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Abstract— This paper presents a novel methodology to 
provide a promising solution for complex on-chip communication 
problems in order to reduce power consumption and delay. Our 
proposed reconfigurable Network-on-Chip (NoC) architecture is 
integrated with the radio frequency Interconnect (RF-I) with 
signal propagation at the speed of light. It is based on setting up 
express shortcut paths (ESPs) which include single-cycle multi-
hop RF-I shortcut between selected pairs of NoCs cores. Hence, 
the packets belonging to distance nodes in the network can bypass 
intermediate routers while traveling through these ESPs. In this 
scheme, ESPs are constructed based on an energy model and 
performance constraints to accelerate critical communication path 
at the design time. Further, we also try to optimize these ESPs by 
using a novel flow control at a run time. Additionally, a suitable 
routing algorithm is suggested to support the packet to reach their 
destinations appropriately without struggling in congested paths. 
The experimental results captured by SoCs applications reveal 
that in comparison with the conventional NoC router, the 
proposed router takes 49% and 74% reduction in latency and 
energy, respectively besides 8.7% area overhead. 

Keywords: Network-on-Chip, RF-Interconnect, Reconfigurable 
MPSoC, Performance Evaluation, Energy Consumption 

I. INTRODUCTION  

Considering the integrated circuit fabrication technology 
developments, ITRS [1] have predicted that the number of 
processing cores in multi-processor systems-on-chip (MPSoCs) 
will increase to 1,000 in 2020 and the number of processing 
elements and storage in systems-on-chip (SoCs) will increase 
to 300 units in 2015. Further, functionality and complexity of 
applications are increasing rapidly and thus, these factors have 
raised the volume and complexity of on-chip communication 
patterns that dealing effectively with this traffic needs a proper 
communication infrastructure for inter-chip. Moreover, the lack 
of scalability and bandwidth limitations of the traditional 
crossings and also area overhead and high design time of the 
specific point-to-point connections have caused the initiation of 
on-chip packet-switched communication structures or 
networks-on-chip (NoCs) [2-4]. 

The use of an NoC to replace bus-based wiring has reached 
the advantages of better scalability at the architectural and 
physical levels,  better performance under high loads, better 
decoupling of protocol-level and transport-level issues in the 
communication protocol stack, quicker design closure, more 
freedom in the design, more customizability and more 
streamlined design flows [5]. However, in many NoC 
architectures a significant portion (20~30 %) of the power 
consumption has been consumed by interconnects and also 

poor wire scaling has complicated things that leads to increase 
the latency cost of communication between distant points [6-7]. 
Therefore, with increasing the number of NoC size, power and 
emerging of large-scale applications, a challenging aspect of 
communications in NoCs have attracted much attention [8].  

To alleviate the impact of interconnect power and high 
bandwidth demand, three alternative interconnect technologies 
have been proposed based on propagation of analog waves over 
on-chip transmission lines. These technologies are radio 
frequency interconnect (or RF-I) [9], optical interconnect [10] 
and pulse voltage signaling [11]. Of these, RF-I is particularly 
promising due to its low latency, high aggregate bandwidth, 
thermal insensitivity, low energy consumption, and 
compatibility with existing CMOS design process [12, 13]. RF-
I transmission lines also provide single-cycle cross-chip 
communication, a feat no longer possible with conventional 
wire technology [14]. However, due to the area consumed by 
the transmitter/receiver logic, RF-I cannot completely replace 
traditional RC wires. Therefore, finding an appropriate design 
that includes both of RF-I and conventional wire in NoC 
architectures to employ their suitable properties could lead to 
reach low power, latency and area overhead design. 

In this paper, we propose a novel flow control and 
microarchitecture design which tries to reduce the delay, 
energy and area overhead.  The proposed method sets up the 
express shortcut paths (ESPs) between every two nodes by 
allowing the packets to bypass the intermediate routers along 
their paths. To reach this end, we investigate the use of ESPs 
including RF-I shortcuts to improve the performance and 
power metrics of NoCs and benefits from the scalability and 
resource utilization advantages of NoCs and superior 
communication performance of RF-I dedicated links. In this 
scheme, multiband RF-Is are employed to provide single-cycle 
shortcuts between distant endpoints in a large mesh topology. 
In this design, RF-I shortcuts are accomplished to bypass 
multiple intermediate routers while a detour link which is 
designated in each router to bypass the router pipeline stages. 

