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Abstract— The Network-on-Chip (NoC) is an enabling technology to integrate large numbers of embedded cores on a single
die. The existing methods of implementing a NoC with planar metal interconnects are deficient due to high latency and 
significant power consumption arising out of multi-hop links used in data exchange. To address these problems, we propose 
design of a hierarchical small-world wireless NoC architecture where the multi-hop wire interconnects are replaced with high-
bandwidth and single-hop long-range wireless shortcuts operating in the millimeter (mm)-wave frequency range. The proposed 
mm-wave wireless NoC (mWNoC) outperforms the corresponding conventional wireline counterpart in terms of achievable 
bandwidth and is significantly more energy efficient. The performance improvement is achieved through efficient data routing 
and optimum placement of wireless hubs. Multiple wireless shortcuts operating simultaneously further enhance the 
performance, and provide an energy efficient solution for design of communication infrastructures for multi-core chips.

Index Terms— Network-on-Chip, Millimeter-Wave Wireless, Small-World, Optimization, Performance Evaluation.
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1 INTRODUCTION

HE Network-on-Chip (NoC) has emerged as a revo-
lutionary methodology to integrate numerous blocks 
in a single chip. An important performance limitation 

in traditional NoCs arises from planar metal interconnect-
based multi-hop communications, wherein the data trans-
fer between two far apart cores causes high latency and 
power consumption. This limitation of conventional 
NoCs can be addressed by drawing inspiration from the 
interconnection mechanism of natural complex networks. 
Many networks, such as networks of neurons in the brain, 
the Internet, and social networks share the small-world 
(SW) property [1]. Compared to a purely locally and 
regularly interconnected network (such as a mesh inter-
connect), small-world networks have a very short average 
distance between any pair of nodes. This makes them 
particularly interesting for efficient communication in 
modern multi-core chips with increasing levels of integra-
tion. This small-world topology can be incorporated in 
NoCs by introducing long-range, high bandwidth and 
low power links between far apart cores. In this work, we 
propose a hybrid NoC architecture that uses on-chip mil-
limeter (mm)-wave wireless links designed in traditional 
CMOS technology as long-range communication channels 

between widely separated cores, along with wired inter-
connects connecting adjacent cores. Recent investigations 
have established characteristics of the silicon integrated 
on-chip antenna operating in the mm-wave range of a 
few tens to one hundred GHz and it is now a viable tech-
nology [2]. Coupled with significant advances in mm-
wave transceiver design this opens up new opportunities 
for detailed investigations of mm-wave wireless NoCs 
(mWNoCs). In this paper, we propose a design method-
ology and establish associated trade-offs for hierarchical 
NoCs with mm-wave wireless links in presence of vari-
ous traffic patterns. We demonstrate that the proposed 
mWNoC outperforms its more traditional wireline coun-
terparts in terms of sustainable data rate and energy dis-
sipation. We also evaluate the performance of mWNoC 
with respect to two other small-world NoC architectures 
with emerging interconnect technologies. In one of these 
architectures the long-range links are implemented with 
recently proposed RF interconnects (RFNoC) [3]. The oth-
er architecture is a hierarchical and small-world wireless 
NoC designed with carbon nano tube (CNT) enabled THz 
wireless links (THzNoC) [4]. We demonstrate the ad-
vantages and the limitations of each architecture and es-
tablish the relevant design trade-offs.  

The main contributions of this paper are as follows: 
1. We demonstrate that mm-wave wireless inter-

connect based NoCs can be a viable CMOS com-
patible solution for future many core chips, and 
are capable of solving the performance limita-
tions of traditional multi-hop wireline counter-
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parts. The mWNoC can achieve performance 
comparable to that of other emerging and more 
technologically challenging on-chip RF/wireless 
interconnect solutions. It is also shown that 
mWNoC can accommodate multiple simultane-
ously operating wireless channels resulting in 
further improvement of overall performance. 

2. We present simulation results to evaluate the 
performance of mWNoC against other emerging 
interconnect based NoCs, viz., THzNoC and 
RFNoC, in both uniform and non-uniform traffic 
scenarios. The inherent broadcasting capability 
of mWNoC is also exploited to demonstrate its 
performance advantage. We also demonstrate 
that the hierarchical and small-world based NoC 
architectures with emerging interconnects like 
wireless and RF provide significantly better per-
formance than either conventional mesh-based 
NoCs or hierarchical architectures without any 
shortcuts. The area overheads associated with 
these novel NoC architectures are also quantified 
and it is shown that performance benefits clearly 
outweigh the overheads. 

2 RELATED WORK

The limitations and design challenges associated with 
existing NoC architectures are elaborated in [5]. Conven-
tional NoCs use multi-hop packet switched communica-
tion. At each hop the data packet goes through a complex 
router/switch, which contributes considerable power, 
throughput and latency overhead. To improve perfor-
mance, a methodology to automatically synthesize an 
architecture with a few application specific long-range 
links inserted in a regular mesh was proposed in [6]. Sub-
sequently, performance advantages of NoCs by insertion 
of long range wired links following principles of small-
world graphs was elaborated in [7]. The concept of ex-
press virtual channels is introduced in [8]. By using virtu-
al express lanes to connect distant cores in the network, it 
is possible to avoid the router overhead at intermediate 
nodes, and thereby improve NoC performance in terms of 
power, latency and throughput. Performance is further 
improved by incorporating ultra low-latency, multi-drop 
on-chip global lines (G-lines) for flow control signals [9]. 
Despite significant performance gains, in the above 
schemes the long-range links are designed with conven-
tional wires. It is already shown that beyond a certain 
length wireless links are more energy efficient than the 
conventional metal wires. Hence, the performance im-
provements by using long-range wireless links will be 
more than that using wired links [10]. 

The design principles of photonic NoCs are elaborated 
in various recent publications [11][12][13]. The compo-
nents of a complete photonic NoC, e.g., dense wave-
guides, switches, optical modulators and detectors, are 
now viable for integration on a single silicon chip. It is 
estimated that a photonic NoC will dissipate an order of 
magnitude less power than an electronic NoC. Another 
alternative is NoCs with multi-band RF interconnects [3]. 

Various implementation issues of this approach are dis-
cussed in [14]. In this particular NoC, instead of depend-
ing on the charging/discharging of wires for sending da-
ta, electromagnetic (EM) waves are guided along on-chip 
transmission lines created by multiple layers of metal and 
dielectric stack. As the EM waves travel at the effective 
speed of light, low latency and high bandwidth commu-
nication can be achieved. This type of NoC is also pre-
dicted to dissipate an order of magnitude less power than 
the traditional planar NoC, with significantly reduced 
latency as well.  

Recently, the design of a wireless NoC based on CMOS 
ultra wideband (UWB) technology was proposed in [15] 
and [16]. In [17] the authors propose multi-channel wire-
less NoC using UWB transceivers. As ultra-short pulses 
can be used with the UWB technology, the authors pro-
pose time-hopping multiple access to improve the per-
formance of the NoC. In this scheme a transmitting RF 
node uses pseudorandom timing of its pulses within the 
UWB signal interval, which is unique for each receiver. 
This enables concurrent multiple channels between mul-
tiple transceiver pairs.  

