C)

Decentralized approach
(W-SWI-D)

Flit retransmis-
sion

none up to NM − 1

Probability of
transmission

Pt(Sx) ∗
Pt(Sy)... ∗ Pt(Sz)

Pt(Sj)

Flow control wormhole wormhole on packet level
and packet-switching on
the flit level

VSWI utilization on the slave end on both master and slave
end

Channel establish-
ment

per packet per flit

delay to serve each master request is TD. Therefore, the maximum
waiting period is = NM × TD and thus PTx+NM×TD (j) = 1. Therefore,
the serving time STi needed for a flit to be delivered to all slaves and
ejected from the output buffer in Mi is:

STi = max
{ ⋃
Tx=T0→Max(Tx)

{Tx × (Rqi,0, ...,Rqi,N−1)}
}

(6.3)

where the maximum period for delivering each flit per slave is
= Tx+NM×TD for all Rqi,j, and j ∈ {0, ...,N− 1}, and T0 is the request
insertion time. As a result, 1 6 STi 6 NM × TD. For instance, assume
that M1 send requests {Rq1,1,Rq1,2,Rq1,3} for slaves {S1,S2,S3} at T0.
If each request has been granted in time slot {T3, T3, T1} respectively
then, according to Equation. 6.3, ST1 = T3. In other words, the maxi-
mum serving time for the whole multicast is the maximum serving
time among all the multicast group members, which is a finite time.

Table 6.2 highlights a comparison of the main features of the cen-
tralized and decentralized approaches. These features will rationalize
some of evaluation results in section 6.3.

6.2.3 Communication Protocol

The communication protocol for the decentralized approach has fewer
control signal types than that in the centralized approach, but with
slight composite interface procedure. Algorithm 6.1 and Algorithm 6.2
show the procedure used for master and slave interfaces, respectively.
First at master end, a master (Mi) interface sends a RVi via SWI that
consists of a request (Rqi,j) to each slave (Sj) wherever MAB(j) = 1;
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Algorithm 6.1 Master interfaces procedure to communicate via SWI.

Define: -

i :local node ID

Input: -

Pin :input port

MAB :multicast-address-bits

Output: -

RVi :Request vector

1: for all Pin ∈ {N,E,S,W,L} do

2: if Reserve(Pin,MAB) == SW then

3: for all j ∈ {0, ...,N− 1} do

4: RVi[j] = RVi[j]∨MAB[j];

5: end for

6: end if

7: end for

8: for all j ∈ {0, ...,N− 1} IF any Rx(Gr[j]) == 1 do

9: Tx(Flit = FIFO());

10: RVi[j] =MAB[j] = 0;

11: end for

12: for all j ∈ {0, ...,N− 1} IF allMAB[j] == 0 do

13: FIFO.eject;

14: end for

15: Tx(RVi);
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see lines 1 to 7 in Algorithm 6.1. The master interface keeps track
of which slave has been served by updating an instant of MAB of
the current flit; see lines 8 to 11 in Algorithm 6.1. Then, if all MGi
members have received the multicast flit, it will be ejected and a new
set of requests might be sent based on the next flit MAB; see lines 12 to
14 Algorithm 6.1.

Algorithm 6.2 slave interfaces procedure to communicate via SWI.

Define: -

j : local node ID

Input: -

RV0[j], ...,RVNM−1[j] :masters requests

Output: -

G0,j, ...,GNM−1,j: masters grants

1: for i = 0→ NM − 1 do

2: Ri = Rx(RVi[j]);

3: end for

4: for all i ∈ {0, ...,NM − 1} IF all Gri,j == 0 do

5: i = RR(R0, ...,RNM−1) ;

6: Tx(Gri,j = 1);

7: end for

8: if Rx(Flit) == 1 then

9: Tx(Gi,j = 0) ;

10: end if

At the slave end, the local RR arbiter will determine which master it
will listen to in the next time slot and send the Gri,j signal to, see lines
4 to 7 in Algorithm 6.2. Then when the flit has been received the grant
signal is disabled and the arbitration process restarted. Both Rqi,j and
Gri,j are transmitted via SWI using On-off keying (OOK) modelling
for simplicity. When the RR grants the request, the data handshake
phase starts by sending the data flit to all slaves who responded to the
request and waits for them to acknowledge reception before resetting
the requests intended for them. The adopted handshaking protocol is
a non-return-to-zero protocol [164]. Then, if all MGi members have
received the multicast flit, it will be ejected and a new set of requests
might be sent based on the next flit MAB.