In this scheme, the ESPs are constructed based on an 
energy model and performance constraints to accelerate critical 
communication on an underlying network topology with 
conventional wire at the design time. Further, we also try to 
optimize these ESPs by using a novel flow control at a run 
time. In this step, a packet at each node is allowed to choose a 
low energy and low latency ESP by assigning an efficient path 
traversing through RF-I or conventional wire or both of them to 
reach its destination. Besides, a suitable routing methodology is 
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presented to support packets to reach their destinations in a 
suitable way without struggling in congested paths. Moreover, 
in order to prevent deadlocks and ensure forward progress 
within each packet a tight deadlock recovery mechanism is 
employed. 

In addition, a new substrate is presented based on a new 
priority ID to enable ranking in an NoC by coordinating 
scheduling decisions made by the routers. By triggering this 
scheme we ensure that the packets use the network resources 
appropriately and thus significant reductions in the power and 
performance metrics are achieved. Moreover, our scheme 
includes techniques that ensure starvation freedom, resulting in 
a dynamic reconfigurable substrate that enables an efficient 
prioritization in on-chip networks. In this approach, a limited 
number of network packets periodically are grouped into 
batches. Each router ranks packets belonging to older batches, 
thereby ensuring that no packet starves due to interference from 
higher-ranked packets. It should be noted that overlapping of 
multiple paths is allowed since all overlapping paths use 
network resources in their batches' group. 

The rest of this paper is organized as follows: we first 
describe the concept of on-chip RF-I in Section II. Then we 
introduce the proposed methodology in Section III. Section IV 
presents the evaluation results. Section V surveys the related 
work and finally Section VI concludes the paper. 

II.ON-CHIP RF-I 

Radio Frequency interconnect (or RF-I) was proposed in [9] as 
a high aggregate bandwidth, low latency alternative to 
traditional interconnect. Its advantages have been illustrated for 
both on-chip and off-chip communication [9, 12]. 
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On-chip RF-I have been defined based on transmitting data 
in the form of electromagnetic wave over a set of transmission 
lines, rather than the transmission of voltage signals over a 
wire. In such a system, a wave at radio or millimeter wave 
frequency propagates either through free space or guided 
mediums at the speed of light. However, signal transmission 
through free space requires large-size antennas and thus this 
method is not applicable for current designs. On the other hand, 
transmitting microwaves in guided mediums such as micro-
strip transmission line (MTL) or coplanar waveguide (CPW) is 
more feasible due to its smaller antenna size and lower 
attenuation [15]. In the RF-I approaches, data is modulated 
onto that carrier wave by using amplitude and/or phase 
modifications. Two popular modulation schemes for this 
application are binary-phase-shift-keying (BPSK) and 
amplitude-shift-keying (ASK) [16]. 

Figure 1 depicts an example of a ten carrier RF-I where 

mixers are used to modulate the carrier with digital data. As 
depicted form the figure, this design uses ten different carrier 
frequencies ranging from 20 GHz up to 200GHz, where each 
carrier transmit 10 Gb/s data stream. This is referred to as 
multiband (or multi-carrier RF-I) [12]. In a multiband RF-I, in 
transmitter (TX), each data stream is up-converted with 
individual carrier frequency and then all ten up-converted 
signals are combined and coupled into the on-chip transmission 
line. In the receiver (RX), each individual channel signals is 
down-converted by a selective mixer, and ten different data 
streams are recovered following their respective low-pass filter. 

According to the implementation from [12], a multiband 
RF-I at 65nm CMOS technology shows the data rate of  6 Gb/s 
with ten carrier frequency of 20GHZ. Further, the power and 
area of (TX / RX) are 48 mw and 0.0112 mm2, respectively.  It 
should be noted that by using frequency division multiple 
access (FDMA) with RF-I, the data rate between two users are 
increased. Moreover, multiple users can also use FDMA to 
share the same transmission line and communicate 
concurrently using different frequency bands. 

III.ESP INSERTION METHODOLOGY 

The proposed methodology is exploited to improve the power 
and performance metrics of the NoC to interconnect hundred to 
thousand cores in CMPs. In this approach we present an 
efficient algorithm that inserts most beneficial ESPs including 
RF-I shortcut or not to the current configuration of the network, 
provided that the available resources are not used up yet.  

