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ABSTRACT 
Traditional many-core designs based on the Network-on-Chip 
(NoC) paradigm suffer from high latency and power dissipation 
as the system size scales up due to their inherent multi-hop 
communication. NoC performance can be significantly enhanced 
by introducing long-range, low power, and high-bandwidth 
single-hop wireless links between far apart cores. This paper 
presents a design methodology and performance evaluation for a 
hierarchical small-world NoC with CMOS compatible on-chip 
millimeter (mm)-wave wireless long-range communication links. 
The proposed wireless NoC offers significantly higher bandwidth 
and lower energy dissipation compared to its conventional non-
hierarchical wired counterpart in presence of both uniform and 
non-uniform traffic patterns. The performance improvement is 
achieved through efficient data routing and optimum placement of 
wireless hubs. Multiple wireless shortcuts operating 
simultaneously provide an energy efficient solution for design of 
many-core communication infrastructures.  

Categories and Subject Descriptors 
C.5.4 [Computer System Implementation]: VLSI Systems  

General Terms 
Performance, Design. 

Keywords 
Many-Core, NoC, Wireless, Small-World. 

1. INTRODUCTION 
The predicted evolution of many-core Systems-on-chip (SoCs) 
indicates a manifold increase in the number of cores on a single 
die over the next few years. High performance and low power are 
crucial for the widespread adoption of such many-core platforms. 
Achieving these goals cannot be attained by traditional paradigms 
and we are forced to re-think the basis of designing such systems, 
in particular the overall interconnect architecture. Networks-on-
Chip (NoCs) have emerged as communication backbones to 
enable a high degree of integration in many-core SoCs. Despite 
their advantages, an important performance limitation in 
traditional NoCs arises from planar metal interconnect-based 
multi-hop links, where the data transfer between two distant 
blocks causes high latency and power consumption. A scalable 
solution can be achieved by drawing inspiration from the small-

world property possessed by many natural complex networks. 
Such small-world networks are known for having low average 
inter-nodal distances with limited resources. This is achieved by 
adding a few long-range links in a regular lattice, resulting in a 
significantly lower average hop count. An attempt toward 
constructing small-world NoCs has been made with metal wires 
in the past [1]. However, that approach doesn't scale up because 
multi-hop wired links are required for longer distances. This paper 
evaluates the performance of a small-world NoC with multiple 
non-overlapping millimeter (mm)-wave wireless channels as 
long-range links. These on-chip wireless links are CMOS-
compatible and do not need any new technology. But they have 
antenna and transceiver area and power overheads. Thus, to 
achieve the best performance, the wireless resources need to be 
optimally placed and used. To accomplish that goal, a hybrid and 
hierarchical network where nearby cores communicate through 
traditional metal wires, but long distance communications are 
predominantly achieved through high performance single-hop 
wireless links is implemented.  
This paper shows that network performance can be significantly 
improved by using a hybrid approach and by placing and using 
multiple simultaneously operating and non-overlapping wireless 
shortcuts optimally. The wireless link insertion also takes into 
account the target application or the traffic pattern the chip is 
designed for. Furthermore, we employ a distributed flow-control-
based routing algorithm that ensures an optimum utilization of the 
wireless links. We demonstrate that the proposed mm-wave 
wireless NoC (mWNoC) outperforms its more traditional non-
hierarchical wire line counterparts in terms of sustainable data 
rate and energy dissipation. It also performs better than other 
emerging NoC architectures like, NoC with RF-I and 3D NoC. 

2. RELATED WORK 
Conventional NoCs use multi-hop packet switched 
communication. It is shown in [2] that by using virtual express 
lanes to connect distant cores in the network, it is possible to 
avoid the router overhead at intermediate nodes, and thereby 
greatly improve NoC performance. Performance improvements 
have also resulted by inserting long range wired links following 
principles of small-world graphs [1].  

The design principles of photonic NoC are elaborated in various 
recent publications [3][4]; photonic NoCs are estimated to 
dissipate significantly less power than electronic NoCs. 

