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Abstract—Networks-on-Chip (NoCs) are emerging as the way their communication needs rise dramatically, to the point o
to interconnect the processing cores and the memory within turning communication into the major performance botttdne
a chip multiprocessor. As recent years have seen a significan of current multicore architectures.

increase in the number of cores per chip, it is crucial to guaantee With the ai f . ith the i . hi
the scalability of NoCs in order to avoid communication to ' € aim of coping wi € Increasing on-chip com-

become the next performance bottleneck in multicore procesors. Munication requirements, a common practice has been to
Among other alternatives, the concept of Wireless Networlen- replace traditional bus architectures with networks of on-

Chip (WNoC) has been proposed, wherein on-chip antennas chip wires and routers [1]. This approach, also referred to
would provide native broadcast capabilities leading to enhnced as Network-on-Chip (NoC), can be understood as the appli-

network performance. Since energy consumption and chip aiee . . e
are the two primary constraints, this work is aimed to explore Cation of networking principles and methods upon a set of

the area and energy implications of scaling a WNoC in terms of €lectrical interconnects [2], [3]. However, NoCs enabled b
(a) the number of cores within the chip, and(b) the capacity of these interconnects present fundamental limitations gbart
each link in the network. To this end, an integral design spae towards a reduced scalability beyond several tens of cores.
exploration is performed, covering implementation asped (area a5 thoroughly discussed in [4] and references therein, the
and energy), communication aspects (link capacity) and netork- . . .
level considerations (number of cores and network architere). ava|_lable _energy fqr interconnects will soon be under the 10
The Study is entire|y based upon ana|ytica| |"node|s7 which Ml fJ/b|t bar”er and W|” not be enough to cover the reqUIretﬂen
allow to benchmark the WNoC scalability against a baseline of electrical wires (Table ). Also, their decreasing meait
NoC. Eventually, this investigation will provide qualitative and performance is foreseen to be a significant issue in future
quantitative gu_ldellnes for_ tht_a design of future transceiers for many-core architectures (more details in Section I1).
wireless on-chip communication. L . .
As a consequence of such limited scalability, considerable
Index Terms—Network-on-Chip, Wireless Network-on-Chip, research efforts have been directed towards extending the
Multicore Processors, Design Space Exploration, Emerginnter- —iqina1 concept of NoC to other interconnect technologies
connect Technologies, On-chip Antennas, Wireless Transieers, . . . . .
Area, Power Diverse examples can be found in the literature, including
the employment of vertical vias within stacked architeetur
[5], [6], of on-chip transmission lines for the transmissiof
. INTRODUCTION modulated RF signals [7] or of nanophotonic interconnects
In the ever-changing world of microprocessor design, mutnabling optical on-chip communication [4], [8]. Such egier
ticore architectures are currently the dominant trend fathb ing technologies may be used either to completely replace
conventional and high-performance computing. These archiaditional NoCs [9], [10] or to follow a hybrid approach wehi
tectures consist of the interconnection of several indépen leverages the capabilities of different types of intercexia
processors ocores, as well as of a multilevel cache to improvg11], [12], targeting to ensure the scalability of on-chiptn
the memory throughput. Communication among these elgerks beyond thousands of cores.
ments is required for the implementation of diverse sighgali  In line with the recent research trends, the possibility of
schemes essential for the correct operation of a multigsmre implementing on-chip wireless communication by means of
and largely impacts upon the computation performance. As timtegrated antennas has been proposed [13]. The resulting
number of cores within these processing systems increaseseless NoCs have garnered considerable interest from the



i ebliot TABLE |

1 Performance !
Requirements BASELINE NOC PARAMETERS

Network r
Architecture NoC Models 4 | Parameter | Value [ Unit |
Nurber of S— System
Cores (N) Ao Z A / Chip Area 400 | mn?
... Network \ i (A B F=ATEY CMOS Technology Nodg 32 | _nm
ST Efie = =5+ vt Operation Frequency 5 GHz
[ Supply Voltage 1 Y,
A / Ele,\(l:zrécal Wi’\r‘eolcess Ph:‘::nic N Topology Mesh ~
Link Models } Models | Models \ I Number of Links 224 -
Capacity (C) S ——— Link (per hop)
State-of-the-art Capacity 240 | Gbps
Implementations Energy 540 fJ/bit
Interconnect
Area 0.009 | mn?
— Static Power 3.8 mwW
Router (per hop)
Fig. 1. Model-based approach employed in this work. Energy 220 | fJ/bit
Area 0.11 | mn?
Static Power 64 mwW

Communi_ty by virtue _qf_, among ot.hers, their naFive broadcaﬁnk and router figures were obtained with ORION [16] asstgnén64-core
and multicast capabilities [14]. Since the medium is sharegstem with a datapath width of 48 bits, as well as four virekannels per

among the cores, either multiplexing techniques or medium port and a buffer size of four flits per virtual channel.
access control (MAC) protocols are required to achieveimult
user communication [15]. As a result, the concept of wireles

