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Abstract

Networks on chip (NoCs) present viable interconnection

architectures which are especially characterized by high

level of parallelism, high performances and scalability. The

already proposed NoC architectures in literature are mostly

destined to System-on-chip (SoCs) designs. For a FPGA-

based reconfigurable system, the proposed NoCs are not

suitable. In this paper, we present a new high-performance

interconnection approach destined for FPGA-based recon-

figurable system. Our proposed NoC is based on a scal-

able communication unit characterized by its particularly

architecture, an arbitration policy based on the priority-to-

the-right rule and high performances. We present the basic

concept of this communication approach and we prove its

feasibility on examples through the simulations. Implemen-

tation results are also detailed.

1 Introduction

FPGA-based systems emerge as a new computation

paradigm. The main characteristics of these systems are

high level of modularity and flexibility. Several processing

units (i.e. IPs) can be implemented at a given time and dy-

namically replaced (entirely or partially) by means of the

reconfiguration [8, 9]. To design a complex system in the

FPGA technology, the system which is built of several pro-

cessing units, especial attention must be paid on commu-

nication medium. Actually, the currently used techniques

do not take into account all advantages of the FPGA tech-

nology, because the system’s processing units communicate

via bus-based macros. To benefit from all advantages of this

reconfigurable technology, a new communication paradigm

based on the network-centric approach must be developed.

Already presented NoCs are not suitable and appropriated

to the FPGA-based systems. The major problem arises

when the components need to be dynamically placed on the

chip [10].

This paper proposes a new communication architecture

called QNoC designed for the FPGA-based systems. The

QNoC represents a scalable modular dynamic interconnec-

tion whose structure can be reconfigured and adapted de-

pending on the computation needs of the system. In the

QNoC, the reconfigurable resources can be used to imple-

ment either the routers in the network or processing el-

ements. The QNoC is based on a packet-switched net-

work of intelligent routers called Q-switches. These routers

are characterized by their particular architecture, store-and-

forward switching technique, arbitration policy and their

specific connection with other switches or with processing

elements.

This paper is organized as follows. Section 2 gives an

overview of related works on the main network-on-chip

architectures. Section 3 describes our communication ap-

proach and details its basic element, the Q-switch. The Q-

switch’s architecture and the possible uses in several net-

work structures for different communication needs are both

presented. The simulation results are given in Section 4.

Implementation results on Xilinx Virtex FPGA technol-

ogy and performance evaluation are presented in Section 5.

Some conclusions and future work are both given in Sec-

tion 6.

2 Related work

The complexity of a network is described by two param-

eters: topology and routing algorithm. According to the

topology, the NoCs can be classified in two classes: static

and dynamic. Several static NoCs are presented in litera-

ture. Among them we distinguish: SPIN [1], CLICHÉ [2],

Torus [3], folded 2D Torus [4], Octagon [5,6] and BFT [7].

The fixed structure of the network is the main reason that the

static NoCs are too inflexible for the communication among



Figure 1. Q-switch’s architecture

reconfigurable systems’ modules which need a changing

network.

The dynamic NoCs are mediums supporting communi-

cation among modules which are dynamically placed on a

run-time reconfigurable device. Among them we find the

DyNoC and CuNoC communication approaches [10, 13].

The dynamically placed modules in DyNoC “cover” the

routers which were at their place before placement. The

covered routers are deactivated and cannot be used for the

communication between modules. However, they can be

used as modules’ additional logics. The routers reactivate

once the function of dynamically placed module has fin-

ished and the module is removed from the chip. Significant

occupied area by one network element NE (router) [10] and

the small area ratio PE/NE (processing/network element)

are the main inconveniences for the FPGA-based recon-

figurable devices. Another interconnection supporting dy-

namic placement of module at run-time is the CuNoC [13].

This communication approach is characterized by low area

overhead of its basic element, dynamic adaptive routing al-

gorithm and specific connection with the processing ele-

ments. The employed routing algorithm in some situations

leads to non-minimal paths between processing elements in

communication. That causes a need for packet-reordering

at destination node. Another drawback of this approach are

low performances.

3 QNoC

We propose a new NoC-based communication approach

called QNoC for FPGA-based reconfigurable devices. This

approach allows communication between modules dynami-

cally placed at the run-time on a chip. The QNoC represents

packet-switched network of intelligent independent routers

called Q-switches. The Q-switch is characterized by a par-

ticular architecture, store-and-forward switching technique,

an arbitration policy based on the priority-to-the-right rule

and specific connection with the processing elements (PEs).

3.1 Message structure

The message used in QNoC is composed of fixed number

of packets. The number of packets Np in a message is not

fixed by the network (Np ≥ 1). Packet’s format is depicted

in Figure 2.