The amalgamation of two emerging paradigms, namely NoCs in a 
3D IC environment, allows for the creation of new structures that 
enable significant performance enhancements over traditional 
solutions [5]. Despite these benefits, 3D architectures pose new 
technology challenges and the heat dissipation is a serious 
concern due to increased power density [6] on a smaller footprint. 
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Another alternative is NoCs with multi-band RF interconnects [7], 
wherein 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 can be achieved.  

Recently, design of a wireless NoC based on CMOS Ultra 
Wideband (UWB) technology was proposed [8]. In [9], the 
feasibility of on-chip wireless communication networks with 
miniature antennas and simple transceivers that operate at the sub-
THz range of 100-500 GHz has been demonstrated. With further 
increase in transmission frequencies the size of antenna can be 
reduced, occupying much less chip real estate. One possibility is to 
use nanoscale antennas based on carbon nanotubes (CNTs) 
operating in the THz/optical frequency range [10]. The design of a 
small-world wireless NoC operating in the THz frequency range 
using CNT antennas is elaborated in [11]. Though CNT based NoCs 
offer orders-of-magnitude performance improvements over 
traditional wire line NoCs, the integration and reliability of CNT 
devices need more investigation. A preliminary NoC architecture 
with CMOS-compatible mm-wave wireless links was proposed in 
[12], where all the communicating nodes share a single wireless 
channel and hence the performance gain is limited. 

This work introduces a comprehensive design methodology for a 
hierarchical and small-world mWNoC with multiple simultaneously 
operating wireless shortcuts. Through efficient distributed flow 
control based routing and optimal placement of wireless hubs, the 
mWNoC significantly outperforms traditional multi-hop NoCs. 

3. PROPOSED NOC ARCHITECTURE 
We propose design of a hierarchical NoC architecture with a limited 
number of wireless shortcuts strategically placed for optimum 
performance. Our goal is to use the small-world approach to build a 
highly efficient NoC with both wired and wireless links. The small-
world topology can be incorporated in NoCs by introducing long-
range, high bandwidth and low power wireless links between distant 
cores. The system is divided into multiple small clusters of 
neighboring cores called subnets. These subnets have NoC switches 
and links as in a standard NoC. The cores are connected to a 
centrally located hub through direct links and the hubs from all the 
subnets are connected in a 2nd level network forming a hierarchical 
structure. This is achieved by interconnecting adjacent hubs with 
wireline links and introducing a few long range mm-wave wireless 
links between distant hubs according to the placement scheme. The 
hubs connected through wireless links require wireless interfaces 
(WIs). As described in section 3.1, a simulated annealing (SA) 
algorithm is used to optimally place the WIs so as to establish 
optimal overall network topology under given resource constraints, 
i.e., a limited number of WIs. Figure 1 shows a representative 
hierarchical 256-core network where the subnets have a Ring-Star (a 
ring with a central hub connecting to every core) topology and it has 
16 hubs and 7 WIs. The hubs are connected in mesh architecture 
with overlaid long-range wireless shortcuts on the 2nd level of the 

hierarchy. In this paper Mesh-RingStar architecture is used as an 
example since it is shown to provide the best performance-
overhead tradeoff among several possible mWNoC architectures 
[13].  

3.1 Optimum Placement of WIs 
WI placement is crucial for optimum performance as it establishes 
high-speed, low-energy interconnects on the network. If there are 
N hubs in the network and n WIs to distribute, the size of the 
search space S is given by  

( )N
nS =   .                          (1) 

Thus, with increasing N, it becomes increasingly difficult to find 
the best solution by exhaustive search. It is shown in [11] that for 
placement of wireless links in a NoC, an SA based methodology 
converges to the optimal configuration much faster than 
exhaustive search. Hence, in the interest of scalability we adopt 
SA [14] based optimization for WI placement to get maximum 
benefits of using the wireless shortcuts. Initially, the WIs of all 
frequency ranges are placed randomly with each hub having equal 
probability of getting a WI.  