A. The Structure of on-chip RF-I  

In order to preserve the advantages of structured wiring, the 
proposed approach uses both conventional wire and RF-I 
together. To reach this end, two routers with distinguished 
interconnect infrastructures are proposed which the former is 
only exploited based on conventional wire while in the latter 
one, both conventional wire and RF-I are used. Figure 2 
illustrates the detailed description of the designed routers. 
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As seen from Figure 2.a, regular router is presented based 
on the conventional wire which includes five input/output ports 
corresponding to the four neighboring directions (north, south, 
east and west) and the local processing element (PE) port. 

Moreover, the RF-I router is designed based on combining 
conventional wire and RF-I ports. As depicted in the Figure 
2.b, the routers includes six input and output ports (north, 
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south, east and west), (PE) port and the RF-I port. The RF-I 
port connects the router to either a TX or RX. As, RF-I 
transmission lines can carry multiple signals at once, each on a 
different frequency band, the RF-I enabled routers may share 
this medium simultaneously and transmit/receive independent 
packet in the same clock cycle.  In the proposed approach we 
use one TX and one RX in our proposed method which their 
overall area is 0.0112 mm2 in 65nm CMOS technology. 
Additionally, the transmission line is shared between multiple 
users at the same time by using FDMA and also the modulation 
scheme of each RF band is ASK in which a pair of on-off 
switches directly modulates the RF carrier and also, RF signals 
are propagated via CPW micro-strip transmission line. 
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B. The RF-I Router Microarchitecture Design 

RF-I Router is presented as the virtual channel (VC) flow 
control router consists of four major modules: Routing 
Computation (RC), VC Allocation (VA), Switch Allocation 
(SA) and Switch Traversal (ST) as the conventional NoC router 
[3]. Figure 3 plots the microarchitecture of the RF-I router. The 
figure shows the implementation of one input port and one 
output port of the router. As shown in the figure in addition to 
VCs in the physical channel, a detour link (DL) is considered to 
support single-cycle bypass paths. This DL is devoted for 
establishing ESPs between any given nodes. If the Mux-1 and 
Mux-2 is preset to connect incoming flit to the output port, the 
bypass path is enabled: incoming flits move directly to the 
crossbar, traverse it to the outgoing link and do not get 
buffered/latched in the router. �

The SA is also slightly modified in order to prioritize the 
ESP data over packet switched flit. The router employs a 
multiplexer-tree-based crossbar fabric. Since a packet coming 
through an input port does not loop back, each multiplexer is 
connected to five input ports as well as the local PE.   

Moreover, at each input port a Control Decision Block 
(CDB) is applied to dynamically manage the arriving flit. CDB 
monitors the incoming flit to service and if it is allocated to 
DL, it sets its control signal to 0. This signal is used to select 
the proper select signals of Mux-1 and Mux-2 connecting one 
of the flits to the crossbar input. If the signal is set to 1, the flit 
is selected based on the outcome of VA and SA units just like 
in traditional packet switched NoCs. Otherwise, select signals 
are set to 0 and the flit in the buffer is directed to crossbar 

input. CDB control signal is also used to control crossbar 
operation. Each output port contains a RF-I/Conv. wire 
allocator which determines what direction a flit should travel to 
get to the destination. One possible direction is to use RF-I 
shortcut while the other five ports are to be employed similar to 
those of conventional NoC router. If a flit should be passed 
through the RF-I port, it uses the TX to traverse to its 
destination. At the destination RX port, it is sent to the Input RF 
to forward. The logic takes this control signal of CDB, as well 
as the output of SA unit, as the input and allocates the output 
port to the input port of the ESP when it has an incoming flit to 
forward. Otherwise, the allocation is done according to the 
outcome of SA unit just like in traditional packet-switched 
NoCs.  

It should be noted that the regular router performs as well 
as the RF-I router. It has five ports and each input and output 
port is designed similar to Input RF as shown in Figure 3. 