NoC has been thus far analyzed in the form of specific Njt these communication demands, multicore processors have
work architectures and benchmarked employing traffic paste heen designed taking into consideration the NoC capasiliti
from a set of standard applications. Alternatively, we ain t-or instance, multicast has traditionally been a costly mom
provide an interconnect-driven view of this research arga Rjcation in chip environments and has been widely avoided.
performing, as the main contribution, a circuit-orient&s$idn This tendency continues as in conventional NoCs, multicast
space exploration of wireless NoC. messages are broken down into multiple unicast packets and
The employed methodology is summarized in Figure 1. Thgsnerate large levels of contention. The work in [17] shows
investigation is entirely based on analytical models ant-co that conventional NoC latency and throughput suffer a degra
pares how the area and energy consumption of wireless N@&tion proportional to the multicast traffic intensity amgorts
scale as a function of the size and bandwidth requiremegfgnificant reductions even for 1% of multicast traffic in a4x
of the network for a given architecture. The results are theResh. It is expected that such impact will further increase i
compared with that of a baseline electrical NoC (the intei®s |arger networks, as the number of destinations per message
reader will find data for a 64-core 48-bit instance in Table thay potentially grow with the number of cores.
and of a selection of emerging alternatives. We expect thatg,an, though on-chip multicast communications have been
this design space exploration will allow for the identificat { agjtionally avoided, some architectural methods wilede
of the scenarios wherein wireless NoC will potentially ®rtp myticast in order to scale. For instance, cache coherency
form other interconnect technologies. Further, it will pit®  ,4t0c0ls normally avoid multicast by storing the state adfe
guidelines for the design not only of future transceiveighared variable in a directory. This produces area and gnerg
and protocols for wireless on-chip communication, but als®,erheads proportional to the number of cores and may not
of network architectures that leverage different inter@st o affordable in many-core systems. Instead, broadcastba
technologies. _ _ ~implementations do not store the state of each variable but
The remainder of this paper is as follows. In Section lheeq to issue a broadcast for each coherence operation [18].
we present a case study that will try to motivate the aifp this case, it is shown that improving the NoC multicast
of this paper. In Section IIl, we review the state of the afferformance results in a significant reduction of both the
of the wireless on-chip networking field. After introducingpierconnect power and execution time for a set of benchmark
the analytical framework and general assumptions in Sectigyjications [19]. The introduction of an effective platfofor
IV, the area and energy models for the different interconngfe service of multicast messages would be highly beneficial

technologies are depicted in Sections V and VI, respegtive, tnis context, but, more importantly, could open the dawr f
The results of the design space exploration are discussed,ifyy, many-core architectures.

VII. Section VIII concludes the paper. Aware of the importance of such issue, explicit support

for multicast communications within conventional elecim
Il. MOTIVATION NoCs has been widely proposed for moderately sized mul-

As the integration of a higher number of cores in the santiprocessors [17], [19]-[22]. Still, the scalability of dke
chip is enabled, the general trend is to scale current nouétic solutions in terms of performance and cost has not been

architectures and then to address the resulting increasediscussed in the literature. Figure 2 plots the delay-thhput
communication demands by means of enhanced on-chip rataracteristic of a two-dimensional electrical mesh in the
works. Provided that the architecture defines the chatiatitsr presence of broadcast traffic (as a particular case of multi-



Electrical Broadcast Test multigigabit data rates and it is expected that these figures

‘ ‘ ‘ ‘ will keep increasing as technology evolves. A factor thaisai
to quantify the maturity of technology within this contest i
proposed in Section IV.
] In light of the availability of both on-chip antennas and of
appropriate transceivers, their employment to build Véssl
Networks-on-Chip (WNoC) has been proposed. In this ap-
proach, information is radiated and propagates within tkip ¢
package following different propagation mechanisms [31].
Planar antennas can be used in spite of their typically low
gain in the co-planar direction, in which case communicatio
] takes place by means of space waves that are reflected upon the
N = {16, 36, 64, 144, 256, 576} chip package. Alternatively, thanks to their potentiabyder

: : : radiation efficiency in the chip plane, three-dimensiomaéa-

nas could lead to achieving wireless communication through
surface waves [32]. However, such antennas require complex
Fig. 2. Simulated delay-throughput characteristic of teleal meshed NoCs MEMS (micro electro mechanical systems) technologies for
as a function of the number of nodes, considering pure besadeaffic. jts fabrication.

Links are optimally repeated, with a link width of 64 at a dotequency As inf ti tentiall h dl

of 5 GHz; whereas routers implement unbalanced tree msiiica with a _S In orma lon may potentally _reaC any core rega_r_ _ess

minimum routing latency per flit of 4 clock cycles. The throwgt is in  Of its location, WNoC offers native broadcast capabilities

transmission and it is expressed as a percentage of a linicitap as well as the possibility of implementing flexible and one-
hop communications. Multicast messages may actually be

howi iderabl ; deterioratigh conveyed to the receivers in a few clock cycles, as opposed to
cast), showing a considerable performance deterioraigh@ i, ¢onventional NoCs. However, as the core density inceease

number of cores is scaled. The results were obtained USIG i, of the millimeter-wave antennas may restrict topsc
the PhoenixSim framework [23], a cycle-accurate simulat@g \y\oc to hybrid architectures wherein the wireless plane
that mc_ludes a wide yanety OT t‘.)OIS ar!d methods for ﬂ\@ employed to communicate clusters of cores. Although such
evaluation of NOCS' _In light of this, it remains unclear wiest wireless backbone approach allows a reduction of the n&twor
the afo.rgmentmne.d mprovgmentswﬂlsufﬁce to enablemeudiameter and has been shown to outperform conventional
of traditional architectures in many-core processors. NoCs [33][36], its potential for broadcast-based communi

Alternatively, the introduction of emergent interconneqlaiinng is limited by the performance of the electrical edge
technologies has opened a wide range of possibilities fst-co

Hocti i hi I hof the network.
effective multicast on-chip communications. In 3D NoCs; t As further CMOS advancements push the operating frequen-

reduced distance. among cores both physi.cally and in termscpgs towards the terahertz band [37], [38], the impleméat
number of hops inherently allows for an improved multicagft icrometer antennas becomes feasible. Moreover, novel
performance. Also, the employment of one-to-all or all-95,, 51 antennas based on graphene promise to be able to
all channels_ by means of global RF. transmission lines al iate within this frequency band while being two orders
nanophotonic waveguides has been inspected [9], [11]. [28} 1,4 qnitude below, in size, of their metallic counterparts