Once the network is initialized randomly, an SA based 
optimization step is performed. Since only hubs contain WIs, the 
optimization is performed solely on the 2nd level network of hubs. 
The number of WIs sharing the same frequency channel is kept 
equal for different frequency bands along with one gateway hub 
(which can operate in all frequency channels). Multiple non-
overlapping wireless channels are distributed among n WIs and 
WIs sharing the same channel form a cluster. To perform SA, an 
optimization metric µ is established, which is closely related to 
the connectivity of the network. The metric µ is the average 
distance, measured in number of hops, between all source and 
destination hubs. 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. To compute µ the shortest distances between 
all pairs of hubs are computed. The distances are then weighted 
with the normalized frequencies of communication between hub 
pairs. The optimization metric, µ can be computed as  
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         (3) 
where hij is the distance (in hops) between the ith source and jth 

destination. The frequency fij of communication between the ith 
source and jth destination is the normalized apriori probability of 
traffic interactions between subnets determined by particular 
traffic patterns depending upon the application mapped onto the 
NoC. 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 in a 
cluster (nc) sharing the same frequency channel. With the 
assumption that all the WIs are equally likely to have access to 
wireless channel in a cluster, p can be computed as 

                                        cnp /1= .                                     (4)  
The distance (di,j) between source and destination varies 
depending on whether or not wireless shortcuts are used while 
routing. In this case, equal importance is attached to inter-hub 
distance and frequency of communication.  

4. COMMUNICATION SCHEME 
This section describes the WI components and the adopted 
routing strategy. 

 
Figure 1. A hierarchical 256-core network with wireless shortcuts.
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4.1 Wireless Interface 
The two principal WI components are the antenna and the 
transceiver, whose characteristics are outlined below. 

4.1.1 On-Chip Antennas 
The on-chip antenna for the proposed mWNoC has to provide the 
best power gain for the smallest area overhead. A metal zigzag 
antenna [15] has been demonstrated to possess these characteristics. 
This antenna also has negligible effect of rotation (relative angle 
between transmitting and receiving antennas) on received signal 
strength, making it most suitable for mWNoC applications. Zigzag 
antenna characteristics depend on physical parameters like axial 
length, trace width, arm length, bend angle, etc. By varying these 
parameters antennas are designed to operate on different non-
overlapping frequency channels in this work. 

4.1.2 Wireless Transceiver Circuits 
To ensure high throughput and energy efficiency, the mWNoC 
transceiver circuitry has to provide a very wide bandwidth as well as 
low power consumption. In designing the wireless transceiver, low 
power design considerations are taken into account at the 
architecture level with a design adopted from [16]. The detail 
description of the transceiver circuit is out of the scope of this paper. 
Non-coherent on-off keying (OOK) modulation is chosen, as it 
allows relatively simple and low-power circuit implementation. The 
transmitter (TX) consists of an up-conversion mixer and a power 
amplifier (PA). In the receiver (RX), a direct-conversion topology is 
used, consisting of a low noise amplifier (LNA), a down-conversion 
mixer and a baseband amplifier. 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. 

4.2 Adopted Routing Strategy 
In this proposed hierarchical NoC, intra-subnet data routing depends 
on the Ring-Star subnet topology. In the subnet, if the destination 
core is within two hops on the ring from the source, then the flit is 
routed along the ring; otherwise the flit goes through the central hub 
to its destination. To avoid deadlock within the subnet, we adopt the 
virtual channel management scheme from Red Rover algorithm 
[17]. The ring is divided into two equal sets of contiguous nodes. 
Messages originating from each group of nodes use dedicated 
virtual channels. This scheme breaks cyclic dependencies and 
prevents deadlock. 

Inter-subnet data routing requires flits to use the upper level 
network. By using the wireless shortcuts between the hubs with WIs 
of the same frequency channel, flits can be transferred in a single 
hop between them. If the source and destination WIs are tuned to 
different frequencies, flits are first routed to a gateway hub via 
wireless links and are then transmitted using the destination WI’s 
frequency channel. If the source hub has no WI, the flits are routed 
to the nearest hub with a WI via the wired links and are then 
transmitted through the wireless channel. Likewise, if the 
destination hub has no WI, then the nearest WI hub receives the 

data and routes it to the destination through wired links. Between a 
source and destination hub pair without WIs, the routing path with 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 because many messages try to access wireless shortcuts 
simultaneously, thus overloading the WIs and resulting in higher 
latency. Token flow control [18] and distributed routing are used to 
alleviate this problem. 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 [1]. Consequently, the 
distributed routing and token flow control prevents deadlocks and 
effectively improves performance by distributing traffic though 
alternative paths.  

