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Abstract

Communication plays a crucial role in the design
and performance of multi-core systems-on-chip (SoCs).
Networks-on-chip (NoCs) have been proposed as a promis-
ing solution to simplify and optimize SoC design. However,
it is expected that improving traditional communication
technologies and interconnect organizations will not be suf-
ficient to satisfy the demand for energy-efficient and high-
performance interconnect fabrics, which continues to grow
with each new process generation. Multiple options have
been envisioned as compelling alternatives to the existing
planar metal/dielectric communication structures. In this
paper we outline the opportunities and challenges associ-
ated with three emerging interconnect paradigms: three-
dimensional (3-D) integration, nanophotonic communica-
tion, and wireless interconnects.

1 Introduction

The current trend in SoC design in the ultra deep
sub-micron (UDSM) regime and beyond is to integrate a
large number of functional and storage cores onto a single
die [1]. The possibility of this enormous degree of inte-
gration gives rise to new challenges in designing the in-
terconnection infrastructure for these complex SoCs. Ex-
trapolating from the existing CMOS scaling trends, tradi-
tional on-chip interconnect systems have been projected to
be limited in their ability to meet the performance needs of
SoCs at the UDSM technology nodes and beyond. Wire
delays that span large fractions of the chip do not scale as
well as local wire delays with respect to gate delays [2]
and global interconnect has an increasing impact on the
performance of the overall SoC [3] as well as on the ef-
fectiveness of well-established design methodologies and
CAD flows [4]. While copper and low-k dielectrics have
been introduced to decrease the global interconnect delay,
they only extend the lifetime of conventional interconnect
systems by a few technology generations. According to
the International Technology Roadmap for Semiconductors
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(ITRS), material innovation with traditional scaling will no
longer satisfy the performance requirements in the long
term and radically new interconnect paradigms are needed.
The continued progress of interconnect performance will
require approaches that introduce materials and structures
beyond the conventional metal/dielectric system, and may
require information carriers other than charge. Multiple op-
tions have been envisioned to provide alternatives to the
metal/dielectric system. In particular, three emerging inter-
connect technologies are three-dimensional (3-D) integra-
tion, nanophotonic communication, and RF/wireless inter-
connects. Meanwhile, networks-on-chip (NoC) have been
proposed as a promising solution to structure the design
of the on-chip communications infrastructure and enable
a high degree of integration in multi-core SoCs [5-7] In
the following sections we discuss the opportunities and
challenges associated with the possibility of building NoCs
with these emerging interconnect technologies.

2 3D NoC

Three-dimensional integrated circuits (3D ICs) [8] of-
fer an attractive solution for overcoming the barriers to
interconnect scaling, thereby offering an opportunity to
continue performance improvements using CMOS technol-
ogy, with smaller form factor, higher integration density,
and the support for the realization of mixed-technology
chips. Among several 3D integration technologies [9], TSV
(Through-Silicon-Via) approach is the most promising one
and therefore is the focus of the majority of 3D integra-
tion R&D activities [8]. Even though both 3D integrated
circuits and NoCs [10, 11] are proposed as alternatives for
the interconnect scaling demands, the challenges of com-
bining both approaches to design three-dimensional NOCs
have not been addressed until recently [12—19]. This sec-
tion gives a brief introduction on the exploration of pos-
sible architectural designs for three-dimensional NoC ar-
chitectures, and discuss the tradeoffs among various design
options.

Symmetric NoC Router Design. The natural and sim-
plest extension to the baseline NoC router to facilitate a
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Crossbar Type Area Power (500 Mhz)
5x5 Crossbar | 8523 um? 421 mW
6x6 Crossbar | 11579 pum? 5.06 mW
7x7 Crossbar | 17289 pum? 9.41 mW

Table 1. Area and power comparison of the
crossbar switches in a 90nm technology.

3D layout is simply adding two additional physical ports
to each router; one for Up and one for Down, along with
the associated buffers, arbiters (VC arbiters and Switch
Arbiters), and crossbar extension. We can extend a tradi-
tional NoC fabric to the third dimension by simply adding
such routers at each layer (called a symmetric NoC, due to
symmetry of routing in all directions). We call this archi-
tecture a 3D Symmetric NoC, since both intra- and inter-
layer movement bear identical characteristics as hop-by-
hop traversal. For example, moving from the bottom layer
of a 4-layer chip to the top layer requires 3 network hops.