The performance of silicon integrated on-chip anten-
nas for intra- and inter-chip communication have been 
already demonstrated by the authors of [18]. They have 
primarily used metal zigzag antennas operating in the 
range of tens of GHz. The propagation mechanisms of 
radio waves over intra-chip channels with integrated an-
tennas were also investigated [19]. Depending on antenna 
configuration and substrate characteristics, achievable 
wireless channel frequencies can be in the range of 50-100 
GHz. At these mm-wave frequencies the effect of metal 
interference structures such as power grids, local clock 
trees and data lines on on-chip antenna characteristics 
like gain and phase are investigated in [20]. The demon-
stration of intra-chip wireless interconnection in a 407-pin 
flip-chip package with a ball grid array (BGA) mounted 
on a PC board [21] has addressed the concerns related to 
influence of packaging on antenna characteristics. Design 
rules for increasing the predictability of on-chip antenna 
characteristics have been proposed in [20]. Using anten-
nas with a differential or balanced feed structure can sig-
nificantly reduce coupling of switching noise, which is 
mostly common-mode in nature [22]. In [23], the feasibil-
ity of designing miniature antennas and simple transceiv-
ers that operate in the sub-THz frequency range for on-
chip wireless communication has been demonstrated. In 
[24] a combination of Time and Frequency Division Mul-
tiplexing is used to transfer data over inter-router wire-
less express channels. However, the issues of inter-
channel interference due to multiple adjacent frequency 
channels remain unresolved in this work. Design of a 
small-world wireless NoC operating in the THz frequen-
cy range using carbon nanotube (CNT) antennas is elabo-
rated in [4]. Though this particular NoC is shown to ex-
ceed the performance of traditional wireline NoCs by 
orders of magnitude, integration and reliability of CNT 
devices need more investigation. 

This work aims to circumvent the performance limita-
tions of traditional multi-hop NoCs by introducing a hi-
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erarchical small-world network with CMOS compatible 
mm-wave wireless links for multi-core chips.  

3 MM-WAVE WIRELESS NOC (MWNOC)
ARCHITECTURE

A generic wired NoC provides interconnection among 
embedded cores via switches and wired links. Communi-
cation between pairs of source and destination cores is 
generally via multi-hop links, resulting in high energy 
dissipation and latency. With increasing system size the 
average hop count increases and consequently the prob-
lem of higher energy dissipation and latency becomes 
more profound. To alleviate this problem, we propose a 
hierarchical NoC architecture with wireless interfaces 
strategically placed for optimum performance. In the fol-
lowing subsections we discuss the topology of the pro-
posed hierarchical architecture and the adopted perfor-
mance optimization methodology. 

3.1 mWNoC Architecture
Modern complex network theory provides powerful 
methods to analyze network topologies and their proper-
ties [25]. Networks with the small-world property have a 
very short average path length, which is commonly 
measured as the number of hops between any pair of 
nodes. The average path length of small-world graphs is 
bounded by a polynomial in log(N), where N is the num-
ber of nodes, which makes them particularly interesting 
for efficient communication with minimal resources [26]. 
This feature of small-world graphs makes them attractive 
for constructing mWNoCs. A small-world topology can 
be constructed from a locally connected network by re-
wiring selected node connections randomly to other 
nodes, which creates short cuts in the network [27]. These 
random long-range links between nodes can also be es-
tablished following probability distributions depending 
on the distance separating the nodes [28]. It has been 
shown that such shortcuts in NoCs can significantly im-
prove the performance compared to locally interconnect-
ed mesh-like networks [7][27] with fewer resources than a 
fully connected system. 

Our goal here is to use the small-world approach to 
build a highly efficient NoC based on both wired and 
wireless links. This topology can be incorporated in NoCs 
by introducing long-range, high bandwidth and low 
power wireless links between distant cores. This will ena-
ble the design of hierarchical NoC architectures, where 
closely spaced cores will communicate through tradition-

al metal wires, but long distance communications will be 
predominantly achieved through high performance wire-
less links. Thus, for our purpose, we first divide the 
whole system into multiple small clusters of neighboring 
cores called subnets. As subnets are smaller networks, 
intra-subnet communication will have a shorter average 
path length than a single NoC spanning the whole sys-
tem. These subnets have switches and links as in a stand-
ard NoC. The cores are connected to a centrally located 
hub through wired links, and the hubs from all subnets 
are connected in a second level network forming a hierar-
chical structure. This is achieved by interconnecting adja-
cent hubs with wireline links, and by introducing a few 
long range mm-wave wireless links between distant hubs 
according to the placement scheme outlined in section 3.2. 
The hubs connected through wireless links require wire-
less interfaces (WIs).  

Reducing long-distance multi-hop wired communica-
tion is essential in order to achieve the full benefit of on-
chip wireless networks for multi-core systems. The num-
ber of WIs and their placement are optimized for perfor-
mance using a Simulated Annealing (SA) [29] based op-
timization algorithm. The SA approach allows network 
design to be scalable with increasing system size. The key 
to our approach is establishing optimal overall network 
topology under given resource constraints, i.e., a limited 
number of WIs. Fig. 1 shows a representative interconnec-
tion topology with 16 hubs and 6 wireless interfaces. In 
this paper, as an example, the hubs are considered to be 
connected in a mesh. Instead of the mesh the hubs can be 
connected in any other possible interconnect topology 
depending on the exact performance requirement. The 
subnets considered here have the StarRing architecture, 
which consists of a ring with a central hub. We have al-
ready shown that this architecture provides the best per-
formance-overhead tradeoff point for mWNoC architec-
tures [10]. The size and number of subnets should be cho-
sen such that neither the subnets nor the upper level of 
the hierarchy become too large. If either level of the hier-
archy becomes too large then it causes a performance bot-
tleneck by limiting the data throughput in that level. 
Since the architecture of the two levels can be different 
causing their traffic characteristics to differ, the exact hi-
erarchical division can be obtained by performing system 
level simulations as discussed in subsection 5.2. 

3.2 Optimization of mWNoC Architecture
In this section we present the method used for determin-
ing the optimum mWNoC architecture. At first we define 
the optimization metric, and then we discuss the SA 
based optimization procedure for obtaining optimum 
number of WIs and their suitable placement. 
i) Optimization metric 
In order to determine the optimal number of WIs for a 
given network, we define two metrics, which account for 
the performance as well as the cost of the NoC. The first 
metric, which measures approximate network perfor-
mance, is the average shortest path, μ between all pairs of 
hubs. Let N be the number of hubs of the network. Let d 
be an N  N matrix, where element di,j is the distance 

Hub with WI

Cores
Wired Interconnect

Wireless Shortcuts

Hub without WI

 
Fig. 1. A hierarchical 256-core network where hubs are connected by a 
small-world graph.
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(shortest path) between hub i and hub j measured in 
hops. A single hop in this work is defined as the path 
length between a source and destination pair that can be 
traversed in one clock cycle. The matrix d is populated 
using Dijkstra's shortest path algorithm [30]. The distanc-
es are then weighted with the normalized frequencies of 
communication between hub pairs. The metric, μ can be 
calculated as 

]*)/[(* 2
,, FNNfh jiji ,         (1)       

shortcutwithoutjishortcutwithjiji dpdph __,__,, *)1(*  (2) 

where hij is the distance (in hops) between the ith source 
and jth destination. The frequency fi,j of communication 
between the ith source and jth destination is the apriori 
frequency of the traffic interactions between the subnets 
determined by a particular traffic pattern that depends on 
the application mapped onto the NoC. F is then calculat-
ed as 

jifF , .                                    (3) 

The probability of getting access to the wireless channel 
for communication between any source-destination pair 
is designated by p which is inversely proportional to the 
number of WIs (n) sharing the same frequency channel. 
With the assumption that all the WIs are equally likely to 
have access to the wireless channel, p can be computed as 

                                        np /1 .                                   (4) 

Here, equal importance is attached to inter-hub distance 
and frequency of communication.  