The wireless hubs are grouped into clusters, each tuned to a 
particular frequency. As the wireless hubs in a particular cluster use 
the same frequency and can send or receive data from any other 
wireless hub in that cluster, an arbitration mechanism must be 
designed to grant access to the wireless medium to a particular hub 
at a given instant to avoid interference and contention. To avoid 
centralized control and synchronization, the arbitration policy 
adopted is a wireless token passing protocol. (Note that the use of 
the word token in this case differs from the usage in the above 
mentioned token flow control.) In this scheme a dedicated token 
circulates in each cluster. The particular WIs possessing the wireless 
tokens can broadcast flits into the wireless medium in their 
respective clusters. The wireless token is forwarded to the next 
wireless hub in the same cluster after all flits belonging to a packet 
at the current hub are transmitted. 

5. EXPERIMENTAL RESULTS 
This section characterizes mWNoC performance through simulation 
and analysis in presence of various traffic patterns. Characteristics 
of the on-chip wireless communication channel and selection of the 
optimum number of WIs for different system sizes are presented, 
followed by detailed network simulations with various system sizes. 
We also present performance benchmarking with respect to two 
other emerging NoC architectures, viz., NoC with RF interconnects 
(RF-I) and 3D NoC. 

5.1 Wireless Channel Characteristics 
The metal zigzag antennas described earlier are used to establish the 
on-chip wireless links. Antenna characteristics are simulated using 
the ADS momentum tool. High resistivity silicon substrate (ρ=5kΩ-
cm) is used for the simulation. To represent the worst case inter-
subnet communication range between WIs, the transmitter and 
receiver were separated by 20 mm. The antenna’s forward 
transmission gains (S21) obtained via simulations are shown in 
Figure 2. We are able to obtain three different channels with 3 dB 
bandwidths of 16 GHz and center frequencies of 31, 57.5 and 120 
GHz respectively. For optimum 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 
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Figure 2. Antenna transmission gain (S21) for three non-overlapping channels. 
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sufficiently attenuated to avoid inter-channel interference. The 
wireless transceiver circuitry is designed and simulated using 
TSMC 65-nm CMOS process. The OOK transceiver can sustain a 
data rate of 16 Gbps with a power consumption of 43.6 mW. 

5.2 Optimal Number of WIs 
To reduce hardware overhead, we aim to limit the number of WIs 
on the chip without significantly compromising the overall 
performance. We assume round-robin token circulation among 
WIs. The token is considered to be a single flit transmitted from 
the WI currently holding it to the next one. The smaller the token 
return time to a particular WI is, the better the network 
performance is since wireless medium acquisition delay is 
minimized. On the other hand, hop-count decreases with more 
WIs due to higher connectivity as a result of introduction of 
additional WIs in the network’s upper level. Since these are two 
opposing trends, a tradeoff needs to be established. Hence, we 
study achievable network bandwidth and packet energy as a 
function of the number of WIs. The upper level of the network is 
considered a mesh with three simultaneously operating wireless 
shortcuts and the subnet architecture is Ring-Star as shown in 
Figure 1. The WI clusters are equal in size and a single WI with 
transceivers of all frequencies acts as gateway between different 
clusters. Figure 3 shows that for a 512-core Mesh-RingStar 
system (32 subnets with 16 cores per subnet) bandwidth increases 
with number of WIs until reaching a maximum at 13 WIs (3 
clusters of 4 WIs each and a gateway) and then it decreases. 
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 512-core mWNoC as 
13. Similarly, for 8 and 16 subnet systems optimum performance 
is achieved with 5 and 7 WIs respectively.  