C. The ESPs Insertion 

The ESPs insertion is used to improve the power and 
performance metrics of the NoC when running a specific target 
application. In this work, the high-volume communication 
flows are selected, the RF-Nodes are mapped into the nodes 
with maximum neighbors and then the ESPs are reserved 
between their sources and destination nodes, if there are 
sufficient free resources in the network. It should be noted that 
by assigning the high volume traffics through the ESPs, a large 
number of packets can take advantage of the low-power and 
low-latency communication provided by these paths. Figure 4 
shows the sample of ESP insertion in the proposed 
methodology. As seen in the figure, node s1 communicate with 
node d1 by employing ESP with traversing minimal hop counts 
by using RF-I shortcut. Besides, in each intermediate router 
each packet bypasses the router pipeline stages to reach the 
next hop.  
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For the sake of explanation, for a given input application, 
our objective is to 1) physically map the RF-cores and cores of 
the application into different nodes of a mesh-connected NoC, 
2) Establish as many ESPs as possible for communication flow 
of the application. 

Each input application is described as a communication 
task-graph which is depicted by WDG. WDG is a weighted 
directed graph G (V, E), where each �� �� represents a task, 
and a directed edge �� �� ��  characterizes the communication 

edge from ��  to �� . The communication volume (bit per 
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second) corresponding to each edge �� ��  
is also provided and is 

denoted by �� �� �� � .  

Moreover, in our mechanism we use an energy model to 
construct as many energy-efficient as ESPs. To do so, we 
employed the energy model for network routers which is 
proposed by Ye et al. [17]. In this model, the bit energy 
( � �� 	�
 ) metric is defined as the energy consumed when one 
bit of data is transferred through the router. For NoC with 
buffers implemented by registers, they suggest calculation 
� �� 	�
 as 

	�
� =
� 	�

� +

� 	�

�                   (1) 

Where 
� 	�

� and 

� 	�

� represent the energy consumed on the 

router and the links respectively. 
Moreover, 	�
� � is defined as the average energy 

consumption for sending one bit of data between each two 
arbitrary RF-I Nodes. 

Thus, by using (1), we introduce two definitions for average 
energy consumption for sending one bit of data from source s 
to destination d. 
Definition 1 The average energy consumption for sending one 
bit of data through ESP not including RF-I shortcut between s 
and d is denoted by � �� � �� and defined as follows: 

� � � �	�
 ���� � � � � � �� � � �                                                (2) 

Where � ����� � �� is the number of routers that bit traverses 

on its way from s to d.  

Definition 2 The average energy consumption for sending one 
bit of data through ESP including RF-I shortcut between s and 
d with using RF-I router i to RF-I router j is denoted 

by � �
���� ��

��� � �
�
�  and defined as follows: 

 
� � � �

� � � ��

���� ��
	�
 ��� �

	�
 � � 	�
 ��� �

��� � � � � � ��

� �� �� � � �� �

�
� � � � �

� � � � �
                   (3) 

where � ����� � �� is the number of routers that bit traverses 

on its way from s to d and also ��� and ��� is the closest 

router to the router s and router d, respectively. 

The core mapping is accomplished by modifying NMAP, a 
simple and fast heuristic power-aware core mapping and route 
generation method [18] with respect to ESPs as follows. 
STEP 1: Partition the WDG vertices into two sets of Mapped 
and Unmapped. The first one contains the already mapped 
WDG vertices and is initially empty while the latter one 
includes the WDG vertices which is not yet mapped and is 
initially contains all WDG vertices. Once a vertex is mapped it 
is moved to the Mapped set. Similarly, partition the NoC nodes 
into �  regions where each region is numbered from 1 to� . 
Each RF-I Node is placed to the center of one of these regions. 
In order to keeping minimal cost, the region centers are kept 
distant from each other based on � ��� �  where � ��� �  is the 
Manhattan distance between NoC nodes s and d. It should be 
noted that if two regions have an overlap with together, the 

