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RPNoC: A Ring-Based Packet-Switched
Optical Network-on-Chip

Xiaolu Wang, Huaxi Gu, Yintang Yang, Kun Wang, and Qinfen Hao

Abstract— Optical network-on-chip (ONoC) is a promising
solution for its high bandwidth and low energy consumption.
However, optical circuit switching requires an electrical control
network, which leads to network congestion, low network
utilization, high latency, and an overhead in energy consumption.
In this letter, we propose an architecture called RPNoC based on
ring topology using packet switching. A wavelength assignment
method and a deadlock-free deterministic routing algorithm
are jointly designed, which significantly reduce the maximum
number of hops using much fewer optical devices compared
with other packet-switched ONoCs. The simulation is carried out
for 64-node RPNoC under uniform and realistic traffic pattern.
The evaluation results show that it yields higher throughput,
lower latency, and lower energy consumption than mesh and
ring networks.

Index Terms— ONoC, WDM, wavelength assignment, packet
switching, deterministic routing algorithm.

I. INTRODUCTION

ON-CHIP network provides a communication substrate
for the increasing number of cores. It is a significant

technology for future many-core processor which requires
high performance and energy efficiency. Recently, significant
achievements in silicon photonic technologies make the optical
interconnection on chip become feasible [1].

Various Proposals about NoC take advantages of optical
interconnection. For instance, Corona [2] is a fully-
connected optical crossbar with optical tokens for arbitration.
λ-Router [3] is a contention-free ONoC based on wavelength
routing. Besides, circuit-switched ONoC is popular because
of its feasibility and guarantee of QoS. However, in many
circuit-switched ONoCs, the path will be exclusively occu-
pied by a pair of nodes once it is reserved by the setup
packet, leading to high contention probability and low link
utilization. WANoC (Wavelength Assignment NoC) [4] is a
circuit-switched ONoC reusing the wavelengths in a more
efficient way, but the paths may still be blocked in many cases.
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Packet switching does not need to reserve paths before com-
munications. It is based on store-and-forward, which is more
flexible and able to achieve higher link utilization. Packet
switching is still not widely adopted in ONoC mainly because
there is still no mature technology to store and process optical
data [5]. Using packet switching in ONoC, the optical signals
have to be converted to electrical form, being stored and
processed, and converted back to optical form. The extra
O/E and E/O conversions will require more energy, and the
large buffer will consume a considerable portion of energy
as well. TONs (Torus-based Optical Network) [6] are packet-
switched ONoCs which reduce the number of wavelengths but
still require large average number of hops.

It is a challenging problem to design ONoC with limited
hops using limited resource. In this letter, we propose a
ring-based packet-switched architecture called RPNoC. The
wavelength assignment method and routing algorithm are
jointly designed to reduce the maximum number of hops with
less cost and achieve deadlock freedom.

II. RPNOC ARCHITECTURE

RPNoC is based on ring topology, whose nodes are con-
nected with each other through a single waveguide. For such
network, if only one wavelength is employed for communi-
cations, the contention will be serious. Hence, we propose a
novel wavelength assignment method which is fully contention
free. Firstly, we introduce the node addressing method. For a
network with N = 2n nodes, each node is assigned with a
serial number from 0 to 2n − 1, which increases clockwise.
We define d(i, j) as the distance between a certain pair of
nodes. For distance from node i to node j, d(i, j) can be
calculated as follows:

d(i, j) =
⎧
⎨

⎩

j − i + 2n, −2n + 1 ≤ j − i ≤ −2n−1

j − i, −2n−1 + 1 ≤ j − i ≤ −2n−1

j − i − 2n, 2n−1 + 1 ≤ j − i ≤ −2n − 1.