6.3 system level evaluation and discussion

This section presents results obtained from our cycle-accurate NoC

simulator which was built by modifying the existing Noxim simulator
[121] for the W-SWI-C, W-SWI-D, VCT and the Mesh. In this thesis, the
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Intel SCC [5] tile specification is adopted as the baseline architecture, as
mentioned earlier. Fig. 6.3 presents the procedure and simulation tools
used in this section to generate the benchmarks, simulate the proposed
architecture along with with related state-of-the-art architectures, and
synthesize the extra proposed components. These all then used in the
NoCs cycle accurate simulator to obtain the system-level evaluation
results.

Figure 6.3: Simulation flow to obtain the results.

Packet sizes of 1, 4 and 12 flits were chosen as an example to
demonstrate the behaviour of the proposed architecture under packet-
switching, virtual-cut-through-switching and wormhole-switching
flow control, respectively. The number of master nodes is based on the
available frequency range for 45nm, which was estimated to be four
channels (plus the frequencies specified for control signals). However,
this frequency range is scaling with technology [18]. As a result, the
number of master nodes was increased when simulating larger NoCs,
assuming that the technology will have been scaled too. In addition,
a VSWI number of four was chosen, which realizes a better perfor-
mance/cost trade-off. In addition, in the evaluation in this section
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the VC was chosen to be equal to the VSWI for simplicity of router
architecture.

The simulation was conducted with synthetic traffics, which are:
(1) Random, where packets are transmitted randomly with uniform
probability to other nodes; (2) Hotspot, which is the same as the
random but with specific nodes called hotspots, four in this case, with
higher probability of traffic dispatched to them; (3) Transpose, where
a node sends a packet to other node that has its address transposed.
These synthetic traffics adjusted to inject a specific percentage of
broadcast (1-to-all) or multicast (1-to-M). The source nodes of this
multicast traffic are selected randomly during the simulation, while
the rest of the traffic consist of normal unicast packets according to
the named synthetic traffic. In addition, in the case of multicast, the
destinations of these packets are also selected randomly. In addition,
the evaluation of the proposed architecture and baseline architecture
includes real application benchmarks whose details are shown in
Section 6.3.3.

6.3.1 Performance Improvements

This section presents performance evaluation for both of the proposed
architectures W-SWI-D and W-SWI-C with multicast communication. For
instance, Fig. 6.4 shows comparison between W-SWI-C and the proposed
decentralized arbitration and routing scheme (W-SWI-D) for different
VC sizes and NoC sizes. Obviously, the proposed W-SWI-D shows better
performance than W-SWI-C with one VC. Improvements are ranging
∼ 10% to ∼ 12% at double the ZLL. This is due to the fact that with one
VC, ID-tagging allows each master to have a virtually non-blocking
channel.

Moreover, performance results show that even for higher Nv, the
W-SWI-D is better before the NoC saturation. These improvements are
increasing as we increase the NoC size. For instance, as Fig. 6.4 shows
at PIR = 1.5×ZLL the improvements with two VC are ∼ 6%, ∼ 13%,
∼ 15% for NoC size 6×6, 8×8 and 10×10, respectively. In addition, the
gap is increased as the VC number is increased. Thus, the improve-
ments with four VCs are ∼ 15%, ∼ 17%, ∼ 21% for NoC size 6×6, 8×8

and 10×10, respectively. These improvements are the result of higher
SWI utilization, which is up to 2.5% increase in the average flit number
transmitted via SWI, as has been observed from the simulation. How-
ever, at the saturation point the multiplexing delay between masters
starts to overcome the improvements in the SWI utilization. Thus, this
architecture is favourable for low or medium load applications.