The second metric needed to complete the quantifica-
tion of a network's quality is the cost function  

LPAWIofCost )(# ,                    (5) 

where, A, P and L are normalized area, power  and  wire-
less channel acess delay overheads respectively arising 
from the WIs. A is determined by dividing the total wire-
less hub area by the area of the communication infrastruc-
ture. The power dissipated by all WIs is divided by the 
total power consumed by the communication infrastruc-
ture to determine P. L is determined by diving the token 
returning period (described in section 4.3) by the average 
packet latency. The two metrics, average shortest path μ 
and cost are thus the two objectives to be optimized. 
Many methods exist for evaluating multi-objective opti-
mization problems [31]. We describe the aggregate objective 
function (AOF), which combines both of the metrics, as 
follows: 

CostaaAOF *)1(* ,                (6) 

where, a specifies the importance of the two metrics, i.e., a 
= 0 results in an analysis entirely dependent on cost, a = 1 
results in an analysis entirely dependent on the network 
connectivity, while a = 0.5 makes for a balance between 
the two metrics. The choice of a is a design decision and 
depends on the design requirements. For a chosen value 
of a, optimum number of WI (n) is selected that results in 
minimum value of AOF.  

The AOF defined above is then used in the optimiza-
tion step outlined in the next subsection to determine the 
optimal NoC architecture.  
ii) Placement of WIs 
This process takes N and a as inputs and for all possible 
number of WIs perform SA based placement optimiza-
tion. WI placement is crucial for optimum performance 
gain as it establishes high-speed, low-energy intercon-
nects on the network. It is shown in [4] that for placement 
of wireless links in a NoC, the SA algorithm converges to 
the optimal configuration much faster than the exhaustive 
search technique. Hence, we adopt a SA based optimiza-
tion technique for placement of the WIs to get maximum 
benefits of using the wireless shortcuts. Initially, the WIs 
are placed randomly with each hub having equal proba-
bility of getting a WI. The only constraint observed while 
deploying the WIs to the hubs is that a single hub could 
have a maximum of one WI.  

Once the network is initialized randomly, an SA based 
optimization step is performed. Since the deployment of 
WIs is only on the hubs, the optimization is performed 
solely on the second level network of hubs. If there are N 
hubs in the network and n WIs to distribute, the size of 
the search space S is given by  

n
N

S   .                          (7) 

Thus, with increasing N, it becomes more computational-
ly expensive to find the best solution by exhaustive 
search. SA is performed on the optimization metric AOF 
defined by (6). In each SA iteration, a new network is cre-
ated by randomly reassigning a WI in the current net-
work. The metric for the new network is calculated and 
compared to the current network’s metric. The new net-
work is chosen as the current optimal solution if its metric 
is lower. However, even if the metric is higher we choose 
the new network probabilistically. This reduces the prob-
ability of getting stuck in a local optimum, which could 
happen if the SA process were to never choose a worse 

Number of Hubs, N &
Selected value of ‘a’

Update best network
configuration

Perform Simulated
Annealing on

Optimization Metric

Optimal network
configuration for n

Return optimum number of
WIs and corresponding

network configuration for ‘a’

Initial Network
configuration

Loop For # of WIs,
n, varying
from 1 to N

Exit

 
Fig. 2. Flow diagram for the simulated annealing based optimization 
of mWNoC architectures.
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solution. In this work we have used Cauchy annealing 
schedule [29] and it is preferred over the normal distribu-
tion because of its flatter tails, making it easier to escape 
from local minima. The convergence criterion chosen here 
is that the metric at the end of the current iteration differs 
by less than 0.1% from the metric of the previous iteration 
[4]. Fig. 2 shows the steps used to optimize the network. 

An important point to note here is that similar results 
can also be obtained using other optimization techniques, 
like evolutionary algorithms (EAs) [32] and co-
evolutionary algorithms [33]. Although EAs are generally 
believed to give better results, SA reaches comparably 
good solutions much faster [34]. We have used SA in this 
work as an example. 

4 OVERALL COMMUNICATION SCHEME

In this section we describe the various components of the 
WIs and the adopted data routing strategy. As mentioned 
in the previous section, the WIs are optimally placed in 
some of the hubs to provide them with the capability to 
communicate using the wireless channel. The two princi-
pal components of the WI are the antenna and the trans-
ceiver. Characteristics of these two components are out-
lined below. 

4.1 On-Chip Antennas
The on-chip antenna for the proposed mWNoC has to 
provide the best power gain for the smallest area over-
head. A metal zigzag antenna [35] has been demonstrated 
to possess these characteristics. This antenna also has neg-
ligible effect of rotation (relative angle between transmit-
ting and receiving antennas) on received signal strength, 
making it most suitable for mWNoC application [19]. The 
zigzag antenna is designed with 10μm trace width, 60 μm 
arm length and 30° bend angle. The axial length depends 
on the operating frequency of the antenna which is de-
termined in subsection 5.4. The details of the antenna 
structure are shown in Fig. 3. 

4.2 Wireless Transceiver Circuit
To ensure the high throughput and energy efficiency of 
the mWNoC, the transceiver circuitry has to provide a 
very wide bandwidth as well as low power consumption. 
In designing the on-chip mm-wave wireless transceiver, 
the low power design considerations are taken into ac-
count at the architecture level. Non-coherent on-off key-
ing (OOK) is chosen as the modulation method, as it al-
lows relatively simple and low-power circuit implemen-
tation. As illustrated in Fig. 4, the transmitter (TX) circuit-
ry consists of an up-conversion mixer and a power ampli-
fier (PA). On the receiver (RX) side, direct-conversion 
topology is adopted, consisting of a low noise amplifier 
(LNA), a down-conversion mixer and a baseband ampli-
fier. An injection-lock voltage-controlled oscillator (VCO) 

is reused for TX and RX. With both direct-conversion and 
injection-lock technology, a power-hungry phase-lock 
loop (PLL) is eliminated. Moreover, at the circuit level, 
body-enabled design techniques [36], including both for-
ward body-bias (FBB) with DC voltages, as well as body-
driven by AC signals [37], are implemented to further 
decrease power consumption. High isolation to other cir-
cuits is guaranteed by using triple-well CMOS with deep 
N-well, which is now common in most of the scaled 
CMOS processes. Detailed design descriptions of the 
transceiver are presented in our previous works [10][38]. 