5.3 Performance Evaluation 
In this section we analyze mWNoC characteristics and study 
performance trends as the system size scales up. We consider 
three different system sizes, namely 128, 256, and 512 cores 
divided into 8, 16 and 32 subnets respectively. The die area is 
kept fixed at 20 mm x 20 mm for all system sizes. The NoC 
switch architecture is adopted from [19]. The hubs and NoC 
switches in the subnets have 4 virtual channels per port and have 
a buffer depth of 2 flits. Each packet consists of 64 flits. The WI 
ports have an increased buffer depth of 8 flits, which ensures that 
all messages trying to access wireless links are efficiently handled 
without compromising performance. Increasing the buffer depth 
beyond 8 gives no further performance improvement for this 
packet size, but gives rise to additional area overhead [13]. The 
WI wireless ports are assumed to have antennas and wireless 
transceivers. A self-similar traffic injection process is assumed. 

The Mesh-RingStar architecture introduced earlier is simulated 
using a cycle accurate simulator. The subnet switches and the hub 
digital components are synthesized using 65 nm standard cell 
library from TSMC at a clock frequency of 2.5 GHz. The delays 
in flit traversals along the wired interconnects of the hybrid NoC 
architecture are considered when quantifying the performance. 
These include the intra-subnet core-to-hub wired links and the 
inter-hub links in the network’s upper level. The delays through 
the switches and inter-switch wires of the subnets and the hubs 
are taken into account as well. 
Figure 4 shows achievable bandwidth of the proposed mWNoC 
for three different system sizes considered under a uniform 
random spatial traffic distribution. We considered mWNoC with 
one, two and three simultaneously operating wireless channels. 
For comparison, we also present the bandwidth of three 
alternative architectures of the same size: (i) a flat mesh; (ii) the 
same hierarchical architecture as the mWNoC, but without any 
long-range links; and (iii) hierarchical architecture as the 
mWNoC, but with shortcuts implemented using buffered metal 
wires instead of wireless links (BWNoC). The number of wired 
shortcuts is kept equal to the number of WIs for different system 
sizes and they are optimally placed using the same SA-based 
optimization used for the placement of WIs. Each wired shortcut 
is considered to be 32 bits, which is equal to the width of a flit 
considered here. The wires are designed with an optimum number 
of uniformly placed and sized repeaters. The mWNoC with three 
simultaneously operating channels outperforms all the other 
alternatives for the three system sizes, except for the system with 
buffered wired shortcuts. The flat mesh architecture performs the 
worst due to its high average hop count. The hierarchical 
architecture improves the performance by reducing hop count, but 
the best performance is obtained from the hierarchical 
architecture with multiple shortcuts due to the small-world nature 
of the network. The hierarchical NoC with buffered wires as 
shortcuts results in a higher bandwidth as multiple parallel wires 
can operate together. But it suffers from significant energy 
dissipation, which is quantified in section 5.4. It can be observed 
that the bandwidth of the mWNoC with three non-overlapping 
channels improves compared to the initially proposed mWNoC 
with single wireless channel [12] for all the system sizes 
considered. Specifically, for higher system size the performance 
gain is more. 

 
Figure 3. Performance variation with different number of 

WIs for a 512-core system with 32 subnets. 

 
Figure 4. Achievable bandwidth for different system sizes. 

 
Figure 5. Packet energy for different NoC architectures. 
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5.4 Energy Dissipation 
We determine the mWNoC’s packet energy dissipation. The 
packet energy is the energy dissipated on average by a packet 
from its injection at the source to delivery at the destination. The 
energy dissipations of the switches and hubs are obtained through 
synthesis using Synopsys tools with 65 nm standard cell libraries 
from TSMC. The energy dissipated by the wireless transceiver is 
determined through Cadence simulations. The energy dissipation of 
the wired links is obtained from the Cadence layout, assuming a 20 
mm x 20 mm die area. 
Figure 5 shows the packet energy dissipation of the considered 
architectures for uniform random traffic. The energy dissipation of 
the hierarchical wired NoCs with or without wireline shortcuts is 
significantly less than that of the flat mesh architecture. This is 
because a hierarchical network reduces the average hop count, and 
hence the latency between the cores. Packets get routed faster and 
hence occupy resources for less time and dissipate less energy in the 
process. The mWNoC further improves performance by employing 
multiple energy efficient long range shortcuts in the hierarchical 
network. In Figure 6 we show the variation of per bit energy 
dissipation with distance for a wired and a mm-wave wireless link. 
From this plot it can be observed that wireless shortcuts are always 
energy efficient whenever the link length is 7 mm or more. In our 
implementation, the minimum and maximum distances between the 
WIs communicating using the wireless channel are 7.07 mm and 18 
mm respectively. Therefore, in this design, using the wireless channel 
is always more energy efficient. The mWNoC with multiple non-
overlapping channels has reduced packet energy for all system sizes 
compared to the single channel mWNoC of [12]. Also, the mWNoC 
significantly reduces energy dissipation compared to the other two 
possible wired hierarchical architectures and can reduce the packet 
energy dissipation by at least an order of magnitude compared to the 
flat mesh. 