However, the decentralized approach is not suitable for scenarios
with broadcast (1-to-all) traffic. This is due to the fact that broadcast
traffic does not benefit from the flexibility offered by the stretch-
multicast and the ability to have two or more simultaneous broadcasts
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Figure 6.4: Comparison between the average delay of W-SWI-C and W-SWI-
D under uniform synthetic traffic with 10% multicast ratio for
different VC number and NoC size.
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Figure 6.5: Comparison between the average delay of W-SWI-C and W-SWI-
D under uniform synthetic traffic with 5% and 10% broadcast
ratios.
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unlike the case of multicast. Therefore, it ends up with adding the
delay of channel establishments per flit for the overall latency and
degrade the system performance. This is clearly shown in Fig. 6.5
where the W-SWI-D is saturated much faster than the W-SWI-C when the
traffic consists of broadcast traffic of such percentages: %5 and %10.

In addition, regarding improvements over the baseline architecture,
W-SWI-D improvements ratio over the Mesh compared to W-SWI-C seems
to be almost steady (up to 2X), even when the NoC size increased as
shown by the Table 6.3. These results are obtained with PIR that is 1.5
× ZLL and with 10% multicast traffic ratio.

6.3.2 Power Reduction

This section presents the evaluation results of the power consumption
of the proposed decentralized architecture compared to centralized
and baseline architectures. The router’s static and dynamic power is
calculated using the Orion 2.0 [122] model. The modelled baseline
router power has been calibrated to match the reported power mea-
surement of the implemented NoC [5]. In addition, power dissipation
for wire links is calculated for the X (3.6mm) and the Y (5.2mm) di-
rections. The transceiver (Tx/Rx) power consumption projection [18]
is used (24mW per sub-channel). SWI power dissipation is also mod-
elled based on the analytical model introduced previously [34]. The
GMA [36] and the local RR arbiter was designed using Verilog and
then synthesized using the Synopsys Design Compiler and mapped
onto the PDK 45nm technology library to calculate its dynamic power
(4.8mW) and leakage power (59.3µW). Then all these values were used
in our cycle simulator that based on Noxim to calculate the overall NoC

power consumption. Table 6.3 shows the power consumption saving
ratios for both W-SWI-C and the proposed W-SWI-D over the Mesh for
different NoC sizes and Nv. Evidently, both architectures demonstrate
significant improvements in the NoC power consumption reduction
ratio over Mesh. In addition, even though the W-SWI-D may retransmit
the same flit many times (up to NM − 1) via SWI it achieves power
saving (1− 2%) due to reduction of the flit delivery time at PIR where
latency reaches 1.5 × ZLL. These findings prove that the W-SWI-D is
more effective in mitigating 1-to-M communication issues in terms of
power consumption for low or normal load.

6.3.3 Evaluation with Real Application Benchmark

In order to demonstrate the effectiveness of both the proposed archi-
tectures W-SWI-D and W-SWI-C for real applications, a set of application
benchmarks from standard suites have been considered These ap-
plication benchmarks are PARSEC [150] and SPLASH2 [151]. These
benchmarks are built based on the traffic analysis of communication
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Table 6.3: Results improvements over Baseline architecture (Mesh) compar-
ison between W-SWI-C and the proposed W-SWI-D with 10%
multicast ratio.