cores in the overlapped area are belonged to the region with 
small number.  
STEP 2:  Choose � cores with maximum communication 
demand in a descending order which core #1 is the core with 
maximum communication demand while core #�  is the core 
with minimum communication demand compared to the other 
cores. The communication demand of a node is defined as a 
cumulative weight of the incoming and outgoing edges 
connected to the node. We put the selected cores in the set 
which is denoted by RF-I set.  
STEP 3:  For each 4×4 mesh network, map the core #1 in the 
RF-I set onto the center of a 3×3 sub-mesh node which has 
maximum number of neighbors. Then map the core #2 to the 
mesh node which is located in the �� ��� � �  of the core #1 
in 4×4 mesh. �� ��� � �  is assumed based on the 4×4 mesh 
network which is the longest distant between each pair of nodes 
with maximum neighbors in such network. 
STEP 4:  For � ��  mesh network, an efficient function is 
triggered to map all the RF-I set members onto the mesh 
network. In this approach, we first choose a 4×4 sub-mesh 
network and perform as we do in STEP 3. Then a 5×5 sub-
mesh network which includes the 4×4 sub-mesh network is 
considered and the suitable RF-I node from RF-I set is assigned 
based on �� ��� � �  between the considered node and the 
nearest mapped RF-I node. In this manner the mentioned 
approach is extended to the bigger mesh network until it 
reaches the � �� mesh network. Figure 5 illustrates the 
sample of RF-I node placement in 10×10 mesh network 
STEP 5: While all the RF-I set members are mapped, all the 
members are removed from Unmapped set and they are added 
to the Mapped set. Now all the regular nodes are going to be 
mapped. 
STEP 6: repeat the following steps until the Unmapped set 
becomes empty (i.e., all nodes are mapped). 
1) Select the core �� that communicates most with Mapped 
members. 
2) Examined all the allocated mesh nodes adjacent to the 
boundary nodes of the regions for placing it. Only the 
considered nodes in the regions are taken into account in order 
to place the new core. For each selected mesh node: 

2.a) Select the WDG edges between the selected core ��  and 
the Mapped members in order of their RF-I set number. 
2.b) Examine the possibility of constructing an ESP including 
RF-I shortcut for the edge (i.e., the existence of sufficient 
unused resources) along one of the shortest paths between its 
source and destination nodes. Map the core onto the node 
which consumes minimum energy to be directed on ESP 
including RF-I shortcut. More precisely select the node which 

minimize the � �
���� ��

��� � �
�
�  where �� �� is the edge from 

WDG graph and ��� and ��� are the considered RF-I nodes 

in the Mapped set to construct ESP. 
2.c) Select the unmapped edge in order of their 
communication volumes. Then for each edge consider all the 
shortest paths between its source and destination nodes and 
select the ESP not including RF-I shortcut, if it is satisfied 

� � � �
���� ��

 ��� � � � � �
�

� � � . 
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Figure 6 displays the WDG and ESPs inserted in a 4×4 
mesh network for video object plane decoder (VOPD) [18] 
application. As shown in the figure, all the communication 
flows generated by this application are directed through ESPs 
which some of them not including RF-I shortcuts while others 
do. 
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After finding a route for all the WDG edges at a design 
time, ESPs are construct by setting the RF-I shortcut insertions 
while packet switched routes are appropriately set up by the 
routing table of the routers. In the next section we describe the 
routing methodology for the proposed algorithm. 

D. The Routing Strategy  

In this section, a routing strategy to support our constructed 
ESPs is presented. 

The basic idea behind the mechanism is to group at every 
RF-I node within different regions. As we explained in the 
previous section, we define � regions which includes both RF-
I nodes and regular nodes. We assume the 3×3 sub-mesh 
network as for each region which the RF-I node is the center of 
such sub mesh network. The region number is assigned based 
on an order of RF-I set which ��� is the center of region#1 
while ��� is the center of region #n. It should be noted that as 
we mentioned in the previous section the priority of the 
region#1 is higher than the one in the region #n. Figure 7 
shows the mechanism of region computation in the 6×6 mesh 
network. 
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As seen in the figure, five regions are constructed in the 

network which is depicted by �� to �� . However, there are some 
overlapping and non-overlapping areas displayed in the figure 
which should be assigned to the specific regions. 
Theorem 1: If two regions �� and ��  include an area which is 

belonged to both of them, this region is defined as an 

overlapped region and is denoted by ����� . To prohibit such 

overlapping area,  �����  is added to the region with highest 

priority. 
Theorem 2: If there is an area which not belonged to any of 
the regions in the network, the mentioned area is defined as 
non-overlapped region and is denoted by � ���	 . To avoid 
such non-overlapped region, the nodes of � ���	  is added 
to the regions with the following characteristics: 

� � � ����
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Figure 8 illustrates the mechanism of region computation 

by considering the above theorems. As displayed in the figure 
the nodes belonging to overlapped and non-overlapped areas 
are added to regions appropriately. The mechanism of adding 
the nodes in areas is really helpful and optimum in order to 
avoid increasing the number of nodes in each region and thus 
no congestion might be occurred in such conditions. 