This architecture, while simple to implement, has two
major inherent drawbacks: (1) It wastes the beneficial at-
tribute of a negligible inter-wafer distance in 3D chips (for
example, the thickness of a die could be as small as 10s
of um). Since traveling in the vertical dimension is multi-
hop, it takes as much time as moving within each layer. Of
course, the average number of hops between a source and a
destination does decrease as a result of folding a 2D design
into multiple stacked layers, but inter-layer and intra-layer
hops are indistinguishable. Furthermore, each flit must un-
dergo buffering and arbitration at every hop, adding to the
overall delay in moving up/down the layers; (2)The addi-
tion of two extra ports necessitates a larger 7x7 crossbar.
Crossbars scale upward very inefficiently, as illustrated in
Table 1. This table includes the area and power budgets of
all crossbar types investigated in this section, based on syn-
thesized implementations in a 90nm technology. Clearly,
a 7x7 crossbar incurs significant area and power overhead
over all other architectures. Therefore, the 3D Symmetric
NoC implementation is a somewhat naive extension to the
baseline 2D network.

3D NoC-Bus Hybrid Router Design. There is an inher-
ent asymmetry in the delays in a 3D architecture between
the fast vertical interconnects and the horizontal intercon-
nects that connect neighboring cores due to differences in
wire lengths (a few tens of yum in the vertical direction as
compared to a few thousands um in the horizontal direc-
tion). Consequently, a symmetric NoC architecture with
multi-hop communication in the vertical (inter-layer) di-
mension is not desirable.

Given the very small inter-layer distance, single-hop
communication is, in fact, feasible. This technique revolves
around the fact that vertical distance is negligible compared
to intra-layer distances; the bus can provide single-hop
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Figure 1. A hybrid 3D NoC/Bus architecture.
The router has one additional input/output
ports to connect with the vertical bus.

traversal between any two layers. This realization opens
the door to a very popular shared-medium interconnect, the
bus. The NoC router can be hybridized with a bus link
in the vertical dimension to create a 3D NoC-Bus Hybrid
structure, as shown in Fig. 1. This hybrid system provides
both performance and area benefits. Instead of an unwieldy
7x7 crossbar, it requires a 6 X6 crossbar (Fig. 1), since the
bus adds a single additional port to the generic 2D 5x5
crossbar. The additional link forms the interface between
the NoC domain and the bus (vertical) domain. The bus
link has its own dedicated queue, which is controlled by a
central arbiter. Flits from different layers wishing to move
up/down should arbitrate for access to the shared medium.
Despite the benefits over the 3D Symmetric NoC router,
the bus approach also suffers from a major drawback: it
does not allow concurrent communication in the third di-
mension. Since the bus is a shared medium, it can only
be used by a single flit at any given time. This severely
increases contention and blocking probability under high
network load. Therefore, while single-hop vertical com-
munication does improve performance in terms of overall
latency, inter-layer bandwidth suffers. More details on the
3D NoC-Bus hybrid architecture can be found in [12].
True 3D Router Design. Moving beyond the previ-
ous options, we can envision a true 3D crossbar imple-
mentation, which enables seamless integration of the ver-
tical links in the overall router operation. Fig. 2 illustrates
such a 3D crossbar layout. It should be noted at this point
that the traditional definition of a crossbar - in the con-
text of a 2D physical layout - is a switch in which each
input is connected to each output through a single connec-
tion point. However, extending this definition to a physical
3D structure would imply a switch of enormous complexity
and size (given the increased numbers of input- and output-
port pairs associated with the various layers). Therefore,
we chose a simpler structure which can accommodate the
interconnection of an input to an output port through more
than one connection points. While such a configuration can
be viewed as a multi-stage switching network, we still call
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Figure 2. The true 3D router design.

this structure a crossbar for the sake of simplicity. The ver-
tical links are now embedded in the crossbar and extend to
all layers. This implies the use of a 55 crossbar, since no
additional physical channels need to be dedicated for inter-
layer communication.

As shown in Table 1, a 5x5 crossbar is significantly
smaller and less power-hungry than the 6 x 6 crossbar of the
3D NoC-Bus Hybrid and the 7x7 crossbar of the 3D Sym-
metric NoC. Interconnection between the various links in a
3D crossbar would have to be provided by dedicated con-
nection boxes at each layer. These connecting points can
facilitate linkage between vertical and horizontal channels,
allowing flexible flit traversal within the 3D crossbar.

The 2D crossbars of all layers are physically fused into
one single three-dimensional crossbar. Multiple internal
paths are present, and a traveling flit goes through a number
of switching points and links between the input and output
ports. Moreover, flits re-entering another layer do not go
through an intermediate buffer; instead, they directly con-
nect to the output port of the destination layer. For example,
a flit can move from the western input port of layer 2 to the
northern output port of layer 4 in a single hop.