(1)

The distance d(i, j) between any two nodes ranges from
−2n−1 to 2n−1. Direct transmission channel is defined as the
channel connecting two nodes to achieve one hop transmis-
sion. We want to build direct transmission channels between
two nodes whose distances are ±1, ± 2,…,± 2n−1. To achieve
this, the wavelengths used are divided into n groups, which
respectively achieve transmissions between node whose dis-
tances are ±1, ±2,…,±2n−1. An important principle should
be guaranteed that if two channels have an overlap in their
paths, they should be assigned with different wavelengths to
avoid interference with each other. Assuming there are infinite
wavelengths allowed to be multiplexed in a single waveguide,
based on this principle, each wavelength group respectively
needs 2, 22,…,2n−1, 2n−1 wavelengths It can be calculated
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Fig. 1. Schematic of RPNoC wavelength assignment and node structure.

that the total number of wavelengths needed is

W = 2 + 22 + · · · 2n−1 + 2n−1 = 3 · 2n−1 − 2 = 1.5N − 2.

(2)

An 8-node network is taken as an example to specifically
illustrate RPNoC. The architecture and wavelength assign-
ment method are shown in the left part of Fig. 1. For an
8-node network, n = 3, according to formula (2), the total
wavelengths W = 10. The wavelengths are divided into three
groups, each group is drew within a grey loop. The first
group is assigned to achieve communications between two
nodes whose distance is ± 1. To avoid interference when two
direct transmission channels have an overlap in their paths,
2 wavelengths is needed, which is represented as {λ0, λ1}.
λ0 is used for node 0 to clockwise communicate with node 1
and counter clockwise communicate with node 7, for node 2
to clockwise communicate with node 3 and counter clockwise
communicate with node 1, etc. To avoid interference with λ0,
λ1 is used for node 1 to clockwise communicate with node 2
and counter clockwise communicate with node 0, for node 3
to clockwise communicate with node 4 and counter clockwise
communicate with node 2, etc. Similarly, the second group
{λ2, λ3, λ4, λ5} is assigned to achieve communications
between two nodes whose distance is ± 2. The third group
{λ6, λ7, λ8, λ9} is assigned to achieve communications
between two nodes whose distance is ± 4. Wavelengths in the
third group are used to interconnect the farthest node pairs.
In such case, clockwise and counter clockwise transmission
are equivalent. Hence, only one direction is used, and only
4 wavelengths are employed. The specific assignment is
given in Fig. 1. All wavelengths are multiplexed in a sin-
gle waveguide and can be used at the same time without
interference.

Each node consists of IP core, receiving module,
transmission module and processing module. In each node of
an N = 2n-node RPNoC, n+(n−1) micro-ring resonators are
needed in the transmission module and n micro-ring resonators
are needed in the receiving module. The total number of micro-
ring resonators needed is

M = (3n − 1) · 2n = O(N lg N). (3)

The proposed architectures such as λ-Router, WRON
(Wavelength Routed Optical Network) [7] and GWOR
(Generic Wavelength-routed Optical Router) [8] all use O(N2)
micro-rings, which grows faster than that of RPNoC. Besides,
A 64-cluster Corona uses 16384 micro-rings per cluster, while
a 64-node RPNoC only uses 17 micro-rings per node. Hence,
compared with these architectures, RPNoC has a distinguished
advantage in reduction of optical resource.

The right part of Fig. 1 shows the structure of node 0, 1,
2 and 4 in the 8-node network. According to formula (1),
the distance from node 0 to node 1 is 1 and the distance
from node 0 to 7 is −1, so λ0 is used to communicate
clockwise with node 1 and counterclockwise with node 7.
Similarly, λ2 is used for node 0 to communicate clockwise
with node 2 and counterclockwise node 6. λ6 is used for
node 0 to communicate with node 4, in which case only one
direction is needed. As for signal receiving, λ1 is used for
node 0 to receive signals from node 1 and node 7. λ4 is used
for node 0 to receive signals from node 2 and node 6. λ6 is
used for node 0 to receive signals from node 4. The other
nodes are similar with node 0. According to formula (3), the
number of micro-ring resonators needed is 64 in the 8-node
RPNoC.