5.5 Comparative Evaluation of mWNoC 
In this section we perform a comparative analysis between the 
mWNoC and two other emerging NoCs. The on-chip RF 
transmission line (RF-I) proposed in [7] is a new interconnect 
technology that can improve NoC performance. Hence, we designed 
a small-world NoC (RFNoC) by replacing the wireless 
communication links of the mWNoC by RF-Is, maintaining the same 
hierarchical topology. Like the wireless links, these RF links can be 
used as long-range shortcuts. These shortcuts are optimally placed 
using the same SA-based optimization used for placing WIs in the 
mWNoC. As mentioned in [7], in 65 nm technology it is possible to 
have 8 different frequency channels, each operating with a data rate 
of 6 Gbps and used for long-range inter-subnet communications. We 
also considered a 3D mesh-based NoC with four layers as in [5]. Due 
to the high energy dissipation hierarchical NoC without shortcuts and 
BWNoC are not considered for this analysis. 

For this comparative evaluation, we first present the normalized 
bandwidth with respect to flat mesh for different system sizes in 
Figure 7 for uniform random spatial traffic distribution. From this 
result it is evident that performance benefits are more prominent for 
bigger systems and is highest for 512-core. Consequently, a 512-core 
system is considered for subsequent analysis.  
We consider both uniform and non-uniform traffic patterns in this 
evaluation. For non-uniform traffic patterns we use synthetic and 
application-based traffic distributions. We considered two types of 
synthetic traffic. First, a transpose traffic pattern [1] is considered 
where cores in a certain number of subnet pairs are considered to 
communicate more frequently with each other. We consider three 
such pairs and 50% of packets originating from one of these subnets 
are targeted towards the other in the pair. The other synthetic traffic 
pattern considered is hotspot traffic [1], where each core 
communicates with a certain number of subnets more frequently than 
with the others. We consider three such hotspot subnets to which all 
other cores send 50% of the packets that originate from them. 
Transpose and hotspot traffics are mapped in 3D NoC by selecting 
sets of adjacent cores to form groups (equivalent to subnets of 
mWNoC). In the transpose traffic three of these groups communicate 
with each other and also we consider three hotspot groups. We 
consider two application-based traffics. A 1024-point FFT is 
considered where each core performs a 2-point radix 2 FFT 
computation. Multiplication of two 512x512 matrices is used to 
generate another application-based traffic pattern. 
Figure 8 shows the achievable overall network bandwidth for the 
different NoC architectures in uniform and non-uniform traffic 
scenarios for a 512-core system. It can be observed that in case of 
non-uniform traffic, due to the skewed communication pattern, 
certain interconnects on the path are overloaded and become bottle-
neck affecting the overall performance of the NoC. This is most 
prominent in case of hotspot traffic. The 3D mesh based NoC suffers 
from the fact that number of layers is limited to four, which results in 
poor performance for 512-core system size. Though mWNoC and 
RFNoC have the same hierarchical architecture, mWNoC performs 
better. In RFNoC once the 8 shortcuts are placed they are fixed for 
that traffic pattern. But, in mWNoC, 13 WIs are placed depending on 
the traffic and wireless communication channel can be established 
between any of those pairs. Moreover, the total long-range link area 
overhead and the layout challenges of the RFNoC are more 
significant compared to mWNoC. For example, for a 20 mm x 20 

 
Figure 6. The variation of per bit energy dissipation with 

distance for a wired and a wireless link. 