However, despite this encouraging result, there is an op-
posite side to the coin which paints a rather bleak picture.
Adding a large number of vertical links in a 3D crossbar to
increase NoC connectivity results in increased path diver-
sity. This translates into multiple possible paths between
source and destination pairs. While this increased diversity
may initially look like a positive attribute, it actually leads
to a dramatic increase in the complexity of the central ar-
biter, which coordinates inter-layer communication in the
3D crossbar. The arbiter now needs to decide between a
multitude of possible interconnections, and requires an ex-
cessive number of control signals to enable all these inter-
connections. A full crossbar with its overwhelming control
and coordination complexity poses a stark contrast to this
frugal and highly efficient design methodology. Moreover,
the redundancy offered by the full connectivity is rarely
utilized by real-world workloads, and is, in fact, design
overkill [13].

Multi-layer 3D NoC Router Design. All the 3D
router design options discussed earlier (symmetric 3D

router, 3D NoC-Bus hybrid router, true 3D router, and
3D dimensionally-decomposed router) are based on the as-
sumption that the processing element (PE) (which could be
a processor core or a cache bank) itself is still a 2D de-
sign. For a fine-granularity design of 3D design, one can
split a PE across multiple layers. For example, 3D cache
design [20] and 3D functional units [21] have been pro-
posed before. Consequently, a PE in the NoC architecture
is possible to be implemented with such fine-granularity
approach. Although such a multi-layer stacking of a PE
is considered aggressive in the current technology, it could
be possible as 3D technology matures with smaller TSV
pitches.

With such a multi-layer stacking of processing elements
in the NoC architecture, it is necessary to design a multi-
layer 3D router that is designed to span across multiple lay-
ers of a 3D chip. Logically, such NoC architecture with
multi-layer PEs and multi-layer routers is identical to the
traditional 2D NoC case with the same number of nodes al-
beit the smaller area of each PE and router and the shorter
distance between routers. Consequently, the design of a
multi-layer router requires no additional functionality as
compared to a 2D router and only requires distribution of
the functionality across multiple layers.

The router modules can be classified into two cate-
gories - separable and non-separable, based on the ability
to systematically split the module into smaller sub-modules
across layers with the inter-layer wiring constraints and
the need to balance area across layers [14]. Input buffers,
crossbar, inter-router links are classified as separable mod-
ules, while arbitration logic and routing logic are classi-
fied as non-separable since they cannot be systematically
broken into subsets. The saving in chip area can be used
for enhancing the router capability, for example, adding ex-
press paths between non-adjacent PEs to reduce the average
hop count, and help in boosting the performance and reduc-
ing the power. Furthermore, because a large portion of the
communication traffic consists of short flits and frequent
patterns, it is possible to dynamically shut down some lay-
ers of the multi-layer router to reduce the power consump-
tion.

3D NoC Topology Design. All the router designs dis-
cussed in previous subsections are based on the mesh-based
NoC topology. There exists various NoC topologies, such
as concentrated mesh or flattened butterfly topology, all
of which have advantages and disadvantages. By employ-
ing different topologies rather than the mesh topology, the
router designs discussed above could also have different
variants. For example, in 2D concentrated mesh topol-
ogy, the router itself has a radix of 8 (i.e. an 8-port router,
with four to local PEs and the others to four cardinal di-
rections). With such topology, the 3D NoC-bus hybrid ap-
proach would result in a 9-port router design. Such high-
radix router designs are power-hungry with degraded per-
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formance, even though the hop count between PEs is re-
duced. Consequently, a topology-router co-design method
for 3D NoC is desirable, so that the hop count between any
two PEs and the radix of the 3D router design is as small as
possible. Xu et al. [16] proposed a 3D NoC topology with
low hop count (which is defined as low diameter) and low
radix router design. The level 2D mesh is replaced with a
network of long links connecting nodes that are at least m
mesh-hops away, where m is a design parameter. In such
a topology, long distance communications can leverage the
long physical wire and vertical links to reach destination,
achieving low total hop count, while the radix of the router
is kept low. For application-specific NoC architecture, Yan
et al. [15] also proposed a 3D-NoC synthesis algorithm
that is based on a rip-up and reroute formulation for rout-
ing flows and a router merging procedure for network opti-
mization to reduce the hop count.