Figure 2. Packet’s format

The first field denotes the destination address whose size

depends on a total number of Q-switches that can be imple-

mented in a reconfigurable area. The second field contains

a data information for all packets in the message except for

the first one. The first packet in the data field sends the mes-

sage length information. Thereafter, by the packet’s size we

consider only the data field’s size without destination ad-

dress field.

3.2 Q-switch

The basic element of our communication approach is a

Q-switch. The Q-switch’s architecture is depicted in Fig-

ure 1. The Q-switch can be either used as a stand-alone

element to pass the messages between up to 4 processing

elements or can be used as a part of the network. The Q-

switch has one input register at each port. All packets pass

through these input registers. Once the packets are received

and stored in these input registers, the blocks named ”Rout-

ing logic” compute their next directions. According to their

next directions, the ”Routing blocks” pass on the packets to

the ”Output logics”. It could happen that several packets

(up to 3) take the same output direction. In this case, they

have to share the same output link. To manage their send-

ing out to a neighbouring Q-switch tagged by the routing

logics an arbitration policy have to be adopted. The arbi-

tration logic manages the priority of packet sending. The

Q-switch uses an arbitration policy based on the rule of pri-

ority to the right. This mechanism is presented in Figure 3.

The arbitration policy is built individually for each port of

the Q-switch. For example, the port East can take only the

Figure 3. Arbitration policy is based on the priority-to-

the-right rule



Figure 4. Illustration of the Q-switch latency on example

of three received packets

packets arriving from directions North, West and South. If

we apply the priority-to-the-right rule to these directions, as

a result we have that the packets from South direction have

the highest priority, than those from West and at the end the

packets from North direction. The same procedure is ap-

plied to all other ports. The schedules fixed that way are

used in output logics.

The Q-switch uses a store-and-forward switching

mode [11]. That means the packet cannot be forwarded un-

til it has been completely received. This fact introduces an

additional latency per switch. In our case, the latency is 2

clock periods. Figure 4 presents 2 cases. In the first one,

the switch at t + T moment receives 4 packets with 4 dif-

ferent destination addresses. After the latency period of 2

clocks (t + 3T ), all 4 packets are directed to the links ac-

cording to their destination addresses. In the second case,

at the t + 5T moment, the switch receives 4 packets where

3 have the same destination address. After the latency pe-

riod at t+7T , the packet having the highest priority among

three takes the first the output link. Two others leave the

switch in two next successive clock cycles. The QNoC does

not use commonly used wormhole switching technique be-

cause the switches using this technique can sometimes re-

main blocked till whole message is not transferred to des-

tination node. This fact is not appropriated for QNoC ap-

proach, because at each moment all routers must be avail-

able for replacing with a processing element if a processing

element insertion demand occurs.

3.3 Routing algorithm

In classic XY routing algorithm, the packet is firstly

routed in X direction and secondly in Y direction until the

final destination. This routing algorithm is not suitable for

the dynamically changing networks, because dynamically

placed computing module could make maintained commu-

nication between two modules worse, or even impossible.

The Q-switch’s routing policy is based on modified adap-

tive XY routing algorithm. The packets are firstly routed in

X direction, and secondly in Y direction as in the classic XY

routing algorithm. If during the X routing, a packet encoun-

ters a processing element, it will surround it by changing

temporarily from X to Y routing. For doing this, the Q-

switch uses its coordinates and the input control signals that

indicate to it the nature of its neighbours (Q-switch or PE).

The ping-pong game effect could not arrive in QNoC, be-

cause the packets cannot take the directions of arrival [10].

That means if packet arrives from west side, it cannot re-

turn to it. This restriction simplifies a bit the routing logic

at each port. Moreover, in order to avoid deadlock situ-

ations some turns are forbidden. The used routing algo-

rithm allows packets to take always the same path between

2 PEs in the situations where in the meantime between two

packet sendings there are no changes in the network. This

fact avoids the out-of-order situations at destination node

for all packets sent from a source node. However, the re-

ceived packets at a destination node could be interleaved, if

there are several source nodes which send at the same time

packets to it.

3.4 Output logic

Output logic consists of a semi crossbar, an output buffer

and a finite state machine, Figure 5. The semi crossbar

switches between 3 inputs and 4 outputs. The inputs are

organized according to the priorities. The input with the

number 1 has the highest priority, the input with the num-

ber 2 has lower priority than the first one and the input with

the number 3 has the lowest priority. The first input of the

crossbar can be switched only to the first two outputs. The

first output of the crossbar is, if the neighbouring Q-switch

is not occupied, linked directly to the output link toward

adjacent Q-switch. The second one is linked to the first reg-

ister of the output buffer, the third one to the second register

and the last one to the third register of the output buffer. The

second input of the crossbar can be switched to first three

outputs and the third input can take all crossbar’s outputs.