4.3 Adopted Data Transmission Strategy
In the proposed hierarchical NoC, data is transferred via 
flit-based wormhole routing [39]. Intra-subnet data rout-
ing is done according to the topology of the subnets. For 
StarRing subnet topology if the destination core is within 
two hops on the ring from the source then the data is 
routed along the ring. If the destination core is more than 
two hops away then the data routing takes place via the 
central hub. To avoid deadlock within the subnet, we fol-
low the virtual channel management scheme adopted 
from the Red Rover algorithm [40], in which the ring is 
divided into two equal sets of contiguous nodes. Messag-
es originated from each group of nodes use a particular 
set of dedicated virtual channels regardless of destination. 
Furthermore, messages injected on a particular virtual 

Pulse-
shaping
Filter

LNA
Down-

conversion
Mixer

Injection-lock
Path

Baseband
Amplifier

Pulse-
shaping
Filter

VCO

PA Up-conversion
Mixer

Dout

Din

RX

TX

 
Fig. 4. OOK transceiver block diagram.
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Fig. 3. Zigzag antenna structure details.
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Fig. 5. An algorithmic representation of the adopted data routing strat-
egy.
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channel will continue their traversals on that channel un-
til reaching destinations. Since a message is confined to a 
particular channel for its entire traversal and each of these 
channels contains no cycles, the scheme is deadlock free.  

Inter-subnet data routing however requires the flits to 
use the upper level network consisting of the wired and 
wireless links. By using the wireless shortcuts between 
the hubs with the WIs, flits can be transferred in a single 
hop. If the source hub does not have a WI, the flits are 
routed to the nearest hub with a WI via the wired links 
and are transmitted through the wireless channel. Like-
wise, if the destination hub does not have a WI then the 
hub nearest to it with a WI receives the data and routes it 
to the destination through wired links. Between a pair of 
source and destination hubs without WIs, the routing 
path involving a wireless link is chosen if it reduces the 
total path length compared to the wired path. This can 
potentially give rise to a hotspot situation in the WIs be-
cause many messages try to access wireless shortcuts 
simultaneously, thus overloading the WIs and resulting 
in higher latency. Token flow control [41] and distributed 
routing are used to alleviate this problem. Tokens are 
used to communicate the status of the input buffers of a 
particular WI to other nearby hubs, which need to use 
that WI for accessing wireless shortcuts. Every WI input 
port has a token and the token is turned on if the availa-
bility of the port’s buffer is greater than a fixed threshold 
and turned off otherwise. The routing adopted here is a 
combination of dimension order routing for the hubs 
without WIs and South-East routing algorithm for the 
hubs with wireless shortcuts. This routing algorithm is 
proved to be deadlock free in [7]. If the WIs that the mes-
sage encounters along the way are not available, the mes-
sage follows dimension order routing and keeps looking 
for the shortest path using WIs at every hub until the des-
tination hub is reached. Consequently, the distributed 
routing and token flow control prevents deadlocks and 
effectively improves performance by distributing traffic 
though alternative paths. All the wireless hubs are tuned 
to the same channel and can send or receive data from 
any other wireless hub on the chip. Under these condi-
tions an arbitration mechanism needs to be designed in 
order to grant access to the wireless medium to a particu-
lar hub at a given instant to avoid interference and con-
tention.  

To avoid the need for a centralized control and syn-
chronization mechanism, the arbitration policy adopted is 
a token passing protocol [42]. It should be noted that the 
use of the word token in this case differs from the usage 
in the above mentioned token flow control. According to 
this scheme, the particular WI possessing the token can 
broadcast flits into the wireless medium. All other hubs 
will receive the flit as their antennas are tuned to the same 
frequency band. When the destination address matches 
the address of the receiving hub then the flit is accepted 
for further routing. It is routed either to a core in the sub-
net of that hub or to an adjacent hub. The token is re-
leased to the next hub with a WI after all flits belonging to 
a single packet at the current token-holding hub are 
transmitted. Fig. 5 shows the flow chart of the adopted 

data routing strategy.  
According to [43], the mWNoC is deadlock free if both 

the subnets and the 2nd level of the network are deadlock 
free and the boundary nodes are safe nodes. As explained 
above, the subnets and the 2nd level of small-world net-
work are deadlock free. Moreover, in this work the 
boundary nodes are the hubs, which allow inter-subnet 
communication. The hubs are safe nodes as there is no 
path from an internal output link to an internal input link.   

5 EXPERIMENTAL RESULTS

In this section we discuss the experimental results that 
demonstrate performance of the proposed mWNoC. First 
we present the justification behind using SA based opti-
mization followed by the characteristics of the on-chip 
wireless communication channel. Then we present de-
tailed network level simulations with various system siz-
es and traffic patterns. 

We evaluate the performance of SA for WI placement 
by comparing the number of iterations required to 
achieve optimal network configuration through SA and 
exhaustive search for various system sizes. SA produces 
network configurations with average hop counts exactly 
equal to those generated by exhaustive search for the sys-
tem configurations considered in this paper. Fig. 6 shows 
the number of iterations required to arrive at the optimal 
solution with SA and exhaustive search. The numbers of 
iterations with SA were measured as an average of 10 
trials. Clearly the SA algorithm converges to the optimal 
configuration much faster than the exhaustive search 
technique. This advantage will further increase for larger 
system sizes. 

5.1 Simulation Setup
An overview of the performance evaluation setup for the 
mWNoC is shown in Fig. 7. To obtain the gain and 
bandwidth of the antennas we use the ADS momentum 
tool [44]. For our experiments, we consider three different 
system sizes, namely 128, 256, and 512 cores, and the die 
area is kept fixed at 20 mm x 20 mm for all system sizes. 
The mm-wave wideband wireless transceiver is designed 
and simulated using Cadence tools with TSMC [45] 65-
nm standard CMOS process to obtain its power and delay 
characteristics. The subnet switches and the digital com-
ponents of the hubs are synthesized using Synopsys tools 
with 65-nm standard cell library from TSMC at a clock 
frequency of 2.5 GHz. Energy dissipation of all the wired 
links is obtained from Cadence layout assuming a 20 mm 
x 20 mm die area. All the power and delay numbers of 
various components along with the optimum network 

 
Fig. 6. Number of iterations required to reach optimal solution by the 
SA and exhaustive search methods.
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configuration generated from the SA are then fed into the 
network simulator to obtain overall mWNoC perfor-
mance.  As an example, table 1 shows all the performance 
parameters for different components that the NoC simu-
lator uses for deriving network performance for a 256-
core system divided into 16 subnets.  

The NoC switch architecture is adopted from [46]. The 
hubs and the NoC switches in the subnets all have 4 vir-
tual channels per port and have a buffer depth of 2 flits. 
Each packet consists of 64 flits. The ports associated with 
the WIs have an increased buffer depth of 8 flits, which 
ensures that all the messages trying to access wireless 
links are efficiently handled without compromising per-
formance [10]. Increasing the buffer depth beyond this 
tradeoff point does not produce any further performance 
improvement for this particular packet size, but will give 
rise to additional area overhead. The wireless ports of the 
WIs are assumed to be equipped with antennas and wire-
less transceivers. A self-similar traffic injection process is 
assumed. 