9], [40]. In order to drive the antennas, transmitters and

In the case of wireless NoC, the native broadcast capaisilit 3
of such technique show great promise towards implementi‘[‘&eivers for multigigabit communication at frequenciasg-
'ing from 0.1 to 0.4 THz have been already proposed [41]-

efficient architectural methods for many-core processass
detailed and quantified in the following sections. It is imtpat 45]. Additionally, components reaching frequencies o8 O.
Biz are under intense research [46]-[49], thus far leading
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to note, though, that each of the aforementioned optio
presents its particular trade-offs in terms of area, energy to the apparition of transmitters and detectors for tefaher

communication performance. imaging and sensing [50]—[52].
Assuming a similar evolution than that of millimeter-wave
1. WIRELESSNETWORK-ON-CHIP transceivers, terahertz implementations could providea da
The constant improvement in the operating speeds of traates of hundreds of gigabits per second at the chip scale. By
sistors has enabled the implementation of multi-GHz digitairtue of this and the potentially reduced size of thesettera
and RF circuits. In this context, the concept of on-chipystems, architectures implementing wireless communitat
antenna becomes a possibility since an antenna of a fatthe core level can be envisaged [14] and will be considered
millimeters in size is able to radiate at these frequenci#woughout this work. In many-core processors, this apgroa
[13]. Also, transceivers suited to the needs of the wirelessll likely generate extremely high levels of contention evh
chip communications have been developed: a wide variety afcessing the shared medium. Multiplexing techniques may
millimeter-wave implementations can be found in the litera not be suitable in this scenario due to the large number of
covering many alternatives in terms of technology genenati channels required and the implications of this fact upon the
modulation or transceiver architecture [25]-[30]. Fonsmis- complexity of the transceiver. Instead, a MAC protocol coul
sion ranges of up to a few centimeters, these provide higbitrate access to a single broadband channel and enable



TABLE Il

the development of broadcast-based WNoC architectures. In SUMMARY OF TRANSCEIVER SPECIFICATIONS
transmission, packets are serialized into bits and bretdca

regardless of the number of intended destinations; whergas ~ Technology 40 - 130 nm CMOS
the receiver deserializes the incoming bits and then ascept—r=caver Archiieciure 130 [f:ﬁsr;mR“;’(foe(?Ff):‘Mos
or discards the packet after decoding its address. Buffer Continuous Wave (CW)
requirements for this process will be affordable as long as Modulation On-Off Keying (OOK),

Amplitude Shift Keying (ASK),

the pa_ckgt rgte after deserializa.tioﬁ/(L, whereC' is thg Iin_k Phase Shift Keying (BPSK, QPSK),
capacity in bits per second ardis the packet length in bits) Frequency Shift Keying (FSK),
is below the system clock frequency. _ Quadrature Amplitude Modulation (QAM
Since the bandwidth is shared among the nodes, the 4—0'0‘3@'0’.‘ Frequency/t) 8 - 820 GHz
. ransmission Rangelf,q.) 1.4 - 210 cm
pected aggregated throughput of WNoC will be extremely low Data Rate R) 2-18 Gbps

when compared to a wired NoC. In light of this, first uses of
this broadcast-based platform may be restricted to seraing
selection of control and signaling messages. These arelate
critical, often dense multicasts, and require lower baiithg
as they generally represent a small fraction of all the or
chip traffic. The approach is only feasible provided thas thi
wireless control plane will complement a throughput-otéeh
wired NoC that will compensate for the low WNoC bandwidtt ‘ ‘ ° ‘ ‘ ‘ ‘ g
by transporting the rest of the communication flows. Suc < 6or ‘ ‘ ‘ o ‘ ‘ ‘
hybrid NoC could potentially reduce the latency of time:
critical control messages while avoiding a deterioratibthe
wired NoC performance, potentially opening the door for ne\
multiprocessor architectures.
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IV. FRAMEWORK AND GENERAL CONSIDERATIONS

Given the stringent requirements of the on-chip communi-
cation scenario, in this work we explore the area and energy- 3. Area and energy of state-of-the-art wireless tranees [25]-{29],
implications of scaling a WNoC system in terms (@) the [#1-[44]. [53] as afunction of their data rate.
number of effective receivers or network size, afi) the

capacity of a wireless link. The results of this implemeiotat VI-A. On the other hand, it is not straightforward to assess

study are compared to _that of repr_esent_atlve ex_amples h%fw the area and energy of a wireless transceiver scale with
conventional and photonic NoC configurations, being aware : .
of the main differences amond them. For instance singg maximum achievable data rate due to the number of factors

9 . ’ mvPIved. Such data rate, which is referred toliak capacity
we assume that all nodes share a single broadband chanpe

the network capacity in WNoC is equal to a link capacit throughout the paper, depends on the transceiver bandwidth

WA o o
S .“and the spectral efficiency of the selected modulation: & th
Further, the need of a MAC protocol implies that the eﬁ@tlvtransceiver design process, a given architecture is chimsen

network throughput in t_h|5 case will be significantly lower rder to achieve the target bandwidth while implementing
than the network capacity. In contrast, the network capacﬁ]

in wireline NoCs is the sum of the capacities of all the e selected modulation. On top of that, the frequency band

dedicated links that can simultaneously transmit data nEvWherem the communication will take place imposes addtion
y ’ equirements on some components of the transceiver, again

though wireline NoCs will therefore yield much larger netkwo depending on the architecture. Finally, the maturity of the

throughput figures than WNoC for similar link capacities . : .
. : : employed technology should be taken into consideratiogr, sp

the comparison will be performed at the link level. From a. . .
cially when reaching extremely high frequency bands.

network throughput perspective, it remains unclear wirethe
. . ; . : In order to extract a trend from the state of the art, a
this large gap in nominal capacity will be compensated b .
. . . o ; enerally accepted approach is to represent the area aryener
the inherent difference in communication typology (i.ecdb - . . .
efficiency as a function of the data rate of different transre

against global, unicast against brc_;adc_:ast). In future W‘”.Ek implementations, as done in Figure 3. However, the tendency
will address this issue by investigating both the minimum

. . . . . shown by such scatter plots is unclear and only covers a range
wireless capacity requirements of different multiprocess- oo Co