Once the regions are computed we need to route the packets 
through the ESPs including RF-I shortcut to reach their 
destinations. The concern is how to route a packet that should 
make use of RF-I shortcut to reach its destination while the 
XY/YX routing is not sufficient in these cases. Instead we add 
routing table to each router in our topology. The table has one 
entry for each destination in the mesh and has three bits per 
entry. Each entry indicates what direction a packet should be 
travel to get to the destination- one of the either five or six 
possible direction depending on the RF-I or regular routers. It 
should be noted that in each region, XY/YX routing algorithm 
is used to route the packet while the routing table is only used 
to route the packet through the RF-I shortcut form one RF-I 
router to another. Moreover once a packet is considered to 
route to the destination in another region, the router uses its 
routing table to identify the region of the destination and then it 
sends the packet to the RF-I router of its region. Then, the RF-I 
router uses RF-I shortcut to send the packet to the RF-I router 
in the destination region. Finally, once the RF-I router in the 
destination region receives the packet, it transmit this packet to 
its destination. Figure 9 reveals the routing algorithm for our 
approach. It is worth mentioning that RF-I access points never 
become an NoC bottleneck if too many packets wants to use 
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the links. The reason is, in our methodology by considering 
low latency ESPs and the efficient mechanism of flow control 
which will be described in the next section no congestion might 
be happened in the presented scheme. However, the RF-I 
shortcut in our approach create cyclic dependencies [12] in the 
mesh that can lead to a deadlock. For example if router � wants 
to transmit a flit to router � , but � 's incoming buffer for that 

port is full and �  have to wait. Eventually other routers are 
waiting to transmit flits to� will also block, one of which could 
be � . This condition of circular dependence may lead to a state 
of deadlock, where every router involved in the cycle is waiting 
for an output buffer to become free on an upstream router. 

In order to deal with deadlock we present a tight deadlock 
recovery scheme based on the theory presented in [19]. In this 
approach, instead of measuring time duration for a packet to be 
blocked, the proposed mechanism measures the time that 
channels, requested by packets, are inactive due to the current 
packets occupying them while remaining blocked. 
Transmission activity is monitored in all the virtual output 
channels which can be used by a given blocked packet. A 
packet is only presumed to be deadlocked if all the alternative 
virtual output channels, requested by that packet, contain 
blocked packets. It is worth mentioning that when the routing 
algorithm uses all the VCs in each physical channel, it is only 
necessary to monitor the activity in the physical channels. The 
mechanism is a low-cost progressive deadlock recovery 
technique. Instead of dropping the deadlocked packets, it 
absorbs them at the current node, allowing them to make 
progress at a later time. The main advantage of this technique is 
its simplicity. The proposed recovery mechanism does not even 
require dedicated buffers in the router to recover from 
deadlock. It is enough to have some buffer space in the local 
node. 

E. The Flow Control 

Buffer management and also buffer size are directly linked 
to the flow control policy employed by the network; flow 
control, in turn, affects network performance and resource 
utilization. In this section we try to propose an efficient flow 
control that manages the buffer appropriately to support ESPs 
efficiently. Moreover, we employ the wormhole flow control 
which is slightly modified in order to support ESPs. 

�������
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Notation Definition 
Slot-ID

 
the buffer slot for tracking the flit in the buffer 

Region-ID
 

the determined region-ID for each flit 
Batch-ID

 
the flit ranks in the buffer 

RPI
 

the relative priority for each flit 
VCDL-ID

 
the type of VCs or the DL which is assigned to each flit 

In this scheme, we employ CDB which includes two 
components which are referred to as CDB control table and 
Central Decision Logic (CDL). The former is employed to keep 
the flits information while the latter is used directly to control 
the input and output MUXes/DEMUXes of the CDB and also 
RF-I/Conv.wire allocator unit. Moreover, CDL periodically 
gather the information from each incoming flit and store them 
in the CDB control table. Table I demonstrates the definition of 
the flit information and their functions. It is worthy to mention 
that CDB periodically updates its control table in each cycle. 