The output buffer consists of three packet-size registers.

The registers are used to store the packets. In the case where

more than one packet occurs at the selected output, the

packet having the highest priority takes, if there is not oc-

cupancy signal (occin), the direct output link whereas other

packets (up to 2) are stored in the output buffer. The out-

put buffer is also used in the case where output link toward

neighbouring Q-switch is occupied which is indicated with

the occupancy signal. In this case, in output buffer it can be

Figure 5. Output logic of the Q-switch



stored up to 3 packets.

The Finite State Machine (FSM) takes care of managing

all control signals and allows avoiding of packet collision

situations. The FSM of the Q-switch output logic informs

also a central logic about occupancy of the neighbouring Q-

switch to which its output link is connected (wait signal).

3.5 Control logic

The controls of the outputs are placed in the output log-

ics. These logics manage linking of the routing logics’ out-

puts with the output links. For the cases where there are no

occupancy signals from neighboring switches, these logics

are sufficient to manage interconnection between all inputs

and outputs of the Q-switch.

The Q-switch has at each port input signals which give

information of the occupancy of its direct neighbouring Q-

switches and output signals that indicate to them its own oc-

cupancy. The occupancy situations occur when more than

one packet appears at an output logics’ input ports. Because

all packets (up to 3) choose the same output direction, their

delivering to the neighbouring Q-switches is not possible at

one clock cycle. The control logic set the output control

signal toward Q-switches from which directions the packets

have been arrived to inform them that its own Q-switch is

temporary unavailable. Once all received packets are trans-

ferred, these signals will be reseted.

The central control logic also manages storing of the

packets that cannot be transferred to routed directions be-

cause of occupancy of neighbouring Q-switches. In this

case, all packets that cannot be transferred remain blocked

in Q-switch till the occupancy signals are set. The control

logic through the output control signals informs neighbour-

ing Q-switches from which directions the blocked packets

are arrived that it cannot accept other packets.

3.6 Conditions of placement of modules in
mesh QNoC

The starting point of our approach is the valid placement

of Q-switches on the reconfigurable area of the chip. They

are 3 successive phases of building a mesh QNoC and place-

ment of modules on it. After having placed the network of

routers, the next step consists in the placement of the mod-

ules. Each module having the area size lower than the Q-

switch’s size replaces one Q-switch. For all other modules

having the area size greater than the Q-switch’s size, we

replace a zone of several Q-switches having total area size

equal or greater than the module’s area size. The module

which covers at the time of the placement one or several Q-

switches inherits all their addresses. For instance, the mod-

ule which covered 4 Q-switches at the placement time has

4 addresses and more than 4 access points to the network.
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Figure 6. Dynamic placement of modules in QNoC

The QNoC routing algorithm allows the dynamic place-

ment of modules because the path between the source and

destination computes at run-time. In fact, for different pack-

ets of a message, the path between the source and destina-

tion is the same if in meantime a module is not dynami-

cally placed on the communication path between the mod-

ules. If we place a module in the middle of the network be-

tween two modules having important intercommunication,

their communication will not deteriorate. Indeed, the pack-

ets sent after the placement of the new module will consider

it as an obstacle and will get round it. Let us suppose that

we have the following situation: a 7 × 7 QNoC and 6 com-

puting modules placed on it. Each computing module car-

ries out a function and needs some information exchange

with the other modules placed on the chip. After a certain

time, communication is established within this network (see

Figure 6a). At a given time, a new function demand occurs.

This leads to that a new computing module must be inserted

into the network. A reconfiguration area controller which

decides on which place of the network a module will be in-

serted, carries out an analysis of the available free reconfig-

urable area (area which is not covered with other modules)

and it decides which Q-switches will be replaced with the

new computing element. It ”informs” all the Q-switches

concerned about the action that will be carried out in or-

der to allow them to empty their buffers and to change their

status on ”module”. The rest of the network will further

consider the Q-switch(es) marked to replace as an obstacle

and could not take the way(s) containing these Q-switches.

This situation is illustrated in Figure 6b. However, a number

of rules must be defined and respected in order to ensure an

efficient communication between all modules placed stati-

cally at compile time or dynamically at run-time on the chip.

QNoC use the same set of rules as the CuNoC [13].