: . . between 2 and 18 Gbps, rendering its extrapolation inadequa
chitectures, as well as the potential performance impravem

of adding a wireless control plane for the purpose of this work.
9 P ' In light of the complexity of the analysis and of the

heterogeneity of the state of the art in the field (see Table
The Maturity Factor 1), we will consider the following. Let us define thdaturity
On the one hand, the relation between the area/energy dfagtor as:
WNoC and its size in number of nodes can be easily described
by means of simple models, as shown in Sections V-A and M = Sg - Q [bps/Hz] (1)

o
N F



where Sg = % is the spectral efficiency of the employed 0-35 o
modulation or data rate over the operation bandwidth, ar
Q= % is the transceiver quality factor or its bandwidth ove ~ %3[ o i
the operation frequency. Therefore:
0.25[0 ° 1
[<]
v=E 2 8oz o .
fe £
In summary, the maturity factor tries to evaluate the effi£ '°[ o ]
ciency of implementing a given modulation and bandwidth ii = °
order to yield a target data rate operating at a target frecyue I o |
band. As technology matures, we expect highly optimize 0.05k |
transceivers leading to increasing maturity factors, fBis ) ° ° o
higher data rates for similar area and energy values. For 0 . . . . . . .
transceiver at a given operation frequency and with certa 0 5% 100 150 200 250 300 350 400

.. X .. Operation Frequency (GHz)
area and energy efficiency figures, we vélpriori assume a

maturity value in order to extract a projected data ratesThiig. 4. Maturity factor as a function of the operation freqee of the
way, a rough estimate of the area and energy efficiency tgfisceiver for proposals [25]-[29], [41]-[44], [53].
future wireless transceivers can be obtained.

Figure 4 shows the maturity factor of several state-of-the-
art transceivers [25]-[30], [41]-[44], [53] as a functioh o
their frequency. We observe factors of up to 35% at the 60 _
GHz band followed by a decrease below 5% when reaching A= NrxArx + NrxArx + N AL + NrAr  (3)
sub-THz frequencies. These values will be used throughautere N; and A; indicate the number of components of type
this work as reference guidelines indicating the maturity @ and its mean area occupancy, being the types divided in
wireless transceivers at a given frequency. We will cormsidgansmitters X)), receivers RX), links (L) and routers,
that initial designs could achieve a maturity factor of up tewitches or other arbitration mechanisni®.(In the following,
10%, while refined implementations may reach a 20% anke will detail the analytical models that relate the numbker o
well-established transceivers could provide a 30%. Howeveomponents and their area to the number of nodes of the net-
this rule of thumb may find exceptions as novel technologiegrk and the targeted link capacity in wireless, electraadi
are introduced. For instance, an impressive 100-Gbpsessel photonic NoCs. Note that the area figures will be independent
transmission was recently accomplished using a photoritthe traffic typology, as the considered NoCs are designed
transmitter at a carrier frequency of 237.5 GHz, resultim@i to support both unicast and multicast.
maturity factor above 42% [54].

Eventually, the feasibility of the WNoC approach will be
determined by the data rate requirements of the systemeThé‘s Wireless NoC Area Models
could be met with current designs as transceivers with suchin the case of wireless on-chip communication, physical
performance have been already proposed [30]. Data ratesliogs are not needed in order to convey the information
until 60 Gbps may be achievable in the near future providé@®m the transmitter to the receiver. Moreover, switches or
that either technologies at 100-300 GHz mature and reaghiters are not required if we assume one-hop communication
a reasonable factor of 20%, or initial designs appear in tA&erefore, the only components that occupy chip area are the
terahertz band. In order to reach speeds above 60 Gbps, &igennas and the transceivers needed to modulate the data an
term efforts are required in order to raise the maturity @@ drive the signals to the antenna. We will assume one aatenn
transceivers at in the terahertz band close to well-estadai and one transceiver per node, even though configuratiohs wit
levels. multiple antennas could be devised. Also, the analysis does

not consider the area occupied by the logic required for the

MAC protocol. For all this, Equation (3) can be reduced to:
V. AREA MODELS

While |ntegrat|01_"| Ie\_/els have been_constantly increasing 4 _ NrexArx + NpxApx = N(Apnt + Avors)  (4)
over the years, die sizes have practically stayed constant.
Recently, 3D stacking techniques have emerged allowing thiere NV is the number of nodes in the network,,.
integration of devices in various vertically stacked lay@till, is the antenna area and.,,, is the transceiver area. The
the chip area is a finite resource that needs to be carefudiytenna and transceiver area will be mainly determined by th
managed: the area devoted to a given NoC will not be availalgla-chip communication requirements. In order to achieve a
for the core implementation and viceversa. given goal, the wireless plane must provide a certain éffect

In order to calculate the area overhead of an on-chigtwork throughput which depends on the MAC protocol that
interconnection network, we will use the following generadrbitrates medium access and, more importantly, the d&a ra
expression: of each transceiver. Generally, higher data rates reqigtesh



bandwidths which, in turn, require communication in highe 7
frequency bands.

Such tendency fortunately imposes a downscale on tl
antenna size. Due to the planar nature of a chip, we w
consider the employment of patch antennas. The dimensic

of such antennas are as follows: the widtii)is comparable g 4/ : ]
to a wavelength\, while the lengthL. must be approximately E :

/2. Therefore, for a given operation frequenty @ 3t : 1
< .