To prevent the starvation of low ranked packet, we propose 
an approach to rank each flit based on the batching mechanism 
which is described in STEP 1. Additionally, RPI is a Relative 
Priority Identifier to rank each flit in order to assign a suitable 
output for it which is explained in STEP 2. The VCDL-ID 
determination is obtained based on RPI of each flit and it is 
described in STEP 3.  
STEP 1: In this step we introduce the mechanism of batching 
in order to prevent the starvation of low ranked packets. In this 
approach, network packets are grouped into finite-size batches. 
A packet belonging to an older batch is always prioritized over 
a packet in a younger batch. As a result, reordering of packets 
across batches is not possible within a router.  In this approach, 
batching starts a new batch whenever a certain number of N 
flits have been injected into the current batch. That is, with 
batching, the first N injected packets are assigned the batch 
number 0, the next N packets the batch number 1, and so on. 
The batch number is depicted by batch IDs. By assigning this 
approach, we consider the packet with old-batch ID and we 
ensure starvation-freedom.  
STEP 2: We define a Relative Priority Identifier (RPI) to each 
packet in order to rank them wisely. This value is computed as  
��� ������ �� 	�
�� ��� 	 � 	                                         (4)

in which, region-ID is the region number of  the packet which 
is calculated in the previous section. Each packet with a lowest 
RPI has a high priority. Note that if two arbitrary packets have 
the same RPI, we choose the one that has a lower region-ID. 
Once N new flits have been injected, CDB notices the network 
routers to increment their batch IDs. At each input port, a 
router maintains a pool of free flit buffers. When a new flit 
arrives, CDB stores the flit information in its control table and 
computes RPI of it. In each cycle, CDB checks its table and 
updates the information which belongs to the flits. 
STEP 3: In this step, in addition to VCs, DL is considered to 
carry the high ranked flits through a single hop to the crossbar 
by bypassing the router pipeline stages. Besides, the set of VCs 
which is denoted as a Regular VC (RVC) is used by the rest of 
the packets. While an incoming flit wants to traverse through 
the ESP to reach another region, the CDL sends a control signal 
to the input and output MUXes/DEMUXes to use DL to 
directly reach the crossbar. Moreover, CDL sends a control 
signal to RF-I/Conv.wire allocator to the output port MUXes to 
let the flit to traverse to its destination. This operation helps the 
flit to bypass router stages efficiently to go to its destination. 
On the other hand, RVCs are selected in an ordered way based 
on its RPI in the CDB table and the outcome of RC, VC, and 
SA just like the traditional packet-switched NoCs. 

Figure 10 depicts CDB mechanism and its control table. 
CDB is applied to dynamically manage the arriving flit at each 
input port. When a new flit arrives, CDL sends the buffer write 
signal to assign this flit into the buffer pool. In CDB, CDL is 
triggered to periodically gather information from each 
incoming flit and store the information of the flit in CDB 
control table. It is also determine the RPI for each flit based on 
its region-ID and batch-ID. Additionally, in order to implement 
the batching mechanism CDB at each input port keeps a local 
copy of the batch-ID register containing the current (injection) 
batch number. Note that batch-ID is updated after every N flits 
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that have been injected. Moreover, a new RPI is computed at 
each cycle. For this purpose, CDB at each input port has 
additional logic and a set of hardware counters to measure the 
ranking metric value that will be used by CDL to compute RPI 
of the flits. The counters are reset at the beginning of each 
cycle. At the end of each cycle, CDB forms the CDB control 
table containing the flits metric value(s) measured during that 
cycle. 

While the flit is chosen by CDL to traverse, CDL sends 
Buffer read signal to allow the flit to traverse through the router 
stages.  

�

�������	���4-5�������
����

IV. EVALUATION RESULTS 

To evaluate the proposed on-chip communication scheme, we 
have implemented the NoC architecture using Xmulator [20] 
which is developed to support the proposed approach.  In the 
simulation, the packet switched part of our proposed NoC and 
the considered conventional NoCs use the same parameters: 
128-bit wide flit, 2VCs per port, 16-flit deep buffers and 8-flit 
packet. The simulator is augmented with Orion power library 
[21] to calculate the power consumption of the networks. The 
power results reported by Orion are based on NoC in 65nm 
technology, the working frequency of the NoC is set to 2.5 
GHz and VDD is set to 0.9 V.  
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Figures 11.a and 11.b compare the latency and power 
consumption obtained by the presented NoC with the 
conventional NoC architecture across six SoCs applications 
[24]. The results are normalized to the results given by the 
proposed approach. As depicted in the Figure 11.a, the 
presented mechanism reduces the network latency by 49% on 
average due to bypassing multiple routers by using RF-I 
shortcut and also the router pipeline stages in each router by 
employing DL. Moreover, Figure 11.b shows that our approach 
provide a superior achievement in the power by 74% 
improvement. Compared to the conventional NoC where flits 

need to stop at every router, our approach reduces power due to 
bypassing multiple routers during traversing the ESPs and due 
to clock gaining in the routers where there is no traffic. 