Impact of 3D Technology on NoC Designs. Since
TSV vias contend with active device area, they impose con-
straints on the number of such vias per unit area. Conse-
quently, the NoC design should be performed holistically
in conjunction with other system components such as the
power supply and clock network that will contend for the
same interconnect resources.

The 3D integration using TSV (through-silicon-via) can
be classified into one of the two following categories; (1)
monolithic approach and the (2) stacking approach. The
first approach involves a sequential device process, where
the frontend processing (to build the device layer) is re-
peated on a single wafer to build multiple active device
layers before the backend processing builds interconnects
among devices. The second approach (which could be
wafer-to-wafer, die-to-wafer, or die-to-die stacking) pro-
cesses each active device layer separately using conven-
tional fabrication techniques. These multiple device layers
are then assembled to build up 3D ICs using bonding tech-
nology. Dies can be bonded face-to-face (F2F) or face-to-
back (F2B). The microbump in face-to-face wafer bonding
does not go through a thick buried Si layer and can be fab-
ricated with a higher pitch density. In stacking bonding,
the dimension of the TSVs is not expected to scale at the
same rate as feature size because alignment tolerance and
thinned die/wafer height during bonding poses limitation
on the scaling of the vias.

The TSV (or micropad) size, length, and the pitch den-
sity, as well as the bonding method (face-to-face or face-
to-back bonding, SOI-based 3D or bulk CMOS-based 3D)
can have a significant impact on the 3D NoC topology de-
sign. For example, relatively large size of TSVs can hinder
partitioning a design at very fine granularity across multi-
ple device layers, and make the true 3D router design less
possible. On the other hand, the monolithic 3D integration
provides more flexibility in the vertical 3D connection be-
cause the vertical 3D via can potentially scale down with

feature size due to the use of local wires for connection.
Availability of such technologies makes it possible to par-
tition the design at a very fine granularity. Furthermore,
face-to-face bonding or SOI-based 3D integration may have
a smaller via pitch size and higher via density than face-to-
back bonding or bulk CMOS based integration. Such influ-
ence of the 3D technology parameters on the NoC topol-
ogy design should be thoroughly studied and suitable NoC
topologies for different 3D technologies should be identi-
fied with respect to the performance, power, thermal, and
reliability optimizations.

3 Nanophotonic Interconnection Networks

The combination of increasing requirements on on-chip
and off-chip communication bandwidths and strict limita-
tions on the maximum on-chip temperature and power bud-
get imposed by packaging constraints will make the inter-
connect power consumption become perhaps the most crit-
ical problem for multi-core SoC design in the foreseeable
future. How electronic NoCs can continue to satisfy future
bandwidths and latency requirements within the chip power
budget is an important open area of research [22].

Photonic networks-on-chip (NoC) have been proposed
as a solution to reduce the impact of intra-chip and off-
chip communication on the overall power budget [23, 24].
Thanks to the unique properties of optical communica-
tion, such as bit-rate transparency and low loss of opti-
cal waveguides, photonic NoCs are expected to reach lev-
els of performance-per-watt scaling that cannot be matched
by all-electronic interconnects. Recently various research
projects have been started in both academia and industry to
understand how to realize the potential of photonic NoCs.
Shacham et al. have proposed a hybrid approach to pho-
tonic NoC [25,26], which is discussed in more detail below.
Kirman at al. have studied the performance improvement
obtained by using a CMOS-compatible photonic on-chip
bus for future chip multi-processors (CMPs) [27]. Batten
et al. have proposed power-constrained processor-memory
network architectures for future many-core systems [28].
Vantrease et al. have presented a 3D many-core architec-
ture that uses photonic communication for both inter-core
communication and off-stack communication to memory or
I/O devices [29]. Beausoleil et al. have made the case
for a high-performance many-core computing system di-
vided into multiple silicon compute clusters [30]. Krish-
namoorthy et al. have provides a comprehensive overview
on the opportunities of using photonic communication into
a high-performance computing system at the chassis, chip-
package and silicon micro-system levels [31].