III. COMMUNICATION SCHEME

For a RONoC with 2n nodes, if the distance from the source
node to the destination node is ±1, ± 2,…,± 2n−1, the source
node can directly communicate with the destination node using
a specific wavelength. But if not, it will take more than one
hop to arrive at the destination.

According to the transformation of a integer from decimal
form to binary form, any integer from 0 to 2n−1 can be
written as

N =
n−1∑

k=0

ik · (±2k) = i0 + i1 · 2 + · · · in−1 · 2n−1, (4)

where ik = 0 or 1, in−1…i1i0 is the binary form of N.
The distance between two nodes in a 2n-node RPNoC ranges
from −2n−1 to 2n−1. It can be easily derived from (4) that
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Algorithm 1 Routing Algorithm

Inputs: source node i , destination node j ;

Outputs: assigned wavelengths λ(tk);
1 Compute d(i, j);
2 Resolve d(i, j) based on formula (5), making sure d(i, j)

consists of minimum number of terms. Suppose it can be
written as

d(i, j) = t1 + t2 + · · · tm
where |tm | > |tm−1| > . . . > |t1|;

3 k = m;
4 If k>0

Assume tk corresponds to wavelength λ(tk) according
to the proposed wavelength assignment method, send
packet to the next node using wavelength λ(tk);

5 Else
break; //packet arrive at the destination

6 End If
7 k = k-1, back to 4;

any integer from −2n−1 to 2n−1 can be resolved as

d =
n−1∑

k=0

ik · (±2k)

= i0 · (±1) + i1 · (±2) + · · · in−1 · (±2n−1). (5)

Each term in (5) represents an elementary distance.
±1,± 2,…,± 2n−1 are enough to achieve all possible
communications with a certain combination of these
distances. Further more, all terms are unequal to each other.
Accordingly, a deterministic routing algorithm is proposed to
achieve node-to-node communications with minimum hops
and also can be proved to be deadlock free. The general
algorithm is described as shown in Algorithm 1.

In the 8-node RPNoC considered above,assume node 0
wants to communicate with node 3. The distance is 3, and
3 can be written as 3 = 2 + 1. |2| > |1|. Hence, λ2 is firstly used
to transmit signal clockwise from node 0 to node 2, and then
λ0 is used to transmit signal clockwise from node 2 to node 3.
A principle should be guaranteed that the number of terms
resolved from distance should be minimum. For instance,
suppose d(i, j) = 7 = 4 + 2 + 1 = 8 − 1, two ways are
given to resolve 7. We choose the latter one because it has
only 2 terms, which is smaller than 3 terms in the former
one. Packets are transmitted in optical form but processed and
stored in electrical form. Fewer terms resolved means fewer
times of E/O and O/E conversions, which leads to fewer energy
consumed and lower latency.

The maximum hops in a 2n-node RPNoC is equivalent to
the maximum number of terms resolved from integers ranging
from −2n−1 to 2n−1. We make a comparison of the maximum
hops with several other packet-switched ONoCs, shown in
TABLE I. It can be seen that the maximum hops in RPNoC
increase logarithmically with the increase of nodes, which is
tremendously slower than that of other ONoCs. As the network
scales, this gap of maximum hops becomes more obvious.

Theorem: The proposed routing algorithm is deadlock free.
Proof: The theorem is proved from the opposite. As it is

shown in Fig. 2, suppose there are n nodes A0, A1, …,An−1
forming a circle and all neighbor nodes have buffer request

TABLE I

COMPARISON OF MAXIMUM HOPS

Fig. 2. Proof of deadlock freedom.