NoC VC PIR improvements over Mesh
size no. (×10−4) Average delay (x) Power (%)

W-SWI-C W-SWI-D W-SWI-C W-SWI-D

1 15 9.64 10.61 63.34 63.64

6x6 2 35 10.15 11.15 55.2 56.03

4 45 10.09 11.77 53.57 55.24

1 17 8.65 9.6 56.84 57.24

8x8 2 29 8.46 9.38 52.25 53.56

4 33 8.61 10.58 51.41 52.94

1 12 8.24 9.16 55.48 55.77

10x10 2 22 7.14 8.21 50.14 51.11

4 24 7.55 9.69 49.56 50.99

trace-files generated from the CMP simulator [75] where all the bench-
mark applications were run with MESI cache coherence protocol. This
protocol is well-known and used in many multi-processor systems
[165]. As a result, based on this traffic analysis set of synthetic traffics
have been built, which have the same injection rates, packet size and
source/destination(s) of each multicast and unicast traffic flows in
these application benchmarks. These synthetic traffics then run for a
million cycles with our cycle-accurate system-level NoC simulator.

Fig. 6.6a presents the performance improvement gained using the
proposed W-SWI-C and W-SWI-D architectures over the Mesh for a NoC

size of 10 × 8. In general, the average delay improvements of the
W-SWI-C and W-SWI-D over Mesh are almost similar and range from ∼5

to ∼99%. Moreover, these improvements are clearly proportional to the
percentage of the multicast’s ratio from the total PIR (4 to 14.2%). An
exception to this pattern is the case of the blackhole benchmark, where
the improvement over Mesh is around 99%, even though the multicast
ratio is 7.8%. This is due to the nature of the multicast traffic with
high source hotspots that cause the Mesh to quickly become saturated.
In contrast, the proposed architecture’s skip-links have more ability to
effectively alleviate such traffic issues.

On the other hand, Fig. 6.6b also demonstrates the average ener-
gy/flit improvements over Mesh, where a flit is 128 b as mentioned
earlier. Once again, W-SWI-C and W-SWI-D achieved better rates of ener-
gy/flit over Mesh of up to ∼ 10% and the improvements are propor-
tional to the multicast percentage. However, most of these benchmarks
run with relatively low PIR. Therefore, as shown in Section 6.3.1, the
W-SWI-D outperforms the W-SWI-C under low load. As a result, even
though the W-SWI-D uses retransmissions that increase power con-



6.3 system level evaluation and discussion 115

st
re

am
cl

us
te

r

fre
qm

in
e

fe
rre

t

de
du

p

ca
nn

ea
l

bl
ac

ks
ho

le

ba
rn

es
−h

ut

ra
yt

ra
ce

0

50

100

Benchmarks

Av
er

ge
 d

ea
ly

 
im

pr
ov

em
en

ts
 (%

)

6.
99

 5
.6

5 15
.0

8

22
.6

2

28
.5

8

99
.4

3

33
.6

6

42
.9

1

 6
.6

4

 5
.9

1 14
.2

0 22
.7

1

28
.5

4

99
.4

4

33
.5

4

41
.0

7

0

5

10

15

M
ul

tic
as

t r
at

io
 (%

)

W−SWI−D
W−SWI−C
multicast ratio

(a) Average delay improvements over Mesh

st
re

am
cl

us
te

r

fr
eq

m
in

e

fe
rr

et

de
du

p

ca
nn

ea
l

bl
ac

ks
ho

le

ba
rn

es
−

hu
t

ra
yt

ra
ce

0

5

10

15

Benchmarks

E
ne

rg
y/

fli
t 

im
pr

ov
em

en
ts

 (
%

)

3.
85

1.
36

6.
22

5.
86

7.
92 8.

78 9.
98

9.
86

 3
.5

4

 1
.4

2

 6
.1

0

 5
.8

8  7
.7

4

 8
.5

6 10
.0

1

 8
.5

9

0

5

10

15

M
ul

tic
as

t r
at

io
 (

%
)

W−SWI−D
W−SWI−C
multicast ratio

(b) Energy/flit improvements over Mesh

Figure 6.6: Comparison between the average delay and energy improvements
of W-SWI-C and W-SWI-D over Mesh under real applications
benchmarks from PARSEC [150] and SPLASH2 [151] for 10×8

NoC.

sumption, it is better than W-SWI-C in some benchmarks in terms of
power. In general, these results prove the potential of the proposed
architectures for general-purpose future NoC-based CMPs.