Advances in Photonic NoC Components. The pho-
tonics opportunity is made possible now by recent break-
throughs in nanoscale silicon photonics and considerably
improved photonic integration with commercial CMOS
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chip manufacturing [32]. The gains in power efficien-
cies for optical modulators and receivers are driven by
the nanoscale device footprints and corresponding capac-
itances, as well as by the tight proximity of electronic
drivers enabled by the monolithic CMOS platform inte-
gration. Advances in the fabrication of CMOS-compatible
photonic devices have been reported in the literature for
all the basic elements necessary to build photonic NoCs:
links, modulators, switches, and receivers. In particu-
lar, thanks to design and fabrication improvements, sub-
wm dimensional photonic links now achieve propagation
losses around 1.7dB/cm, and off-chip coupling losses of
0.5dB/facet. Various NoCs functionalities can be imple-
mented using the micro-ring resonator, a device of im-
pressive versatility that can be used to build modulators,
switches, and wavelength multiplexers. Micro-ring silicon
modulators that are capable to reach modulation speeds
in excess of 10Gbps with a dissipation of 85 f.J/bit have
been fabricated and their energy efficiency is expected
to continue to improve in the future [33, 34]. Simple
micro-ring switches have been demonstrated with through-
put bandwidths of 250Gbps and are expected to scale to
over 1Tbps [35,36]. A four-port non-blocking photonic
switch has been fabricated and characterized: it supports
multi-wavelength routing through thermally tuned and sta-
bilized micro-heaters [37]. Receivers based on SiGe or Ge
photodetectors combined with high-gain CMOS amplifiers
have been demonstrated to operate at 15Gbps with limited
power dissipation [38].

Combining Photonic NoC and 3D Integration. In
order to optimize the fabrication process it is reasonable
to expect that the introduction of a photonic NoC in the
design of future multi-core SoCs will take advantage of
the progress in 3D Integration [39] and, particularly, the
Through-Silicon-Via technology [40]. A possible organi-
zation of a future 3D SoC with a photonic NoC is illus-
trated in Fig. 3 and consists of three types of layers [26,41]:
(a) a computational layer hosts multiple, possibly hetero-
geneous, processing cores together with their local mem-
ories and network interfaces; (b) one or more storage lay-
ers provide the bulk of on-chip memory; and (c) a com-

munication layer host the optical components and opto-
electronic devices that are combined to realize the photonic
NoC and provide the main communication infrastructure
to connect the cores among themselves and with off-chip
memories and devices. This multi-layer organization will
allow to separately optimize logic, memory, and Si photon-
ics planes.

Hybrid Approach to Photonic NoC Design. Photonic
NoCs can leverage two critical properties of the photonic
medium:

e bit-rate transparency: Differently from electronic
routers that must switch with every bit of the trans-
mitted data, leading to a dynamic power dissipation
that scales with the bit rate, photonic switches switch
on and off once per message, and their energy dis-
sipation is essentially independent from the bit rate.
Hence, photonic NoCs can deliver very high band-
width without incurring the levels of power dissipation
that would be necessary for equivalent NoCs based on
traditional electronic design.

o low loss in optical waveguides: At the chip and board
scale the power that is dissipated on a photonic link is
independent of the transmission distance. Energy dis-
sipation remains essentially the same whether a mes-
sage travels between two processing cores that are a
few millimeters or a few centimeters apart. In fact,
photonic NoCs based on low-loss off-chip intercon-
nects would enable the seamless scaling of the optical
communication infrastructure beyond the chip bound-
ary to connect multiple multicore SoCs as well as
DRAM memories.

While photonic technology offers unique advantages for
energy-efficient high-bandwidth communication, its limi-
tations in terms of computing and storage capabilities pose
some critical challenges to the design of photonic NoCs.
In particular, flit buffering and control-flit processing, two
important functions of any packet-switched NoCs, are im-
practical to implement with optical devices. In order to
address these challenges and leverage the best advantages
provided by the electronic and photonic media respec-
tively, Shacham et al. have proposed a hybrid architecture
where a high-bandwidth circuit-switched photonic network
is combined with a low-bandwidth packet-switched elec-
tronic network [25,26]. While the electronic network car-
ries small-size control (and data) packets, the photonic net-
work transfers large-size data messages between pairs of
cores. The NoC operates as follows: (1) a photonic cir-
cuit is reserved through the exchange of a path-setup packet
over the electronic network between the source and the des-
tination, followed by a short acknowledgment-pulse over
the photonic network (path-setup process); (2) a large data
transfer is completed on the high-bandwidth photonic cir-
cuit; and (3) at the end of the communication the photonic
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circuit is released by the source through the transmission of
a tear-down packet (path-teardown process).