To investigate the effect of NoC size on the power and 
latency, Figure 12 displays the latency and power of the 
conventional NoC architecture and the proposed NoC 
architecture under hotspot traffic for different network design. 
According to both figures, as the NoC size is increased the 
proposed approach performs very well in all NoC sizes. For 
instance, our methodology provides a superior achievement in 
16×16 Mesh� by 61% and 39% improvement in terms of the 
latency and power, respectively compared to conventional 
NoC. This achievement is due to providing single-cycle 
shortcuts and bypassing multiple hops to transmit long 
distances on chip. It is worth mentioning that the outstanding 
improvement obtained by the proposed approach compared to 
the conventional NoC is also related to the advantage of 
enabling adaptive RF-I shortcut reconfiguration by our scheme 
to traverse the packet in a single-cycle path while the 
conventional wire requires multiple clock cycles. 
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Moreover, Table II shows the total NoC area of the three 
different designs. This area estimation is accomplished by 
using Orion II [21] area estimation and the approach in [22]. A 
s seen in the table by using 31, 8 and 2 RF-I enable routers in 
16×16, 8×8, 4×4 Mesh, the area is increased to 11.4%, 10.2% 
and 8.7%, respectively. It should be noted that the number of 
RF-I router is determined by considering a cost in terms of 
power, area and latency as we mentioned in the previous 
sections to retain a reasonable flexibility while achieving  our 
main goal of power-efficient NoC design. 

Additionally, Figure 13 compares the latency and power 
consumption obtained by the presented NoC with the 
conventional NoC architecture across seven SPLASH-2 traces 
[25]. The results are normalized to the results given by the 
proposed approach. On average, our approach outperforms the 
conventional NoC by 39% considering the packet latency. It 
also provides a superior achievement in the total power 
consumption by 29% improvement. 
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V. RELATED WORK 

Authors of [23] explored the enhancement of a standard mesh 
network via addition of application-specific long-range links 
between pairs of frequently-communicating routers. In this 
approach they try to maximize the amount of traffic that could 
be injected into the network before saturation was reached. 
Unlike the single-cycle shortcut used in the proposed approach, 
in [23] their long-range links is implemented by employing a 
higher-latency point-to-point pipelined bus technology. 
Moreover, in this mechanism no approach has been presented 
to adapt their methodology since communication conditions are 
changed.  

Further, an optical technology to design a shared bus for a 
64-core CMP has been employed in [10]. Although their design 
takes advantage of the low-latency and high bandwidth 
characteristics of optical technology via simultaneous 
transmission on different wavelengths, they examine optical 
interconnect to augment a bus topology instead of a more 
scalable mesh topology. Additionally, for future CMPs with 
large number of cores on chip overuse of shortcut access points 
can lead to substantial congestion while in our proposed flow 
control which provides an efficient methodology to deal with 
this issue no congestion might be happened.  

Further, in [22] adaptive RF-I shortcuts dynamically have 
been employed which these shortcuts provide communication 
bandwidth only where and when required. Besides, the total 
power-consumption has been decreased by reducing bandwidth 
of the baseline mesh links, substituting RF-I for conventional-
wire to realize an overall power and performance gain. Despite 
the performance improvement and power reduction of this 
approach which is similar to our approach, it suffers from 
higher area overhead compared to the presented methodology. 
In addition, no architecture has been presented according to 
their approach.  

VI. CONCLUSIONS  

In this paper, a novel flow control mechanism and router 
microarchitecture design integrated with RF-I have been 
presented. It has shown that the power consumption and packet 
latency are reduced by ESPs including single-cycle multi-hop 
RF-I shortcut between the source and destination to allow the 
packet to bypass the nodes along their paths. We demonstrate 
how scalable NoCs as conventional NoCs can realize single-
cycle cross chip communication while delivering high 
bandwidth by dynamically reconfiguring its components to 
match different workloads. In this mechanism two optimization 

processes are applied in the both design and run time. The 
presented design is evaluated with various workloads in the 
different network size. Evaluation results show that the 
proposed router performs well and provides a significant level 
of configurability with lower hardware overhead, latency and 
energy compared to the alternative design.  
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