N 2t +  Extrapolation of 1

ant = 5 3 (5) : the state of the art

Eefff 1l o.——— |

where ¢y is the speed of light and.;; is the effective
permittivity of the antenna. In order to fulfill the bandwhdt 0 ‘ ‘
0 500 1000 1500

requirementsB at such resonance frequengy, the antenna
must yield a quality factor of) =~ ﬁ In order to simplify
the analysis, we will consider that this quality factor Wk Fig. 5. Area of state-of-the-art wireless transceivers-HE=|, [41]-[44],
achieved by means of techniques that do not largely affect tR0], [53], [55]-[59] as a function of their central frequzsn

area occupied by the antenna, e.g., the quality factor ichpat

antennas is mainly determined by the distance between the . ]
patch and the ground plane. the topology and the target capacity. Our analysis has been

In the case of the transceiver, the relation between the aR&4formed by means of ORION, a widely recognized power-
and peak data rate is calculated as discussed in Section #£2 simulator for on-chip interconnection networks [16].
A given maturity factor)M is assumed so that the data rate L€t Us assume that each node has two line drivers, one for
requirementR can be achieved by operating at least at ansmissionT'X) and one for reception{X). A typical line
frequency f, = %_ The area for such transceiver can bariver accounts for an inverter a_nd a D flip-flop, and ORIQN
extrapolated with data from the state of the art, which moin@llows the user to calculate their area occupancy for a given
towards a decrease in area when the frequency is upscdR@nology node. In the case of the on-chip wires, ORION
(see Figure 5). The reasons for the observed tendency né4gluates the number of repeaters needed for each Iipk (
stem from the strong downsizing that is applied to the passigased on its length (which is determined by the topology) and
RF components of a transceiver when the operation frequeri@ghnology node. The area of each repeater is then caldulate
is increased. On the other hand, the scaling of active ded to the physical area of the wire and multiplied by the
components remains unclear and should be inspected irefutifmber of parallel wires in a link, i.e. datapath width. Hiya
work with the aim of obtaining an accurate area scaling modé€ chip area of each routeR) is assessed by breaking the
for wireless on-chip transceivers. In this work, we will uséouter down to the transistor Ieyel,.calculatm.g the nurmn‘e_r
a model obtained by applying fitting methods to the dafgansistors needed and multiplying it by the size of a tistosi

represented in Figure 5, which yielded the following ecprati for a given technology node. The final result will depend on
parameters such as the number of ports, the size of the duffer
206.1

_ 2 or the datapath width.
Ators = f.+27.22 [mm’] 6)

wherein f. is expressed in GHz. Rational fitting was chose@. Photonic NoC Area Models

on the grounds that it delivers the most accurate result gmon 5 photonic on-chip network essentially includes modu-
the possible fittings and that it does not yield negative %‘I“Iators, waveguides, switches, filters and photodetectors.
for high frequencies. The weight of each data point is agsigny, o tansmitting side7(X), we will assume that modulators

in inverse proportion to the operation frequency, Implying.e mage of one active ring resonator, whereas receivers
that implementations for well-established technologie®wa (RX) consist of a passive ring resonator-based filter and a
frequencies are more representative than initial deSig”Sp"f\otodetector. Switches can also be devised by employing
the terahertz band. The resulting coefficient of deternonat ring resonators as building blocks [12]. Finally, we also

which evaluates the goodness of fit, is 0.68 (with 1 being @nsjder that all ring resonators are of the same size. Given

exact fit). these assumptions, the area of a given architecture can be
approximated as:

Operation Frequency (GHz)

B. Electronic NoC Area Models

Two steps have been performed in order to calculate the AR NyingAring + NactAder + Y, Awg.i (7
area of an electronic NoC. First, the number of elements i
that constitute a given architecture can be easily derived WhereN,.;,, and Ny.; are the number of ring resonators and
observing how its topology scales with the number of nodgshotodetectors, respectively,.;,, = Wf,mg is the area of
Once the topology is fixed, the area of each element can dech ring, or the square of its pitch,.; is the photodetector
calculated by means of simulation taking into consideratiarea, and4,,, ; is the area of waveguide As in conventional



electronic NoCs, the specific network architecture willedtet 60
mine the exact number of components as a function of ti
number of nodes and the target link capacity. The interest 50
reader can find more details in [60], including a more dedtaile
description of the architectures as well as the area andioise
loss values used in the analysis.

N
o

VI. ENERGY MODELS

The power consumed by any communication network ce
be classified in two main groups: static and dynamic. Thécsta
or zero-load power is the energy consumed independently
the traffic being served, whereas the dynamic power is a loz

Energy (pJ/bit/cm"z)
N w
o o

1 Extrapolation of
i the state of the art |
—_—

. Do . (o)
dependent component. Due to their distinct nature, static a o © ;
dynamic powers are usually expressed in different unieicSt %9 100 200 300 400 500 600 700 800
power Py .1ic 1S expressed in Watts and gives insight abot Operation Frequency (GHz)

the energy that is consumed invariably through time to, for , . . . " |

; ; ; ; ; A ; Fig. 6. Energy efficiency figure of merit of state-of-the-astreless
instance, maintain the circuitry active; whereas dynaroiegr  -o - o5 150) [(41}-[44], [53] as a function obthcentral frequency.
Ey;; is expressed in Joules per bit and gives insight about the

energy required to physically transmit one bit of data witho
errors from the transmitter to the intended receivers favarg It is important to remark that Equation (11) expresses the
interconnect technology. energy per bit of a specific wireless transceiver yieldingtad
As a rule of thumb, we will calculate the power consumefhte . Since both metrics depend on several factors such
by a given on-chip network by using the following formula: 55 the selected modulation, the transceiver architectbee,
transmission range or the maturity of the employed tectgyelo
P = Pstatic + Epir - T analytically obtaining a model that relates both the energy
where T is the network throughput in bits per second. In gfficiency of wireless communication and its data rate is
reverse process, we can also calculate the energy requi&gmed highly challenging. Instead, as discussed in $ectio
to convey one bit of information from the transmitter to thé¥, we will assume a maturity facton/ so that a target

a frequencyf. = %. We further consider that applying the
BT _ Psiatic + By 9) MAC protocol, such data rate will yield an effective network
bit T ' throughput that meets the communication requirementsyset b

where, the throughpuf® is ideally equivalent to the link the multiprocessor.
capacity considering one transmission flow and no packst los This way, a generic trend can be extracted from the state
of the art in wireless transceivers. Authors in [61] propose
A. Wreless NoC Energy Models and discuss a figure of merit for wireless transceivers which
Unlike in traditional wireless networks, the network nodeg ComPasses both their energy eﬁ'C'enEy.” and trans- _
mission ranged,,.. by means of the following expression:

in a WNoC are integrated within the same platform and share” ™ g

= , . N .
the same power supply. Moreover, we will assume one shared = vVdmas Figure 6 shows how this figure of merit scales