The Q-switch has 4 input and output ports and it does

not have a link to a processing element. This fact allows

mixing of the Q-switches and modules in the network. The

Q-switches are well suited for the 2D mesh topology. In

Figure 7 are presented some examples of the QNoC struc-

tures based on the 2D mesh topology of different sizes (3

× 3, 4 × 4 and 5 × 5). These structures have the maximal



Figure 7. A maximal number of modules that could be

connected to a) 3× 3 b) 4× 4 and c) 5× 5 QNoC

number of modules that can be connected to a m × n 2D

mesh QNoC. The maximal number of modules that could be

connected to the QNoC is calculated for the minimal mod-

ule’s area size. The minimal module’s area size is equal to

Q-switch’s area size. The maximal number of modules of

minimal size (size of one Q-switch) which can be connected

to 2D m × n mesh QNoC is described with the following

equation:

Nmodmax
= 3m + 4n− 8 + trunc

[

(n− 4)(m− 3)

2

]

(1a)

NQ−switch = m ∗ n−Nmodmax
(1b)

where NQ−switch is the number of Q-switches left from ini-

tial m x n network. The term trunc
[

(n−4)(m−3)
2

]

is equal

to 0 for n and m ≤ 3.

4 Simulation results

To validate functionally the QNoC communication ap-

proach, we implemented an 5×5 QNoC and connected 20

simulation modules “around” this network in the manner

described in previous section. The developed simulation

modules can generate random-traffic pattern and can be

parametrized concerning the interval of the traffic genera-

tion. Random traffic pattern means that the simulation mod-

ules send packets randomly to other simulation modules.

The time period between the sending time of two pack-

ets was uniformly distributed between 5 and 10 cycles. In

the following figures the x-axis and the y-axis represent the

switches in the topology whereas the z-axis represents the

time a switch is busy divided by the simulation time.

Figure 8a depicts the network load of a mesh under ran-

dom traffic for the case of 20 simulation modules connected

to the network. All simulation modules in this case are con-

nected all around the 5×5 QNoC. For this case, neither of

the switches of the 5×5 network is not replaced with a sim-

ulation module. The simulation result shows that the traf-

fic is not uniformly distributed across the entire network.

The most traffic cross the switches in the corners and at

the edges of the network because all source and destina-

tion nodes are connected to the switches in this area of the

network. The switches in the middle of the area are less

utilized.

Figure 8b depicts the network load of a mesh under ran-

dom traffic for the case of 21 simulation modules connected

to an 5×5. 20 simulation modules are connected all around

the 5×5 QNoC whereas the 21th simulation module re-

placed the switch at position (2, 1). In this case, the simula-

tion module at (2, 1) position does not generate the traffic,

it accepts only the packets sent from other simulation mod-

ules. The simulation result shows that the traffic gets around

this position and as in the first case it is mostly distributed

in the corners and at the edges of the network.

The last simulation uses the simulation topology used

for the second simulation case. The unique difference is

that the simulation module at position (2, 1) generates the

traffic. This results are depicted in Figure 8c. It can be

seen that the traffic is more dense around the position (2, 1)
which is due to the additional traffic from the simulation

module at this position. The two last simulations show that

the other modules continue to intercommunicate despite the

placing of a module in the middle of the network.

5 Implementations results and performance

evaluation

We have synthesized and implemented the Q-switches of

various data format in Xilinx Virtex IV technology. These

results are given in Table 1 in CLB slices for area occupa-

tion and in MHz for maximum operating frequency f. It can

be seen that the 8-bit Q-switch takes about 365 CLB slices

and has a maximum operating frequency in Virtex IV tech-

nology of 249.3 MHz. The implementation results are only

given in terms of CLBs, because other FPGA ressources

(BRAMs, ...) are not needded for the Q-switch implemen-

tation.

The maximum throughput Tmax of an n data-bit-width

Q-switch at frequency f to which the maximum number of

processing modules are connected (4 PEs) is given by the

Table 1. Q-switch Statistics

Q-switch

data width CLB Slices
Virtex IV

f [MHz]

8 bit 365 249.3

16 bit 434 249.3

24 bit 504 249.3

32 bit 598 249.3
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Figure 8. Simulation results of a traffic distribution in an 5× 5 QNoC under random-traffic pattern

following equation:

Tmax = 4 ∗ n ∗ f (2)

For example, for a 8 data-bit-width Q-switch to which 4

processing modules are connected at 100 MHz we have the

throughput of 3.2 Gbps.

6 Conclusion and future work

In this paper, we proposed a new dynamic intercon-

nection for run-time reconfigurable modules in FPGAs.

We presented the basic concept of this communication ap-

proach, its basic router’s architecture, possible topologies

and structures mixing the network of Q-switches with the

processing elements (PEs). Our communication approach

represents a scalable network structure which can be used

either as a stand-alone unit for communication between up

to 4 PEs or as a part of a network. The main advantages

of the QNoC are high performances and the possibility of

dynamic placement of modules at run-time. From perfor-

mance evaluation and implementation results we conclude

that the QNoC presents a good compromise between the

logic area and operating frequency. The QNoC have been

tested on 2D mesh topology. Other topologies than mesh

will be considered as well as implementation of a given ap-

plication on the QNoC.
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