6.3.4 Area Overhead Evaluation

It is essential to evaluate chip area overheads for the extra on-chip
circuits required for the proposed architecture. Firstly, it is assumed
that the active area calculated for transceivers in previous research [18]
is the only part scaled down when moving to 45nm technology, while
the passive parts remain almost the same since they are proportional
to the channels’ operational frequency range. Therefore, the projected
transmitter area is 4870µm2 per sub-channel, while the projected
receiver area is 260µm2 per sub-channel, where the active area is
proportional to the square of the scaling factor [148].
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Table 6.4: Area overhead evaluation for W-SWI-C, proposed W-SWI-D and
VCT-512 [15] over baseline architecture (Mesh).

NoC component Area per item (mm2) for 45nm technology

Component No. Mesh W-SWI-C W-SWI-D VCT RF-I

Router 24 1.0853 1.5124 1.5931 1.0853 1.5124

Transmitter 4 - 0.1558 0.1558 - 0.1558

Receiver 24 - 0.0083 0.0083 - 0.0083

Global arbiter 1 - 0.0552 - - 0.0552

Local arbiter 24 - - 0.0309 - -

VCT table 24 - - - 2.3608 -

Wire Links 1 13.653 13.653 13.753 13.653 13.653

Total extra area over
Mesh= (all components
× their No.)- Mesh area
(mm2)

11.13 13.01 56.66 11.9

NoC/SCC-die
area (%)

7 8.96 9.42 16.99 9.1

Secondly, the area of the extra router port (buffer, crossbar and
related circuits) is calculated using the Orion 2.0 [122] model as
0.427mm2. The modelled baseline router area is a 6% less than the
reported implemented router area [5], which is acceptable for the
purpose of comparison evaluation in this study. Thirdly, the GMA

(for W-SWI-C) and RR (for W-SWI-D) was designed using Verilog and
then synthesized using the Synopsys design compiler and mapped
onto the PDK 45nm technology library to calculate its area. Their
area was found to be 0.0114mm2 and 0.0002mm2, respectively, and
to which the Tx/Rx (for control signals) estimated area of 0.0438mm2

and 0.0307mm2, respectively, was added. Likewise, the VCT with a
512 entry/source lookup table was designed using Verilog and then
synthesised. On the other hand, to compare other emerging intercon-
nects, the RF-I’s transmission line area was calculated and considered
to be routed through the chip (NoC size 6×4) as a U shape passing
through all nodes [18]. In addition, a transmission line with a pitch of
12µm was considered in calculations of its area overhead.

Table 6.4 shows area considerations for the Mesh, proposed W-SWI-C,
W-SWI-D, VCT and RF-I. Obviously, most of the extra area overhead for
the W-SWI-C and W-SWI-D, of around 1.9% is due to the extra router
port. However, the W-SWI-D area overhead is higher than the W-SWI-C

(∼ 2.3%, ∼ 2%, respectively). This is mostly due to increasing the VC

allocation unit area in all routers to implement the ID-tagging scheme.
Moreover, the W-SWI-C offers a better die area-performance trade-off
compared to RF-I transmission lines that offer the same connectivity
[18], since fat transmission lines need to be implemented through
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the chip. Not only that, but the W-SWI-C also beats the VCT in area
overhead at around 5 times less. Therefore, the W-SWI-D succeeds these
architectures in terms of low area overheads and circuit complexity.
However, W-SWI-C have slightly less area overhead than W-SWI-D.