A . “as a function of the frequency for implementations [25]}]29
channel and enough transmission power so that each W'relﬁsﬁ—[44] [53]. A similar fiting approach than the used in
message is received by all the processing cores. In thigxpnt ' ) g app

. = : Sgction V-A provided the following relation:
the energy consumed in the transmission and reception 0
one bit is independent of whether the message is unicast or By 141.10°
multicast and can be expressed as: Vi .+ 2881

Ef,w = E{, + N - Ejf, (10) with a coefficient of determination of 0.65. In this casg;; =
El% + Ej% and f. is expressed in GHz. Energy values can

tx 7T : H
where £, and E77; are the mean energy consumption ifye " exirapolated for frequencies beyond 400 GHz using the
transmission and reception, respectively. Leakage ctareh equation above.

the N —1 inactive transmitters, as well as the power consumed—y, 4 dependence on the transmission range is an impor-

by the logic required to implement the MAC protocol arg;n apect to consider since, under the assumption that any
neglected. For a transceiver implementation with measurgd,smitter should be able to reach any receiver, the nodes
power in transmissiorP, and measured power in reception, ateq at the chip edges will need a higher range that of
Py, both for a data raté? and a given lransmission rangemqre centric nodes. This has two main implications: on the
the equation above can be also expressed as: one hand, centric nodes need less transmission power tib fulfi
P+ NP, the sensitivity requirements at the chip edges. Theretbie,
- (11) power amplifier can be tuned to consume less power. On

[pJ/bit/cm?] (12)

T
Eyiw =



the other hand, centric nodes receive transmissions with hi where P, .., is the electrical power consumed by the laser,
power since the link budget is performed considering thezx is the receiver sensitivity, ank); is the loss of component
worst case, this is, to reach the chip edges. In this casewhich includes both the laser and coupling efficiencies Th
the requirements for the low noise amplifiers are signifigantsize and architecture of the network, as well as the target
relaxed. In our analysis, we will calculate which is the aggr link capacity, will determine the number of components ia th
energy per bit over all the on-chip transmitters following t critical light path. The interested reader will find moreallst
aforementioned considerations with static power allacati and a comparison of the laser power for different architestu

Finally and unless noted, we will assunt§?, = E;* = in [60].
Ebit /2. Ring Heating: Another source of static energy in photonic
NoCs is the power needed to maintain ring resonators tuned
B. Electronic NoC Energy Models to the desired frequency. Such components are extremely

temperature-sensitive as small variations produce a shift

Again, O_RION is employed to _determine both the Statifheir resonant frequency. The power needed to keep ring
and dynamic power of an electronic NoC. In the former Casusonators thermally tuned is:

we will consider the power due to leakage currents in wires
and routers. ORION breaks down these digital circuits to the P N. .P. (15)
transistor level and uses experimentally-validated \sloe heat rng g

quiescent currents. In the latter case, ORION provides meanyhere Nying is the number of ring modulators in the

to calculate the energy required to perform one hop withén thyrchitecture, and’,.,,, is the power needed to maintain one
network, which includes the energy required(f) transmit ring finely tuned (see Table IIl). As commented in Section

one bit of data through an on-chip wire of fixed length ang.c, we will assume one ring per modulator and filter in all
(2) read one bit of data from a router buffer, route it and writggges.

it into the next router buffer. E/O and O/E Conversions: The dynamic power consump-
Assuming a throughpuf’ equal to the link capacity’, the  tjon in a photonic NoC is mainly due to the energy required to
energy per bit in an electronic NoC is: convert one electronic bit to light and viceversa. In thisea
p we will consider fixed values demonstrated in the literature
Eg;tE = % +H - Ephop (13) which are shown in Table IIl. Similarly to wireless NoC, the

) energy required for the transmission and reception of ohe bi
WherePicarage iS the power due to leakage currents ditho, il depend on the number df simultaneous receivers:
is the average energy required for one bit to perform one hop.

The H is the average distance between transmitter and receiver
in terms of number of hops and solely depends on the network
topology. For a 2D Mesh o cores,H ,cqst = @ whereas  The parametek is generally dependent on the photonic
Hycqst = N—1 considering a routing algorithm that minimizesNoC architecture. Generally, point-to-point & 1) optical

the number of hops needed to deliver the message once tacalihmunication is implemented and a separated broadcast

By = Byjy + k- By (16)

the destinations. channel g = N) is employed for multi-receiver transmissions
[9]. Alternatively, a broadcast-based architecture waldtiver
C. Photonic NoC Energy Models any message to all the receivers, which would check the

Th toni hotonic NoC i v dri destination address and discard the message if necesdary [2
€ power consumption in a pnotonic Not 1S mainiy criven Assuming a throughpuf’ equal to the link capacity’ and

by three components, namely, the laser power, the ringrigeatj . . ) o .
and the energy required to perform the electrooptic (E/ ing Equations (14)-(16), the energy per bit in a photonic

; . Cis:
and optoelectric (O/E) conversions at the modulators anc?
photodetectors, r_espeptively. S BT _ Praser + Pheat 5 17
Laser Power: Since integrating individual laser sources on bit,P = T o + Lt (17)
a chip is currently unfeasible, it is generally accepted tha

light in a photonic NoC is supplied by an external multi- v/||. BENCHMARKED DESIGN SPACE EXPLORATION
wavelength source. This light is coupled, modulated and the

guided within the chip towards the intended receiver. Ineord . :

to fulfill the sensitivity requirements at the receiver, taser are pre.sented. We compare a small selection of architecture
must transmit enough power to compensate for the Iossr}e%mely'

incurred by the components found in the light path. Moreover ® EMesh: which implements a conventional electrical mesh.
and unless practical real-time laser management systeens ar We consider one 5-port router per core and bidirectional
made available [62], the laser power needs to be statically links connecting neighboring routers.

allocated to the worst case scenario. In this context, a powee \WMesh: a WNoC-based architecture accounting for one

In this section, the results of the design space exploration

budget analysis is performed following the expression: communication unit (antenna and transceiver) per core.
We assume that all cores share the same broadband
Praser(dBW) = Spx (dBW) + ZLi(dB) (14) channel and that a tailor-made MAC protocol arbitrates

medium access.