 
Figure 7. Comparative performance evaluation for different 

emerging NoCs. 

 
Figure 8. Achievable bandwidth for different traffic 
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mm die, an RF interconnect of approximately 100 mm length has to 
be allocated for RFNoC following the layout of [7]. This is 
significantly higher than the combined length of all the antennas used 
in the mWNoC, which is 6.45 mm for the 512-core system. 

6. AREA OVERHEAD 
This section, quantifies the area overhead due to the wireless 
deployment in mWNoCs. The antenna lengths for the three 
different channels range from 0.18 mm to 0.73 mm with a trace 
width of 10 µm. The area of each WI transceiver is 0.31 mm2, 
0.32 mm2 and 0.34 mm2 for the three selected frequency ranges. 
The digital part for each WI, which is very similar to a traditional 
wireline NoC switch, has area overhead of 0.40 mm2. Therefore, 
the total area overhead per hub with a WI (inclusive of transceiver 
and antenna) is determined to be in the range of 0.70 mm2 to 0.74 
mm2. Gateway hubs have transceivers at all three frequencies so 
that their total circuit area requirement is 1.3 mm2. Since the 
number of WIs is kept limited, the overall silicon area overhead is 
dominated by the wireline NoC switches. For example, in case of 
a 512-core mWNoC integrated in a 20 mm x 20 mm die, wireless 
transceivers consume only 5.9 % of total silicon area. The 
transceiver area overhead for RFNoC is obtained from [7]. Total 
silicon area overheads for flat mesh, mWNoC (3 Channel), 
RFNoC, BWNoC and 3D mesh for a 512-core system are shown 
in Figure 9. The extra ports in z-dimension for 3D mesh cause the 
total switch area requirements to increase. The area overheads of 
the hubs along with the required transceivers (mWNoC, RFNoC) 
and buffers (BWNoC) are shown separately. The transceiver area 
overhead for mWNoC is marginally higher than RFNoC and 
BWNoC. Though the overall silicon area requirements for 
mWNoC, RFNoC, BWNoC and 3D mesh are higher than flat 
mesh, the performance benefit of these emerging NoCs clearly 
outweighs the associated overhead. 

7. CONCLUSIONS 
This paper demonstrates that by an optimal utilization of long 
range, high bandwidth, low power, mm-wave wireless channels, 
significant performance improvements can be achieved in a NoC. 
By incorporating a hierarchical small-world topology and 
multiple non-overlapping wireless channels, the proposed mm-
wave NoC architecture gives considerable performance gains in 
presence of various traffic patterns without significant area 
overhead. 

8. ACKNOWLEDGMENTS 
This work was supported in part by the US National Science 
Foundation (NSF) CAREER grant (CCF-0845504) and CRI grant 
(CNS-1059289) and NSF CAREER Grant (ECCS-0845849). 

9. REFERENCES 
[1] Ogras, U. Y. and Marculescu R., 2006. It’s a Small World After All: 

NoC Performance Optimization via Long-Range Link Insertion. 

IEEE Transactions on Very Large Scale Integration (VLSI) Systems, 
vol. 14, no. 7, pp. 693-706. 

[2] Kumar A., et al. 2008. Toward Ideal On-Chip Communication Using 
Express Virtual Channels. IEEE Micro, vol. 28, no. 1, pp. 80-90. 

[3] Shacham A., et al. 2008. Photonic Network-on-Chip for Future 
Generations of Chip Multi-Processors. IEEE Transactions on 
Computers, vol. 57, no. 9, pp. 1246-1260. 

[4] Joshi A., et al. 2009. Silicon-Photonic Clos Network for Global On-
Chip Communication. Proceedings of the 3rd International 
Symposium on Networks-on-Chip (NOCS-3), pp. 124-133. 

[5] Feero B. and Pande P. P., 2009. Networks-on-Chip in a Three-
Dimensional Environment: A Performance Evaluation, IEEE 
Transactions on Computers, Vol. 58, No. 1, pp. 32-45. 