6.4 summary and conclusion

In this chapter we explored another design option to utilize 1-to-M

communication, which is the decentralized approach to handle con-
tentions. The stretch-multicast offers better flexibility on allocating
and utilizing the SWI. Moreover, to enable the stretch-multicast while
avoiding creating a deadlock situation, an efficient tag-based flow
control has been proposed. Due to the merits of this approach in terms
of SWI utilization, evaluation results show that W-SWI-D is better than
W-SWI-C in terms of average delay and power consumption when the
NoC architecture is virtual-channelless. Moreover, the comparison of
the W-SWI-C and the W-SWI-D under multicast traffic has proven that the
former is preferred for higher traffic loads while the latter is optimal
for low traffic loads. In contrast, W-SWI-C has proven that it is suitable
for high load or in case of broadcast traffic. These results, in general,
demonstrate further improvements could be achieved on W-SWI based
on the application requirement predictions and the design require-
ments. Therefore, the proposed hybrid W-SWI interconnects continue
to show high potential and scalability for future NoC-based CMPs.
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C O N C L U S I O N S A N D F U T U R E W O R K

7.1 summary and conclusion

The crave to implement more PE or IP in a single chip has expanded
on-chip communication requirements to the degree that it has be-
come a bottleneck for system performance. Morevoer, this has created
a paradigm shift in very large scale integration (VLSI) design from
computational-centric to communicational-centric designs. This has
been further amplified by continuous deterioration of the wire per-
formance. Consequently, emerging technologies for interconnects are
suggested to alleviate the growing challenges of on-chip communica-
tion. This thesis proposes the use of the SW as the basis of a promising
interconnect architecture, which can resolve two of the main existing
challenges. These challenges are global and multicast communication.
This section presents the main conclusions drawn from this thesis.

The problems with metal wires are projected to scale up as the tech-
nology scales down. The Zenneck surface wave seems to be a good
alternative for intra-chip communication since it demonstrates promis-
ing characteristics such as low power dissipation, CMOS compatibility
and high signal propagation speed. Moreover, to fully understand
and analyse SWI, implementation considerations for SWI have been dis-
cussed, such as the needed integrated devices and RF communication
channel design. In addition, the SWI system-level power modelling and
performance considerations have been discussed based on real SW
experiments. The SW experiments also confirm the superiority of SWI

over wireless interconnects. This analysis and modelling have enabled
a system-level evaluation, which is essential for highlighting poten-
tial improvements and challenges for the proposed architecture and
motivate further investigation to reap the benefits of this interconnect
technology.

A hybrid wire-SWI architecture is proposed, which efficiently ex-
ploits the SWI. The efficiency of this interconnect architecture is mainly
due to the advantages of both the under-layer physical interconnects
of SWI and the NoC’s multilayer topology. Moreover, to efficiently uti-
lize the proposed W-SWI architecture for global traffic, simple DWA

algorithms are developed. Moreover, an implementation design along
with an analysis of the area/power overhead of the extra circuitry
required have been presented. Then, in order to explore the scalability
potentials of the W-SWI in terms of global communication, a system-
level evaluation has been conducted. The results show remarkable
improvements in latency, throughput and power consumption without

118
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any topology optimization algorithm or task mapping. All of this is
achieved with only a relatively small die area penalty compared to
baseline architecture. As a result, the proposed architecture enabled
by SWI show promising potential for future on-chip unicast global
communication.

Moreover, due to the necessity of multicast capabilities in many-
core systems and the limitations of wire-based NoCs in this context,
the hybrid W-SWI architecture has been considered for on-chip mul-
ticast communication. The potential of the proposed architecture to
satisfy this demand has been enabled by the fact that the SWI shows
extraordinary fan-out features compared to other emerging types of
interconnect. These features enable the W-SWI to tackle 1-to-M traffic
efficiently and gives an attractive area/performance trade-off. In ad-
dition, in order to resolve multicast contention issues, centralized
(W-SWI-C) arbitration and allocation techniques are proposed and dis-
cussed. This includes designing a GMA, which shows high concurrent
contention handling. Moreover, a tree-based multicast routing scheme
for this architecture is suggested. The system-level evaluation shows
substantial improvements in terms of average delay, saturated PIR and
power consumption with a relatively small area overhead penalty com-
pared to state-of-the-art on-chip multicast architectures. Consequently,
the results demonstrate the high scalability of the W-SWI-C for future
NoC-based many-core systems.