We consider a Mesh-StarRing as the overall intercon-
nection architecture for the mWNoC. The upper level of 
the hierarchy is a mesh with overlaid mm-wave wireless 
shortcuts and the subnets have StarRing architectures. 
The Mesh-StarRing network architecture is simulated 
using a cycle accurate simulator. The delays in flit tra-
versals along all the wired interconnects that enable the 
proposed hybrid NoC architecture are considered while 
quantifying the performance. These delays include the 
intra-subnet core-to-hub and the inter-hub wired links in 
the upper level of the network. The delays through the 
switches and inter-switch wires of the subnets and also 
the delays through the hubs are taken into account. 

5.2 Optimum Hierarchical Division
To determine the optimum division of the proposed hier-
archical architecture in terms of achievable bandwidth, 

we evaluate the performance of the mWNoC by dividing 
the whole system in various alternative ways. This analy-
sis is performed without any shortcuts to highlight the 
effect on performance resulting from different ways of 
doing the hierarchical division. Fig. 8 shows the achieva-
ble bandwidth for a 256-core Mesh-StarRing divided into 
different numbers of subnets. As can be seen from the 
plot, the division of the whole system into 16 subnets 
with 16 cores in each performs the best. Similarly, the 
suitable hierarchical division that achieves the best per-
formance is determined for the other system sizes. For 
system sizes of 128 and 512, the optimum number of sub-
nets turns out to be 8 and 32 respectively.  

5.3 Optimum Number of WIs
The WIs introduce hardware overhead, and hence we aim 
to limit the number of WIs without significantly com-
promising the overall performance. As this is related to 
the utilization of the wireless medium, only the 2nd level 
of the network is considered. We undertook the network 
optimization analysis following the methodology elabo-
rated in section 3. The optimum number of WIs (n) ob-
tained for different values of a for a 16 hub system with 
one wireless channel is shown in Fig. 9 (a). The weight 
parameter a determines how the cost versus the perfor-
mance is weighted for the optimization fitness function. 
From this result it can be observed that for a moderate 
weight value, a (varying from 0.30 to 0.7) the optimum 
number of WIs varies from 4 to 12. The error bars repre-
sent the overall variation of the optimum number of WIs 
for different execution of the optimization process. As 
expected at the weight boundary values, the cost function 

 

** NS = number of subnets, SS = subnet size
Fig. 8. Achievable bandwidth of a 256-core Mesh-StarRing NoC for 
various hierarchical configurations.

TABLE 1
Performance parameters for different NoC components    

Components Performance parameters 
Wireless Trans-
ceiver 

36.7 mW supporting a data rate of 16 
Gbps 

Subnet Routers 7.7451 pJ with three pipeline stages 
operating at a clock freq. of 2.5 GHz 

Inter-subnet 
Hubs 

51.634 pJ with a clock freq. of 2.5 
GHz 

Inter-subnet and 
intra-subnet met-
al wires 

1.06 pJ/bit for 5 mm 
0.27 pJ/bit for 2.5 mm 

 

(a) 

              
(b) 

Fig. 9. Results obtained from (a) Cost function analysis and (b) Net-
work simulation.
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Fig. 7. Performance evaluation setup for mWNoC.

IEEE TRANSACTIONS ON COMPUTERS
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.



8 IEEE TRANSACTIONS ON JOURNAL NAME,  MANUSCRIPT ID 

 

optimization ends with either zero or the maximum 
number of WIs. Thus, this analysis gives us a narrower 
window of possible optimum number of WIs for a partic-
ular system size. To exactly determine the optimum 
number of WIs, we carried out system-level simulations 
within this narrower window with the wireless token 
passing mechanism and the results are shown in Fig. 9 
(b). The token is considered to be a single flit transmitted 
from the WI, which currently holds it to the next one. 
From Fig. 9 (b), it is seen that for a 256-core mWNoC (16-
subnets with 16 cores in each subnet) bandwidth increas-
es with number of WIs until reaching a maximum at 6 
WIs and then it decreases. This is because although a 
higher number of WIs improves connectivity by reducing 
hop-count of the network, the shared wireless medium is 
distributed among the WIs, and as the number of WIs 
increases beyond a certain point, performance degrades 
due to the large token returning period. Moreover, as the 
number of WIs increases, the overall energy dissipation 
from the WIs becomes higher, and it causes the packet 
energy to increase as well. Considering all these factors, 
we determine the optimum number of WIs for 256-core 
mWNoC as 6. Similarly, for system sizes of 128 and 512 
(consisting of 8 and 32 subnets respectively) the optimum 
performance is achieved with 4 and 10 WIs respectively. 

5.4 Wireless Channel Characteristics
The metal zigzag antennas described earlier are used to 
establish the on-chip wireless communication channels. 
High resistivity silicon substrate ( =5kΩ-cm) is used for 
the simulation. To represent a typical inter-subnet com-
munication range the transmitter and receiver were sepa-
rated by 20 mm. The forward transmission gain (S21) of 
the antenna obtained from the simulation is shown in Fig. 
10. As shown in Fig. 10, we are able to obtain a 3 dB 
bandwidth of 16 GHz with a center frequency of 57.5 
GHz. For optimum power efficiency, the quarter wave 
antenna needs an axial length of 0.38 mm in the silicon 
substrate. 

Since a flat channel and antenna frequency response 
over the entire signal bandwidth is not practical, a sys-
tem-level simulation is performed in order to more accu-
rately define the circuit design specifications. 

The simulations were carried out in Simulink, with the 
block diagram given in Fig. 11. We assume that the gain 
and noise figure (NF) of the LNA are both fixed at 10 dB, 
and the down-conversion mixer has a gain of 0 dB and a 
NF of 20 dB. Thus, the overall NF is: 

dB 131log10NF
LNA

mixer
LNAtotal G

F
F ,             (8) 

where FLNA and Fmixer are the noise factors of the LNA and 
mixer, respectively, and GLNA is the gain of the LNA, all in 
linear scale. We assume that the temperature is at 323 K 
(50 °C). As for the transmitter, assume that the PA output 
power varies from –10 to –4 dBm. Therefore, the SNR at 
the demodulator can be calculated as: 

Floor NoiseLossPath SNR tP ,           (9) 

totalNFBWlog10log10Floor Noise kT ,    (10) 

in which Pt is the TX power, k is the Boltzmann constant, 
T is the absolute temperature, and BW is the bandwidth, 
which is set to be 32 GHz, considering the worst case 
noise for OOK modulation with 16-Gbps data rate. From 
Fig. 10, it is seen that the path-loss is 26.5 dB at the center 
frequency. Accordingly from (9), the SNR at the demodu-
lator ranges from 19 to 25 dB. The BER performances 
were simulated within this range of SNR. Using these 
results, the required SNR was then extrapolated for the 
targeted BER of 10-15, which is the BER of traditional 
wired links [23]. The resulting BER vs transmitted power 
curve is shown in Fig. 12. It can be seen that a power am-
plifier (PA) transmit power of at least 2.5 dBm (equivalent 
to an SNR of 31.5 dB) is needed.  