TAB

LE I

PHOTONICNOC PARAMETERS 100 /A — ‘
s EMesh
90r : —— i
| Parameter | Value | Units | Ref. an / wmgzﬂ Eigggnﬂ
Ring Losses 001-1] dB__ [ [60] 80f /¢ 7 | —a= WMesh [800GHZ] (]
Ring Area 64 um? 60 ~ 70l / )( .-©-- OBuUS |
Ring Heating Power 26 uW/ring | [63 e P S | --B-- OXBar1
Propagation Loss 0.5 dB/cm 64 g 60} / K S | --A-- OXBar2 J
Bending Loss 0.15 dB 64 8 /iy -
Waveguide Pitch 2 m 64 5 50t / & o /A 7
E/O Conversion 82 | Wbt | [10 2 P/ R
OJE Conversion 50 falbit | [10 < a0f , /,'f
Photodetector Area 20 um? 24 g / 0 DA o0
Photodetector Sensitivity —30 dBm 60 < 301 K < P
/ A' /6‘ _;"
201 BV ’o' N-4 1
(HoaT e
. . . g .0
« OBus: a photonic bus arbitrated by means of an all-optice

token-based scheme.

o OXBarl: an optical crossbar, wherein each core is tune
to a unigue wavelength in transmission and broadcasts
its messages to the rest of cores. For more details on thig 7. Area Shcalilng_as a (fjunctiﬁ_r: Otf the nTur:nbler lgf_cores f?ﬁetlﬁréto
arCh|teCtUre, see [60] . ggepr(szonnect technologies and architectures. e linkacap is set to

« OXBar2: another optical crossbar, wherein each core is
associated to a unique data waveguide. Through this

dedicated channel, a given core is able to receive dfgyes |t can be observed that both electronic and photonic

modulated by any of the other cores. For more details Qfcs show a linear growth of area with respect to the link

this architecture, see [60]. capacity, since higher bandwidth requirements are gdgeral

Tables | and Ill show a summary of the technologicgljifilled by means of additional wires and circuitry.

parameters used in the study. The variablenber of cores | the wireless case, we consider different preset maturity
is swept between 4 and 1024, whereas the capacity factors and then scale the operation frequency in accoedanc
is scaled up to 250 Gbps. Note that, when the number @fth the link capacity objectives. Once the operation fregy
cores is increased, the network capacity remains constanid chosen, the area is calculated using the model presemted i
WMesh and grows proportionally to that increase in the regkction V-A. Such approach explains the negative slope of
of alternatives. the WNoC area plots: higher bandwidth requirements imply
an increase in the operation frequency, which in turn entail
reduction in the size of both the antenna and the transceiver

: . Due to this, it is expected that WNoC will be able to compete
Figure 7 shows the area-network size plane of the desigiy, yhe electrical and photonic alternatives at high link

space, corresponding to fixing the link capacity to a value gl ities due to the extremely high operation frequencies
80 Gbps. Th.e electrlca}I and wireless (_)ptlons show a IIneﬂarquired for transmission. It is important to note, though,
behavior, while photonic NoCs grow .W'th the square of thﬁ‘uat such possibility is limited by the state of technology a
number of cores due to the quadratic scaling in number pijetermines the maximum frequency at which circuits can

components [60]. _operate. This may also imply that higher maturity factory ma

In the WNoC case, three different operation frequencigaeq 1o pe sought in order to increase the link capacity of a
have been chosen, namely 260, 400 and 800 GHz. TakWNoC over a given value.

into account the targeted link capacity, such frequenaesd |

to maturity factors not exceeding 30%, in consonance wih th

values shown in the state of the art (see Fig. 4). From an aggagnergy

overhead perspective, high frequencies are beneficiaksinc ) )

they entail lower area both for the antenna and the transgeiv Figure 9 shows the energy-network size plane of the design

according to the tendency pointed out in Section V-A. NewPace for a fixed link capacity of 80 Gbps. There are several

ertheless, the area occupation in most cases is higher tRERECtS to be noted:

that of the electrical and photonic alternatives. Consiler o In a conventional NoC, there is a considerable gap

transceiver area optimization is needed in order to enabte s between the energy per bit in a unicast transmission and

compatibility with massive multicore architectures: reihg in a broadcast transmission. In both cases, conventional

the area of a 800-GHz transceiver to 0.1 fawould yield designs outperform wireless and photonic NoCs.

an overhead of 27% in a 1000-core processor. By employinge WNoCs follow a similar trend than conventional NoCs,

graphene-based nano-antennas [39], [40], such area a¢krhe being the options working at higher frequencies closer

would be further reduced to a 25%. to achieve an energy efficiency comparable to that of
Figure 8 shows the area-capacity plane of the design space, conventional NoCs, in accordance to the extrapolation

corresponding to fixing the network size to a value of 256 proposed in Figure 6.

200 400 600 800 1000
Number of cores
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Fig. 10. Energy per bit scaling as a function of the link céyafor different
interconnect technologies and architectures. The netwiaekis fixed to 256

do not scale well, as their efficiency substantially deteties

for high link capacities. This is mainly due to the steep
increase in number of components leading to an extremely
high accumulated loss and, eventually, to unaffordablerlas
power requirements.