[6] Davis W. R. et al., 2005. Demystifying 3D ICs: The pros and cons of 
going vertical. IEEE Design and Test of Computers, Vol. 22, Issue 6, 
pp. 498-510. 

[7] Chang M. F., et al. 2008. CMP Network-on-Chip Overlaid With 
Multi-Band RF-Interconnect. Proceedings of IEEE International 
Symposium on High-Performance Computer Architecture (HPCA), 
pp. 191-202. 

[8] Zhao D. and Wang Y., 2008. SD-MAC: Design and Synthesis of A 
Hardware-Efficient Collision-Free QoS-Aware MAC Protocol for 
Wireless Network-on-Chip. IEEE Transactions on Computers, vol. 
57, no. 9, pp. 1230-1245. 

[9] Lee S. B., et al. 2009. .A Scalable Micro Wireless Interconnect 
Structure for CMPs. Proceedings of ACM Annual International 
Conference on Mobile Computing and Networking, pp. 20-25. 

[10] Kempa, K. et al. 2007. Carbon Nanotubes as Optical Antennae. 
Advanced Materials, vol. 19, pp. 421-426. 

[11] Ganguly A. et al., 2011. Scalable Hybrid Wireless Network-on-Chip 
Architectures for Multi-Core Systems. IEEE Transactions on 
Computers (TC), vol. 60, issue 10, pp. 1485-1502. 

[12] Deb S., et al. 2010. Enhancing Performance of Network-on-Chip 
Architectures with Millimeter-Wave Wireless Interconnects. 
Proceedings of IEEE International Conference on ASAP, pp. 73-80. 

[13] Chang K. et al., 2011. Performance Evaluation and Design Trade-
Offs for Wireless Network-on-Chip Architectures. In ACM Journal 
on Emerging Technologies in Computing Systems (JETC). 

[14] Kirkpatrick S. et al., 1983. Optimization by Simulated Annealing. 
Science. New Series 220 (45978): 671-680. 

[15] Floyd B. A., et al. 2002. Intra-Chip Wireless Interconnect for Clock 
Distribution Implemented With Integrated Antennas, Receivers, and 
Transmitters. IEEE Journal of Solid-State Circuits, vol. 37, no. 5, pp. 
543-552. 

[16] Yu X., et al., 2010. Performance Evaluation and Receiver Front-end 
Design for On-chip millimeter-wave Wireless Interconnect. 
Proceeding of the International Green Computing Conference, pp. 
555-560. 

[17] Draper J. and Petrini F., 1997. Routing in Bidirectional k-ary n-cube 
switch the Red Rover Algorithm. In Proceedings of the International 
conference on Parallel and Distributed Processing Techniques and 
Applications, 1184-93. 

[18] Kumar A., Peh L. S. and Jha N. K., 2008. Token flow control. In 
Proceedings of the 41st IEEE/ACM International Symposium on 
Microarchitecture (MICRO ’08), 342-353.  

[19] Pande P. P., et al., 2005. Performance Evaluation and Design Trade-
offs for Network-on-chip Interconnect Architectures. IEEE 
Transactions on Computers, Vol. 54, No. 8, pp. 1025-1040.

 
Figure 9. Silicon area overhead for different NoCs of size 512. 

170



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Academy
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Alba
    /AlbaMatter
    /AlbaSuper
    /Algerian
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /BabyKruffy
    /BaskOldFace
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chick
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Croobie
    /CurlzMT
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /Fat
    /FelixTitlingMT
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Freshbot
    /Frosty
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GlooGun
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /Jenkinsv20
    /Jenkinsv20Thik
    /Jokerman-Regular
    /Jokewood
    /JuiceITC-Regular
    /Karat
    /Kartika
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /MaturaMTScriptCapitals
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MSOutlook
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /Poornut
    /PoorRichard-Regular
    /Porkys
    /PorkysHeavy
    /Pristina-Regular
    /PussycatSassy
    /PussycatSnickers
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /ScriptMTBold
    /ShowcardGothic-Reg
    /Shruti
    /SnapITC-Regular
    /Square721BT-Roman
    /Stencil
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /WeltronUrban
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