Furthermore, to explore the multicast contention handling, a decen-
tralized arbitration and allocation scheme is proposed. This includes
the development of stretch-multicast, which offers better flexibility in
allocating and utilizing the SWI’s shared channels by enabling slaves
to be virtually allocated to more than one master. However, this risks
the creation of multicast cycle dependency. Thus, to enable the stretch-
multicast while avoiding creating deadlock situations, an efficient
tag-based flow control method has been proposed. Due to the merits
of this approach in terms of SWI utilization, the evaluation results
show that the W-SWI-D is better than W-SWI-C in terms of average delay
and power consumption when the NoC architecture design is virtual-
channelless. However, the W-SWI-C is slightly better than W-SWI-D for
higher traffic loads while the latter is ideal for low traffic loads. This
is due to the increase in arbiter delay as the traffic load increases,
which overcomes the SWI utilization gain achieved by W-SWI-D. In ad-
dition, it has been concluded that broadcast traffic can not utilize the
the allocation flexibility offered by the W-SWI-D and thus decay the
performance due to the drawbacks of per flit channel establishment
latency. Consequently, the centralized approach performs better than
the decentralized approach in the case of broadcast. However, both
architectures are still superior compared to state-of-the-art multicast
interconnect architectures.
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7.2 future work

The objectives of this thesis include opening new research horizons in
future intra-chip communication. Therefore, many research directions
can be drawn and motivated from this thesis in terms of utilizing the
SWI. These research directions can be classified based on the abstraction
level they targeted in order to enable the realization and exploitation
of this new emerging technology at application level, network and
system level, electromagnetic and RF level, and communication level.

The application abstraction level includes mapping application tasks
based on their traffic requirements and node accessibility to the SWI.
Moreover, task migration might benefit from the new architecture’s
capabilities. In addition, cache coherence protocol messages might be
adjusted based on the merits of the new architecture.

On the other hand, although this thesis has targeted the networking
and system level, further research might be required in this abstract
level. For instance, an investigation of the combination of 3D-NoC and
SWI. This way the architecture might harvest the benefits of both of
these emerging technologies. The contention handling scheme might
be further extended to be globally-contention-aware by making the
routing decision based on some cost function such as a contention sta-
tus of all masters. On the other hand, the proposed architecture might
evolve to be a dynamic topology where every node can switch between
master/slave capability based on traffic monitoring. Even though these
suggestions might increase the area overhead, the possible improve-
ments resulted from factors, such as the system adaptability, could
justify the extra cost.

In terms of the electromagnetic wave and RF-engineering level,
further exploration and tuning of the design and materials of the
surface and transducer at the die-level is required. This would then
enable the integration, fabrication, and testing of the integrated on-
chip surface and transducer. In addition, for the communication level,
despite the fact that many integrated transceivers have been proposed
in the literature with excellent characteristics, a transceiver that is
specifically designed for the SWI might be more performance and/or
energy efficient. On the other hand, optimizing the transceiver design
and SNR using dynamic power scaling based on transmission distance,
such as the transceiver proposed by Mineo etal. [93], would make the
SWI further more efficient in terms of power consumption.
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A
N O X I M S I M U L AT O R I M P R O V E M E N T S

This chapter presents the major added capabilities to the original
Noxim simulator [121], in order to evaluate the proposed architec-
ture and the developed techniques in this thesis. Although, Table 2.5
presents more added features, in here we will briefly discuss the sim-
ulator features that have not been discussed sufficiently in the main
body of the thesis.

a.1 swi channel modelling

Modelling SWI channel in cycle-accurate simulator is simple enough
since it is similar to modelling a memory block with one static write
access right and multiple dynamic read access rights. These channels,
as mentioned throughout the thesis, resemble a bus topology. The dif-
ficult part of system-level behaviour simulation is the modelling of the
allocation/arbitration techniques and the communication protocols,
which has been thoroughly discussed in this thesis. The adjustments to
the Noxim simulator include defining SWI channels as global channels
then give write privilege (Tx privilege) based on the input master
placement matrix. The slave-read, however, is slightly more compli-
cated and depends on the whether it is unicast or multicast and if
multicast is it centralized or decentralized approach, see chapters 4, 5,
and 6.