In [47], simulations with root-raised cosine (RRC) 
pulse shaping filters in both TX and RX gave a 5 dB per-
formance gain, which in principle would allow reduction 
of the PA transmit power by 5 dB. However, circuit im-
plementation of a low-power and sufficiently wideband 
RRC matched filter in the receiver working in the 60 GHz 
range remains a challenging problem for the designed 
mWNoC. Hence, the present paper employs rectangular 
pulse shaping. 

According to the simulation results, it is now possible 
to redistribute the SNR budget to RF building blocks in 
the system. Specifically, for a low power consumption of 
the TX, we decreased Pt min to –0.5 dBm, so that the corre-
sponding NFtotal needs to be 10 dB at the receiver, in order 
to maintain the target BER. Therefore, a gain of greater 
than 13 dB and an NF less than 7 dB are required at the 
LNA. The mixer would still need to achieve less than 20 
dB NF. 
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Fig. 10. Antenna transmission gain (S21) response.

 
Fig. 11. Simulink block diagram of the transceiver for wireless intercon-
nect.

 
Fig. 12. Simulated BER versus TX power.
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With the design target set by the system-level simula-
tion, the wireless transceiver circuitry was designed and 
simulated using TSMC 65-nm standard CMOS process.  

The overall conversion gain and double-sideband 
(DSB) NF of the receiver at 27 ºC with typical-typical (TT) 
process corner are illustrated in Fig. 13. As can be seen, 
the conversion gain is 20 dB at the center frequency, and 
rises up to 20.5 dB at the peak. Fig. 13(a) also shows that 
the overall 3-dB bandwidth of the receiver front-end is 18 
GHz. From Fig. 13(b), it can be seen that the overall NF 
stays below 6 dB. 

Fig. 13 also demonstrates the process and temperature 
variation of the receiver performance. In the worst case of 
85 ºC with TT process corner, both the conversion gain 
and the NF show around 2 dB of degradation, and the 3-
dB bandwidth shrinks to 16.5 GHz. Moreover, at 27 ºC 
with slow-slow (SS) process corner, approximately 1.5 dB 
of gain degradation is observed, and the NF increases by 
1 dB. However, the 3-dB bandwidth remains 18 GHz. 
Therefore, even with process and temperature variations, 
the achieved bandwidth and NF of the receiver are still 
better than the design targets of 16 GHz and 10 dB, re-
spectively. 

The conversion gain of the transmitter is illustrated in 
Fig. 14. The transmitter has a peak gain of 15 dB, and a 3-
dB bandwidth of 18.1 GHz. Furthermore, circuit simula-
tion also shows that the output 1-dB gain compression 
point (P1dB) of the transmitter is 0 dBm.  

The achieved aggregate power consumption of the en-
tire transceiver is 36.7 mW, 16% lower than the previous 
design without using body-enabled techniques [48]. It is 
able to support a data rate of at least 16-Gbps, and a BER 
< 10-15 using an OOK modulation scheme [47] for a com-
munication range of 20 mm. 

All the transceivers work in the same frequency range, 
making the overall design modular and scalable. Area 
overhead is minimized since only one antenna per trans-
ceiver is needed. As mentioned earlier, a token passing 
protocol is used to select which transceiver will use the 
wireless channel at any particular time, thereby removing 
the possibility of channel contention. The omni-
directionality of the zigzag antennas allows essentially 
equal antenna gains for all pairs of wireless transceivers 
on the chip. Thus the combination of token passing proto-
col and zigzag antenna provides a great deal of flexibility 
in mWNoC design. 

5.5 Achievable Bandwidth with Uniform Traffic
In this section we analyze the characteristics of the pro-
posed mWNoC and study trends in its performance as 

the system size scales up. Fig. 15 shows the bandwidth of 
the proposed mWNoC for the three different system sizes 
considered under a uniform random spatial traffic distri-
bution. For comparison, we also present the bandwidth of 
five alternative architectures of the same size: (i) flat 
mesh, (ii) the same hierarchical architecture as the mWN-
oC, but without any long-range links (iii) hierarchical 
architecture as the mWNoC, but long range links imple-
mented with RF interconnects (RFNoC) [14], (iv) hierar-
chical architecture as mWNoC, but long range links im-
plemented with CNT antenna based THz wireless inter-
connects (THzNoC) [4] and (v) hierarchical architecture 
as the mWNoC, but with shortcuts implemented using 
buffered metal wires (BWNoC) instead of the wireless 
links. Due to the short range of communication, UWB 
based on-chip wireless interconnects proposed in [15] is 
not considered as another alternative to establish the 
shortcuts in the hierarchical small-world networks. We 
have also shown in our previous studies that UWB NoC 
dissipates significantly more energy compared to the 
THzNoC [4]. 

We designed a small-world RFNoC by replacing the 
wireless communication channel of the mWNoC by the 
RF-I, maintaining the same hierarchical topology. As 
mentioned in [3], in 65nm technology it is possible to 
have 8 different frequency channels each operating with a 
data rate of 6 Gbps. Like the wireless channel, these RF 
links can be used as long-range shortcuts in the hierar-
chical NoC architecture. These shortcuts are optimally 
placed using the same SA based optimization as used for 
placing the WIs in the mWNoC. 

We also designed THzNoC using nanoscale antennas 
based on CNTs operating in the THz/optical frequency 
range as long range wireless shortcuts in mWNoC archi-
tecture. There can be 24 different wireless shortcuts each 
operating at 10 Gbps data rate [49]. These shortcuts are 
placed optimally using the same optimization method.  

In case of BWNoC, the numbers of wired shortcuts are 
kept equal to the number of WIs for different system sizes 
and they are also optimally placed using the same opti-
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Fig. 13. Simulated (a) gain, and (b) DSB NF of the receiver front-end at 
different temperatures and process corners.

 
Fig. 15. Achievable bandwidth with scaling for different NoC architec-
tures.

IEEE TRANSACTIONS ON COMPUTERS
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.



10 IEEE TRANSACTIONS ON JOURNAL NAME,  MANUSCRIPT ID 

 

mization as used for the placement of WIs (section 3.2). 
Each wired shortcut is considered to be 32-bit wide. The 
wires are designed for minimum delay with an optimum 
number of uniformly placed and sized repeaters.  

The flat mesh architecture performs worst among all 
the alternatives due to its highest average hop count. The 
hierarchical architecture improves the performance by 
reducing hop count, but the best performance is obtained 
from the hierarchical architecture with shortcuts due to 
the small-world nature of the network. BWNoC, RFNoC 
and THzNoC perform better than mWNoC because mul-
tiple shortcuts can work simultaneously in them, whereas 
in mWNoC (where the wireless channel is a shared me-
dium) only one pair can communicate at a particular in-
stant of time. But, BWNoC suffers from significant energy 
dissipation overhead, which is quantified in section 5.6. 
Though THzNoC shows better performance than mWN-
oC, it is not a CMOS compatible solution and the integra-
tion and reliability of CNT devices need more investiga-
tion. Similarly, the total long-range link area overhead 
and the layout challenges of the RFNoC are more signifi-
cant compared to mWNoC. For example, for a 20 mm x 20 
mm die, an RF interconnect of approximately 100 mm 
length has to be allocated for RFNoC following the layout 
of [14]. This is significantly higher than the combined 
length of all the antennas used in the mWNoC, which is 
3.8 mm for the highest system size (512 cores) considered 
in this paper. 