A possible physical implementation of this photonic
NoC and its performance are discussed in [42], which pre-
sented also the design of the 4-way ring-resonator photonic
switch, whose prototype has been recently fabricated [37].
Alternative physical implementations, including two non-
blocking topologies, have been proposed and analyzed by
Petracca et al. [43], who presented also one of the first
assessments of the expected benefits of using a photonic
NoC for a real application, i.e. computing a very large Fast
Fourier Transform. The simulation-based results confirm
that on-chip photonic communication can support energy-
efficient high-bandwidth data transfers among processing
cores. Its potential can be realized especially by building
photonic NoC that connect large multi-threaded cores or
clusters of cores so that data aggregation can be performed
to build and transfer large messages.

Challenges in Photonic NoC Design. Besides the need
for continued advances in the design and the fabrication of
the nanophotonic components, there are several issues that
require further investigation. At the system-level more re-
search is necessary to understand how to exploit most ef-
fectively the high-bandwidth and low-power connectivity
offered by optical links to increase the performance of real
applications. In particular, photonic NoCs could allow the
seamless extension of this connectivity to off-chip devices
such as other SoCs as well DRAM memories, thus poten-
tially removing the off-chip communication bottleneck and
enabling the rethinking of the overall system architecture.
From a physical-layer viewpoint, photonic NoC designers
face important challenges in looking for an optimal imple-
mentation of a given network architecture because, for in-
stance, a certain layout could increase the aggregated inser-
tion losses due to waveguide crossing [44]. Other important
issues include the effect of scaling the number of wave-
lengths per link given a particular nonlinear power thresh-
old within the optical waveguide and the effect of temper-
ature variations on photonic components. In fact, from a
computer-aided design (CAD) viewpoint there is a need
for new design environments and tools that account for the
many optical physical-layer aspects that have no electronic
analogue.

4 Wireless NoC

A radical alternative to the existing metal/dielectric 2-D
interconnect infrastructures is to use transmission of sig-
nals via RF/wireless interconnects. According to Chang
et al. [45] intra-chip low latency communication can be
achieved through RF interconnects, where transmission of
data is guided through on-chip transmission lines [45].
Using Frequency Division Multiple Access (FDMA) with
multiband frequency synthesizers and metal wires available
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Figure 4. The mm-wave antenna configura-
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from current CMOS processes as transmission lines a high
bandwidth RF interconnect can be created for on-chip data
transport. In [46] a hybrid NoC architecture using such RF
interconnects has been proposed. An underlying wireline
mesh architecture overlaid with a high bandwidth FDMA
based RF transmission is envisioned. The RF intercon-
nect acts as an information “highway” enabling fast data
transport across longer distances on the chip, thus reduc-
ing overall communication latency. In addition to reduced
latency, the NoC power dissipation using overlaid RF short-
cuts is demonstrated in [46]to be an order of magnitude less
than that in traditional wireline NoCs. Miniaturized on-
chip inductor based antennas and bank of high frequency
precision oscillators and filters make such a hybrid NoC
architecture viable. Unlike 3D and photonic NoCs, NoC
with RF interconnects can be built using existing CMOS
technology. But it requires laying of long on-chip trans-
mission lines that serve as wave guides. To sustain high
throughput, RF-interconnect based NoCs require multiple
high frequency oscillators and high precision filters. In con-
trast to all these, the on-chip wireless communication net-
work can be developed using existing and well-understood
CMOS technology, and as elaborated later, it is capable of
reducing the number of existing wired interconnects in the
NoC. It also achieves on-chip effective speed of light sig-
nal propagation. By replacing multi-hop wireline links in a
NoC through high-bandwidth single-hop long-range wire-
less channels the latency, power consumption and intercon-
nect routing problems of a traditional NoC can be simulta-
neously addressed.

On-Chip Antenna. On-chip wireless interconnects
were demonstrated first in [47] for distributing clock sig-
nals. Recently, design of a wireless NoC based on CMOS
Ultra Wideband (UWB) technology was proposed [48].
The particular antennas used in [48] achieve a transmis-
sion range of 1 mm while being 2.98 mm in length. Con-
sequently, for a NoC spreading typically over a die of 20
mm x 20 mm, this architecture essentially requires multi-
hop communication through the on-chip wireless channels.
Moreover, for | mm range of on-chip communication, a
wireless link may not be more economical and efficient
than metal wires. Having wireless nodes spread all over
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the die will introduce significant overhead due to anten-
nas and associated transceiver circuits. This implementa-
tion achieves a peak bandwidth of 10 Gbps on a single
channel for a system consisting of 16 embedded cores in
the 0.18 um technology node. However the performance
of silicon integrated on-chip antennas for intra- and inter-
chip communication with longer range have been already
demonstrated by the authors of [49]. They have primarily
used metal zig-zag antennas operating in the range of tens
of GHz. The propagation mechanisms of radio waves over
intra-chip channels with integrated antennas were also in-
vestigated [50]. It was shown that zig-zag monopole anten-
nas of axial length 1-2 mm can achieve a communication
range of about 10-15 mm. As explained in [49], antenna
size can be reduced by using a monopole to utilize the vir-
tual image below the ground plane to make it behave like a
dipole with twice the length. A possible configuration of a
zig-zag antenna is shown in Fig. 4.