C. Area-Energy Figure of Merit

As seen in the previous sections, a given on-chip network
may scale remarkably well in terms of area and perform poorly
in terms of energy, or viceversa. In order to evaluate bogh th
area and energy scalability of each solution, we propose the
following figure of merit:

FoM = (18)

Fig. 8.  Area scaling as a function of the link capacity forfetiént
interconnect technologies and architectures. The numbeodes is set to NCdes.
256.
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Fig. 9. Energy per bit scaling as a function of the networle dar different
interconnect technologies and architectures. The linkaciép is set to 80

Gbps.
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r% [bits/J/mnt]
Such performance metric can be understood as the average

number of bits that can be effectively transmitted fay each

consumed joule of energy an{®) square millimeter of chip

real estate. It is therefore an indicator of the joint eneagy

area efficiency of a given on-chip network. A large value of

« In a photonic NoC, the energy figures can be considergfs figure of merit is desired.
independent on whether the transmission is unicast oron the one hand, Figure 11 shows how the figure of merit
multicast by virtue of the extremely low energy needegcales as a function of the network size in number of cores.
for the O/E conversions. However and despite such payain, electrical and wireless NoCs show a similar trend,
tential for low energy transmissions, the photonic NoGhile a rapid decrease of the figure of merit is observed in
configurations scale poorly due to their high laser powghotonic NoCs. Overall, conventional NoC yields the best
requirements, specially at high core counts [60].
Figure 10 shows the energy-capacity plane of the desifigure of merit scales as a function of the link capacity, in
space. On the one hand, it is observed that conventiomahetwork consisting of 256 cores. In this case, the analysis
NoCs yield an energy efficiency which is almost invariaris slightly more complex. While it is clear that the optical
with respect to the link capacity. On the other hand, therossbars scale poorly with the link capacity, the rest ¢iboig
energy efficiency of WNoCs not only improves with the linkyield similar performance. According to our analysis, the
capacity, but also outperforms conventional NoCs at sorogtical bus shows the best performance for low link capesiti
point, provided that the trend observed in the state of thehereas wireless NoCs could yield an improved efficiency for
art continues in future transceivers (see Figure 6). Rinalhigh link capacities if the scaling trends observed in tlaest
our results confirm that the different photonic NoC optionsf the art continue.

performance. On the other hand, Figure 12 shows how the
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D. Discussion and Open Challenges
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TABLE IV
DOMINANT AREA AND ENERGY SCALABILITY TRENDS

Architecture Area Energy
EMesh O(NC) O(N)
WNMesh O(N/C) | O(N/O)
OBus O(N2) [ O0(alB%)
OXBarl O(N2C) oM
OXBar2 O(N2C) | O(6Ne%)

(o, B, 7, 6, € are constants)

such figures could be chosen in the transceiver design
process. To this end, a model accounting for the trade-offs
between transceiver energy consumption, radiated power
and received power, would enable the optimization of the

energy efficiency.

o At the circuit level: In this work, we considered a
heterogeneous set of transceivers implementing different
modulations and aiming at different communication sce-
narios, which are not necessarily oriented to low area
and low power. Novel and optimized circuit topologies
could allow for a substantial improvement of the area
and energy efficiencies in wireless chip communication.

o At thetechnology level: The performance of a given wire-
less transceiver is undeniably limited by the underlying
technology. Generally, technological advancements lead
to higher operation frequency, lower area and potential
for lower energy consumption. The trend set by current
state-of-the-art transceivers will continue providedttha
the employed technologies evolve accordingly. However,
the advent of a new technology bringing disruptive im-
provements, such as the graphene technology [65]-[68],
may allow to go beyond the predicted performance.

For the sake of fairness, the comparison must account for
the structural tendencies rather than for the absolute area
and energy values. Table IV summarizes the trends obtained
through the application of fitting methods to the area and
energy plots. We can observe thé&Mesh offers a good
area and energy scalability with respect the number of nodes
and an excellent scalability with respect to the link capaci
From this, we can infer that the concept of WNoC is better
suited to the case of high data rate requirements leading to a

Results revealed in previous sections indicate that, in-abyery high radiation frequency. Conversely, in small netegor
lute terms, the baseline NoC performs remarkably better th@orking at lower speeds, electrical and photonic intereats

its potential alternatives. However, it is important to extiat

are expected to offer improved area and energy efficienities.

the technologies employed for electrical on-chip wires ari@important to remark that these results do notinclude tea a
routers is thus far much more optimized than nanophotonic@nd energy required by the circuits required to implemeat th

wireless chip-area technologies, which are still in thefancy

MAC protocol. However, SD-MAC [69] represents the only

and may substantially improve in the following years. In th¥/AC protocol for WNoC implemented to date and consumes
specific case of WNoC, the efficiency of the communicatiovery low area and bit energy0.01 mnf and~70 pJ/packet

could be improved at different levels of design:

o At the transceiver level: Unlike in traditional wireless
systems, all the on-chip wireless transceivers share

in 0.18 um CMOS), suggesting that the impact of including
the MAC protocol within the analysis is negligible in light

@kthe results shown in this paper. This aspect will be furthe

same power supply and, therefore, the energy per Bffdressed in future work.
metric encompasses the energy consumed by transmitter
and all the receivers within the transmission range -see VIII. CONCLUSIONS

Equation (11)-. Thus far, we assumégf’, = E;% in

The area and energy scalability of WNoC in termga)fthe

order to simplify the analysis. However, the ratio betweemumber of cores within a multiprocessor afti) the capacity



of each link in the network has been analyzed and compared
to those of conventional and optical NoCs. In support of this
study, we modeled the area and energy efficiencies of high-
speed transceivers by means of extrapolation with respectis)
the state of the art and proposed a figure of merit encompassin
both metrics. Although it is shown that the baseline NoC
outperforms the wireless and optical alternatives in alisol [16]
terms, such comparison is implementation-dependent aesl do
not reveal the fundamental scalability trends. A furthesilgn -
sis of the results shows that WNoC offers good scalabilitybo

in area and energy, especially with respect to the link dapac
This outcome confirms the feasibility of WNoC, which may g
take a central role in future multiprocessors given thengsi
importance of multicast communication in such scenario.
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