5.6 Energy Dissipation for Uniform Traffic
To quantify the energy dissipation characteristics of the 
proposed mWNoC architecture, we determine the packet 
energy dissipation, Epkt. The packet energy is the energy 
dissipated on average by a packet from its injection at the 
source to delivery at the destination. This is calculated as 

 
 

where Nintrasubnet and Nintersubnet are the total number of 
packets routed within the subnet and between the sub-
nets respectively, Esubnet,hop is the energy dissipated by a 
packet traversing a single hop on the wired subnet in-
cluding a wired link and a switch, and Es-w is the energy 
dissipated by a packet traversing a single hop on the 2nd 
level of the mWNoC network, which has the small-world 
property. The average number of hops per packet in the 
subnet and the upper level small-world network are de-
noted by hsubnet and hs-w respectively. Fig. 16 shows the 
packet energy dissipation for the considered architectures 
under uniform random traffic. The energy dissipation for 
RF-I and CNT based interconnect is obtained from [14] 
and [4] respectively. The flat mesh architecture dissipates 
highest packet energy among all the NoCs considered. A 
hierarchical network reduces the average hop count, and 
hence the latency between the cores compared to a flat 
mesh. Packets get routed faster and hence occupy re-
sources for less time and dissipate significantly less ener-
gy compared to flat mesh in the process.  

In Fig. 17 (a) we show the variation of per bit energy 
dissipation with distance for a single wired and a mm-
wave wireless link. Fig. 17 (b) highlights the contributions 

of the different components of the packet energy dissipa-
tion for 256-core mWNoC and flat mesh architecture. The 
contributions of the antenna and the transceiver, which 
constitute the wireless link energy, are shown separately 
from the wireline links of the upper level small-world 
network. The largest contribution to packet energy in 
mWNoC is from the wireless and wireline link traversals 
combined in the upper level small-world network. This is 
because on an average a large portion of the packets trav-
els through the upper level of the mWNoC to reach other 
subnets. However as this level has very small average 
path length due to its small-world nature and due to the 
low power wireless channels the absolute value of this 
energy dissipation is small. It can be observed that the 
energy dissipation of the hierarchical NoC with metal 
wire shortcuts (BWNoC) is significantly more compared 
to the other NoC architectures (mWNoC, RFNoC and 
THzNoC). This is because the energy dissipation in wire-
less and RF-I transmission is much less compared to long 
metal wire interconnects. From Fig. 16, it can be observed 
that a 512-core hierarchical NoC with buffered wire 
shortcuts burns 12.79 times more energy yet achieves on-
ly 1.46 times more bandwidth compared to mWNoC. All 
three small-world NoC architectures with emerging inter-
connect technologies, viz., mWNoC, RFNoC and 
THzNoC dissipate significantly less packet energy than 
the other three alternatives. The THzNoC has the lowest 
packet energy dissipation and the difference in packet 

 
Fig. 16. Packet energy for different NoC architectures.
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Fig.17. (a) The variation of per bit energy dissipation with distance 
for a wired and a wireless link and (b) Components of packet energy 
dissipation for mWNoC and flat mesh.
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energy values between RFNoC and mWNoC is small. But 
RFNoC and THzNoC have their implementation chal-
lenges compared to mWNoC as mentioned earlier.  

Due to the high energy dissipation, flat mesh, hierar-
chical NoC without shortcuts and hierarchical NoC with 
multiple metal wire shortcuts are not considered for the 
subsequent analysis. 

The Mesh-StarRing architecture along with the routing 
mechanism elaborated in section 4.3 results in 14.6% 
bandwidth improvement and 48% savings in packet en-
ergy for a 256-core system with 6 WIs in comparison with 
the previously proposed NoC architecture with mm-wave 
wireless links [48] for the same system size. 

5.7 Performance Evaluation with Non-uniform 
Traffic
In order to evaluate the performance of the proposed 
NoC architecture with non-uniform traffic patterns we 
considered both synthetic and application based traffic 
distributions. In the following analysis, the system size 
considered is 256 (with 16 subnets and 16 cores per sub-
net) with 6 WIs as a representative case. 

We considered two types of synthetic traffic to evalu-
ate the performance of the proposed mWNoC architec-
ture. First, a transpose traffic pattern [7] is considered 
where a certain number of cores are considered to com-
municate more frequently with each other. We consid-
ered three such pairs and 50% of packets originated from 
one of these cores are targeted towards the other in the 
pair. The other synthetic traffic pattern considered is 
hotspot traffic [7], where each core communicates with a 
certain number of cores more frequently than with the 
others. We considered three such hotspot locations to 
which all other cores send 50% of the packets that origi-
nate from them. In both of these situations, the communi-
cating cores are considered to be in different subnets so 
that the 2nd level of the network is used in the data ex-
change. As an application-based traffic, a 512-point Fast 
Fourier Transform (FFT) is considered and each core is as-
signed to perform a 2-point radix 2 FFT computation. The 
traffic pattern generated in performing multiplication of 
two 256 x 256 matrices was also used to evaluate the per-
formance of the mWNoC.  

Fig. 18 shows the achievable bandwidth for the differ-
ent NoC architectures in non-uniform traffic scenarios. 
From the results it is evident that for all the traffic pat-
terns considered here the Mesh-StarRing architectures 
with efficient shortcuts performs very close to each other. 
The difference between achievable bandwidth of the 
NoCs considered here is small and follows the same trend 
for non-uniform traffic scenarios as we have seen for uni-
form traffic. Due to the presence of higher number of 
simultaneously operating shortcuts in THzNoC, it per-
forms best in all the different traffic scenarios considered 
here. The performance of THzNoC is closely followed by 
RFNoC and mWNoC for all the traffic scenarios consid-
ered in this paper. 

5.8 Performance Evaluation with Broadcast Traffic
Though traditional NoC supports many concurrent trans-
actions, they do not directly support broadcast. There 
exists a variety of SoC applications that require broadcast, 
e.g., passing global states, managing and configuring the 
network, implementing cache coherency protocols, etc. 
Due to the broadcasting capability of the mm-wave wire-
less channels, mWNoC is capable of incorporating broad-
casting efficiently. Broadcasting can be implemented in 
the proposed mWNoC by employing the wireless links in 
broadcast mode.  

Fig. 19 shows the achievable bandwidth of mWNoC, 
RFNoC and THzNoC in presence of broadcast traffic for a 
256-core system. The number of broadcast source and 
destinations are kept identical for all the NoCs under con-
sideration. The results show that mWNoC performs bet-
ter than RFNoC and THzNoC. Due to the inherent broad-
casting capability of mWNoC, all the WIs can receive the 
broadcast at 16 Gbps data rate. This gives mWNoC higher 
overall bandwidth than RFNoC’s RF-I based point to 
point shortcuts (6Gbps each) and THzNoC’s point to 
point wireless shortcuts (10 Gbps each). Since all the WIs 
can receive the broadcast traffic at higher bandwidth, the 
overall performance of mWNoC is better in case of 
broadcast traffic scenario. 