Depending on antenna configuration and substrate char-
acteristics, achievable frequency of the wireless channel
can be in the range of 50-100 GHz. By varying the ax-
ial length, trace width, arm element length and bend an-
gle the antenna bandwidth can be modified. Propagation
of radio signal over intra-chip channels is mainly real-
ized with surface waves guided on the air-wafer interface.
A relatively long intra-chip communication range facili-
tates single-hop communication between widely separated
blocks. This is essential to achieve the full benefit of on-
chip wireless networks for multi-core systems by reduc-
ing long distance multi-hop wireline communication. De-
spite all these advantages, in the mm-wave range the an-
tenna size ( 1-2 mm) is still a limitation. If the transmis-
sion frequencies can be increased to THz/optical range then
the corresponding antenna sizes decrease, occupying much
less chip real estate. One possibility is to use nanoscale

antennas based on CNTs operating in the THz/optical fre-
quency range [51-54]. Bundles of CNTs are predicted to
enhance performance of antenna modules by up to 40dB in
radiation efficiency and provide excellent directional prop-
erties in far-field patterns [55]. Moreover these antennas
can achieve a bandwidth of around 500 GHz, whereas the
antennas operating in the mm-wave range achieve a band-
width of 10’s of GHz. Thus antennas operating in the
THz/optical frequency range can support much higher data
rates. CNTs have several characteristics that make them
suitable as on-chip antennas for optical frequencies. Given
wavelengths of several hundreds of nanometers to several
micrometers there is a need for virtually one-dimensional
antenna structures for efficient transmission and reception.
With diameters of a few nanometers and any length up to
a few millimeters possible, CNTs are the perfect candi-
date. Such thin structures are almost impossible to achieve
with traditional microfabrication techniques for metals. In
CNTs, ballistic electron transport leads to quantum conduc-
tance, resulting in reduced resistive loss, which allows ex-
tremely high current densities, namely 4-5 orders of mag-
nitude higher than copper. This enables high transmit-
ted powers from nanotube antennas, crucial for long-range
communications. By shining an external laser source on
the CNT, radiation characteristics of multi-walled carbon
nanotube (MWCNT) antennas are observed to be in excel-
lent quantitative agreement with traditional radio antenna
theory [52], although at much higher frequencies of hun-
dreds of THz. The requirements of using external sources
to excite the antennas can be eliminated if the electrolumi-
nescence phenomenon from a CNT is utilized to design lin-
early polarized dipole radiation sources [56]. It is demon-
strated that, semiconducting CNTs emit infrared photons
when an electron-hole pair recombines across the band-
gap. Therefore, in addition to being the antenna, the CNT
also acts as the signal generator, significantly reducing the
transmitter circuit complexity. Consequently building an
on-chip wireless interconnection network using optical fre-
quencies for inter-core communications becomes feasible
with much less overhead than the mm-wave antennas. But
unlike the mm-wave antennas, CNTs face significant man-
ufacturing challenges.

All these investigations regarding miniaturized antennas
enable the design of novel wireless communication infras-
tructures for multi-core SoCs.