In the router module an extra port has to be added to the existing
router ports: PE, E, W, N, and S, see Fig, A.1a. Therefore, also all the
resulted implications of this extra port in concurrent process related
to receiving and transmitting need to be adjusted. Some of the routing
functions and selections functions such as odd-even has been adjusted
to include the extra rules to route through and from the SWI. This
extra port then linked to the SWI channel.

a.2 virtual channel modelling

Noxim simulator does not support VC. Therefore, for the purpose of
this study the Noxim has to be modified to simulate VC. In order to
simulate the VC two components need to be altered, like in digital
router design: The data-path and the control-plane. The data-path is
altered by representing the buffer as a 2D storage (port× VC) instead
of one-dimension in the router module in Noxim, as shown in Fig.
A.1a. This also would include nested iterations in the Tx process and
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the Rx process to check and manage the First-In-First-Out (FIFO) of
each VC in each port.

The control-plane alterations include the adjustment of the reser-
vation table module in Noxim. This is also include storage space
expansion from (input : port× output : port) to (input : port,VC×
input : port,VC). Therefore, the reservation table module has to ac-
cept the input port and VC numbers and return the output port and
VC numbers. Moreover, control signals need to be added in Tile and
Router modules and then linked in the NoC module. These signals
include a pair of Req/Ack for each VC in every port, as shown in Fig.
A.1b.

N

S

EW

SWI

PE

Input port Output port

(a) (b)

Figure A.1: (a)Demonstration of router ports with three VCs; (b) The added
control signals between tiles to simulate three VCs in this example.

a.3 1-to-m traffic modelling

Although the Noxim simulator supports many synthetic traffic, they
are all 1-to-1 traffic. Therefore, in order to illustrate the potentials of
the proposed interconnect architecture in case of 1-to-M, the processing
element module in Noxim has to be adjusted to include injection of
multicast and broadcast traffics. These also need to be handled in
either software-multicast, VCT, or W-SWI. The adopted technique to
handle multicast traffic determine the way of injecting it.

Algorithm A.1 illustrate the adjustments to the processing element
module in the Noxim simulator. The first part show how multicast
or broadcast have been generated based on the input ratio. Then the
destinations are selected randomly in case of multicast. The second
part shows how to inject this multicast traffic into the NoC based
on different interconnect architectures. Regarding the VCT details of
injecting the traffic and then building the embedded multicast routing
tree, the interested reader can found it in the literature [15].
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Algorithm A.1 Algorithm of the generation of 1-to-M or 1-to-all traffics
and the way of injected them based on the architecture that handel
the multicast-traffic; Where N is the number of nodes and Flit.M is
the multicast flag bit.
..................................................................................................Multicast flit generation -

Input: Multicast-Ratio, Broadcast/Multicast

1: X = Random(0→ 100)

2: if Multicast− Ratio > X then

3: if Multicast then

4: distillations = Random(0→ 2N − 1)

5: MAB = Binary(distillations)

6: MAB[source] = 0

7: else if Broadcastt then

8: MAB = Binary(2N − 1)

9: MAB[source] = 0

10: end if

11: else

12: Normal unicast...

13: end if

...........................................................................................................Traffic injection -

Input: Traffic handling Scheme: Software-Multicast/W-SWI/VCT

14: if Software−Multicast then

15: for all i ∈ {0, ...,N− 1} do

16: if MAB[i] == 1 then

17: Flit.destination = i

18: Flit.M = 0

19: Inject(Flit)

20: end if

21: end for

22: else if W − SWI then

23: Flit.MAB =MAB

24: Flit.M = 1

25: Inject(Flit)

26: else if VCT then

27: Either inject traffic in setup phase or multicast phase

28: end if
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