5.9 A mWNoC with Multiple Simultaneously 
Operating Channels
The Performance of mWNoCs can be significantly im-

 
Fig.18. Achievable Bandwidth with different traffic scenarios

 
Fig.19. Achievable Bandwidth for different NoCs with broadcast traffic.
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Fig. 20. Antenna transmission gain (S21) for three non-overlapping channels.
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proved by optimally placing and using multiple simulta-
neously operating wireless shortcuts. The works of [23] 
and [24] have already discussed the feasibility and ad-
vantages of multichannel wireless interconnects in the 
NoC environment. We extended our single channel 
mWNoC design to mWNoC with three simultaneously 
operating channels. The antenna’s forward transmission 
gains (S21) obtained via simulations are shown in Fig. 20. 
We are able to obtain three different non-overlapping 
channels with 3 dB bandwidths of 16 GHz and center fre-
quencies of 31, 57.5 and 120 GHz respectively. For opti-
mum power efficiency, the quarter wave antennas use 
axial lengths of 0.73, 0.38 and 0.18 mm respectively in the 
silicon substrate. The antenna design ensures that signals 
outside the communication bandwidth for each channel 
are sufficiently attenuated to avoid inter-channel interfer-
ence. The wireless transceiver circuitry is designed and 
simulated using TSMC 65-nm CMOS process. 

Multiple non-overlapping wireless channels are dis-
tributed among the hubs and the WIs sharing the same 
channel form a cluster. Since each channel is shared be-
tween relatively smaller number of WIs, the optimum 
number of WIs increases from a single channel case. The 
technique for finding out optimum number of WIs and 
SA based optimization algorithm discussed in section 3.2 
are used for optimally distributing the WIs belonging to 
three different clusters. The WI clusters are equal in size 
and a single WI with transceivers of all frequencies acts as 
gateway between different clusters for intercluster wire-
less communication. For a 256-core (16 subnets with 16 
cores per subnet) and 512-core (32 subnets with 16 cores 
per subnet) mWNoC, with three non-overlapping wire-
less channels, the optimum number of WIs is found to be 
7 (3 clusters of 2 WIs each and a gateway) and 13 (3 clus-
ters of 4 WIs each and a gateway) respectively. 

The achievable bandwidths for 256-core and 512-core 
system mWNoCs with three simultaneously operating 
wireless channels, RFNoC and THzNoC is shown in Fig. 
21. Since the performance improvements are more prom-
inent in larger systems, results for 128-core systems are 
not shown here. It can be observed that the performance 
difference decreases considerably among these NoCs as 
the number of simultaneously operating wireless chan-
nels increases for the mWNoC. The mWNoC (Three 
Channels) performs better than RFNoC and the perfor-
mance difference between THzNoC and mWNoC (Three 
Channels) is smaller than that with mWNoC with single 
channel. The fact that mWNoC can establish communica-
tion channel between any WI pair unlike RFNoC and 
THzNoC where fixed point to point communication links 
are assigned, also helps in achieving improved perfor-
mance. Therefore, it can be concluded that mm-wave 
based long range interconnects can be a viable and effi-

cient alternative interconnect in future many core NoCs. 
The technological challenges of making mWNoC practi-
cally feasible are significantly lower than the THzNoC 
with CNT based wireless links.  

6 AREA OVERHEAD

In this section we quantify the area overhead due to the 
wireless deployment in the mWNoC. The antenna used is 
a 0.38 mm long and 58 μm wide zigzag antenna. The area 
of the transceiver circuits required per WI is the total area 
required for the OOK modulator/demodulator, LNA, PA 
and VCO. The total area overhead per wireless transceiv-
er turns out to be 0.3 mm2 for the selected frequency 
range. The digital part for each WI, which is very similar 
to a traditional wireline NoC switch, has an area over-
head of 0.40 mm2. Therefore, the total area overhead per 
hub with a WI (inclusive of transceiver and antenna) is 
determined to be 0.72 mm2. Since the number of WIs is 
kept limited, the overall silicon area overhead is dominat-
ed by the wireline NoC switches. For example, in case of a 
256 core mWNoC, 6 wireless transceivers consume only 
4.8 % of total silicon area overhead. The transceiver area 
overhead for RFNoC and THzNoC is obtained from [14] 
and [4] respectively. 

Total silicon area overheads for flat mesh, mWNoC, 
RFNoC, THzNoC and BWNoC for a 256-core system are 
shown in Fig. 22. The required silicon areas are dominat-
ed by the NoC intra-subnet switches. The area overheads 
of the hubs along with the required transceivers (mWN-
oC, RFNoC, THzNoC) and buffers (BWNoC) are shown 
separately. The transceiver area overhead for mWNoC is 
marginally higher than RFNoC, THzNoC and BWNoC. 
Though the overall silicon area for mWNoC, RFNoC, 
THzNoC and BWNoC are higher than flat mesh, the per-
formance benefit of these hierarchical NoCs with 
shortcuts clearly outweighs the associated overhead. Fig. 
23 shows the total wiring requirements of various lengths 
for a 20 mm x 20 mm die for a 256-core system of Mesh-

 
Fig. 21. Achievable Bandwidth for NoCs with different interconnects.

 
Fig. 22. Silicon area overhead for three different NoCs of size 256 
core.
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Fig. 23. Total wiring requirements of various lengths for a 20 mm x 20
mm die for three different NoCs of 256 core system size.
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StarRing configuration considered in this work. The wir-
ing requirements for a flat mesh architecture are shown 
for comparison. The hierarchical architecture has no inter-
subnet direct core to core links as inter-subnet communi-
cation occurs through the hubs; this eliminates a number 
of wireline links along the subnet boundaries which are 
present in the flat mesh topology. RFNoC and BWNoC 
require extra long range links for inter-subnet communi-
cation whereas for mWNoC and THzNoC these commu-
nications are predominantly carried out by wireless links. 

7 CONCLUSIONS AND FUTURE WORK

In this paper we have proposed the design of a small-
world NoC architecture with mm-wave wireless inter-
connects used as long-range links. Design of associated 
broadband and low power mm-wave transceivers is high-
lighted. The mm-wave wireless NoC (mWNoC) outper-
forms its more traditional wireline counterpart in terms of 
achievable bandwidth and energy dissipation in the pres-
ence of various synthetic and application specific traffic 
patterns. Performance of the proposed mWNoC is evalu-
ated with respect to other small-world architectures 
where the long-range links are implemented with RF in-
terconnects (RF-I) and CNT antenna based wireless links. 
Though RFNoC and THzNoC perform better compared 
to the mWNoC, the difference in performance is small. 
Moreover, with multiple non-overlapping channels 
mWNoC performs better than RFNoC and the perfor-
mance gap with THzNoC becomes smaller. The THzNoC 
faces manufacturing and integration challenges; by con-
trast the mWNoC is CMOS compatible and does not re-
quire any new technology. Therefore, it can be concluded 
that mWNoC achieves the best performance-energy-area-
technological challenge tradeoff among all of the emerg-
ing interconnects compared in this paper. 

As part of this on-going investigation, we intend to es-
tablish a detailed performance benchmark for the pro-
posed mWNoC with respect to other emerging NoC ar-
chitectures, such as 3D and photonic NoCs. 
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