Network Architecture. The goal in on-chip communi-
cation system design is to transmit data with low latencies
and high throughput using the least possible power and re-
sources. Currently, the major challenges in wire-based tra-
ditional on-chip communication networks are the high la-
tency and power consumption of their multi-hop links. By
inserting single-hop long range wireless links in place of
multi-hop wireline communication, overall system perfor-
mance can be significantly improved. To do this the entire
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network should be divided into multiple small clusters of
neighboring cores called subnets. Wireless links will be
introduced between the subnets, while intra-subnet com-
munication will still be solely through wires. Each sub-
net is equipped with a wireless base station (WB), which
transmits and receives data packets over the wireless chan-
nels. The advantage of this heterogeneous mode of data
transport is that, as long as the antennas are placed within
their communication range, only a single hop is required
for inter-subnet communication, even if subnets are not ad-
jacent. This also reduces the number of multi-hop wired
links between distant cores. To reduce the antenna and
wireless transceiver circuitry overhead, it is desirable to
keep the number of WBs on a single chip as low as pos-
sible, without significantly compromising the performance
benefit. This also helps reduce the load on the shared wire-
less medium. The optimal interconnect architecture and the
number of subnets will vary depending on overall system
size, mapping of the application on the entire chip, and the
maximum number of WBs. Subnets will consist of rela-
tively fewer cores, giving increased flexibility in designing
their architectures. Instead of a single NoC spanning the
entire system, as is traditional, there will be subnets with
varying architectures for different parts of the chip. Fig. 5
shows a hybrid (wireless/wired) NoC architecture with het-
erogeneous subnets. Based on the research on small-world
graphs [57], we can predict where to insert the wireless
links in the network to improve performance. As shown in
Fig. 6, we can view the wireless NoC (WiNoC) as a combi-
nation of clustered WBs with short-range wired links and a
few long-range wireless links that produce shortcuts among
the distant subnets. Allocating long range wireless links be-
tween distant subnets facilitates better utilization of limited
wireless channels, as single-hop communication between
distant subnets is the main contributing factor for overall
performance gain. The existence of such links between the
distant subnets basically helps in adopting the small-world
phenomenon in the WiNoC. By incorporating the small-
world network architecture through the wireless links, the

M Receiver Side
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Data Received

Data to be transmitted

} Serializer Deserializer j

Driver LNA
Amplifier
| H carer | [, |
T L
Figure 7. Components of mm-wave wireless
transceiver.

latency and throughput profiles of the WiNoC are expected
to be significantly improved.

Wireless Transceiver. The design of the wireless
transceiver will depend on the specific frequency range
of the wireless channels. For the WiNoC with mm-wave
wireless links the necessary components of the wireless
transceiver are shown in Fig. 7.

The design of the transceiver will be completely differ-
ent when CNT antennas are used as the communicating
frequency is in THz/optical range. The carrier has to be
modulated by optical modulators. It is shown in [58] that
high-speed silicon integrated Mach-Zehnder optical mod-
ulators are currently commercially available. Twenty four
continuous wave laser sources of different frequencies and
modulators operating at the rate of 10Gbps can be used. As
noted in [59] this data rate is expected to increase many
fold with technology scaling in future. Due to the very
high frequency range, simple On-Off Keying (OOK) will
be adopted.

The transceiver module will be much simplified if the
electroluminescence phenomenon from a CNT is used to
establish the communication channel. The transmitter will
consist of a simple biasing circuit that, whenever the infor-
mation bit to be transmitted is 17, applies a DC voltage
across the CNT, which will accordingly generate the light
signal, and at the same time act as the transmission antenna.
The receiver will include a CNT antenna that generates a
DC signal while the infrared signal is illuminating it, con-
nected to a simple signal amplifier. In this case also depend-
ing on the bandgap of CNTs, multiple distinct frequency
channels can be created. Moreover, it is found that, signals
emitted by the nanotubes are polarized, with approximately
a cos? § dependence [56], where 6 is the angle between the
nanotube and the polarizer axis. This polarization depen-
dence also exists in the case of absorption. This provides
additional means of separating channels by polarization di-
vision multiplexing (PDM), using antennas positioned in
various directions with respect to each other. The ultimate
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Table 2. Comparison of the three emerging
interconnect paradigms.

effectiveness of this scheme will depend on the achievable
communication range and signal power, which are yet to be
fully characterized.

An important point to note here is that, the mm-wave
metal antennas and the infrared CNT antennas are the en-
abling technologies to establish the on-chip wireless links.
The characteristics of the on-chip wireless channels and
hence the overall performance of the WiNoCs will depend
on the specifics of these antennas, but the basic design
principles of the WiNoC and its performance evaluation
methodology remains the same. WiNoCs with mm-wave
wireless links are more near-term solutions, which can be
achieved with the help of existing CMOS technology. On-
chip wireless communication links with CNT antennas will
introduce much less overhead compared to the mm-wave
ones, but it has to overcome several manufacturing chal-
lenges in the future.

5 Concluding Remarks

Three-dimensional integration, nanophotonic communi-
cation and on-chip wireless links are all promising alter-
native options to traditional planar metal/dielectric-based
interconnects for building the communication infrastruc-
ture of future multi-core systems-on-chip. Each of these
emerging interconnect paradigms, whose main features are
summarized in Table 2, could offer remarkable advantages.
However, in order to harvest their potential more research
is necessary to address various challenges in multiple areas
including system architecture, circuit design, device fabri-
cation and CAD tool development.
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