from one to another, and the buffers are all full, which means
they are in deadlock state. d(A0, A1), d(A1, A2), . . . , d(An−2,
An−1), d(An−1, A0) represent the distances of neighbor nodes.
L(0,1), L(1,2),…,L(n − 2, n − 1), L(n − 1, 0) respectively
represent the links that connects (A0, A1), (A1, A2),…,
(An−2, An−1), (An−1, A0). B0, B1,…,Bn−2, Bn−1 respectively
represent the input buffers connected with L(n−1, 0), L(0, 1),
L(1,2),…,L(n−2, n−1) in A0,A1,…,An−2, An−1. Assume the
packet P in the head of B1 make a request to B2. Packet P is in
B1 implies that P comes from A0. According to step 2 of the
proposed routing algorithms, in a complete transmission from
source to destination, the absolute value of the elementary
distances decreases hop by hop. If P wants to be sent to A2, to
which the distance is d(A1, A2), we can get that |d(A0, A1)| >
|d(A1, A2)|. Similarly, It is easy to know that |d(A1, A2)| >
|d(A2, A3)|,…, |d(An−2, An−1)| > |d(An−1, A0)|, |d(An−1,
A0)| > |d(A0, A1)|. Finally, we get |d(A0, A1)| > |d(A0, A1)|,
which is obviously false. Hence, it is true that the proposed
routing algorithm is deadlock free.

IV. NETWORK EVALUATION

Simulation is carried out by OPNET to evaluate the per-
formance of RPNoC. We first simulate the end-to-end (ETE)
delay and average throughput of a 64-node RPNoC under
uniform traffic pattern. The transmission bandwidth of each
wavelength is 12.5Gbps [9] in RPNoC,which is a conserv-
ative value. In fact, the bandwidth up to 40Gbps in each
wavelength can be achieved. In today’s fiber technology,
the bandwidth can reach 100Gbps in a single fiber, and
it will continue to increase in the near future. Besides,
to make the main content of this letter clearly discussed,
the node-to-node link is limited to the bandwidth of a
single wavelength. For higher bandwidth requirement, mul-
tiple wavelengths can be used in each direct transmis-
sion channel, and broadband micro-rings can be employed
to couple the corresponding wavelengths in each receiving
module. The proposed routing algorithm and credit-based flow
control scheme are employed. The performance of 64-node
packet-switched Ering (electrical ring, whose links connect
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Fig. 3. ETE-delay under uniform traffic pattern.

Fig. 4. Average throughput under uniform traffic pattern.

Fig. 5. Performance under different applications.

neighbor nodes), Omesh (optical mesh), Emesh (electri-
cal mesh) and WANoC are simulated. For the electrical
NOCs, the link width is 64 bits and the operation frequency
is 1GHz. For Optical mesh network, the bandwidth of
node-to-node link is set to be 147Gbps to guarantee that
it has the same bisection bandwidth with RPNoC for fair
comparison. The packet lengths are all set to be 256 bits.
As shown in Fig. 3, the latency of RPNoC begins to increase
drastically when the offered load reaches 0.1packets/ns/node,
which corresponds to 67% in the form of normalized
offered load. In comparison, the maximum offered load
is around 0.04packets/ns/nodefor Omesh, 0.02packets/ns/node
for Emesh and 0.005packets/ns/node for Ering. According
to Fig. 4, the saturation throughput of RPNoC is around
7.1 packets/ns. The corresponding saturation bandwidth is
around 1.792Tbps, which around 14 times as much as that
of Ering, 4.9 times as much as Emesh and 2.9 times as much
as Omesh.

Selected PARSEC application benchmarks are also
employed. We compare the normalized execution speed of
64-node NoCs, shown in Fig. 5. For all the benchmarks,
Omesh has the highest speedup factor, RPNoC is superior
to Ering. The main reason is that the three applications
have quite low traffic load which will incur little contention.
Under low contention probability, the advantage of the higher

Fig. 6. Comparison of energy per bit.

bandwidth (147Gbps) of node-to-node link in Omesh can be
fully utilized. This point can be verified by Fig. 3 and Fig. 4.
RPNoC performs significantly better for high offered load,
but it does not have a distinct advantage for low offered load.

For an ONoC, the total energy cost to transmit each packet
is determined as follows:

E = E pkt · (hop + 1) + (EE/O + EO/E + ton · EM R) · hop

(6)

E pkt represents the energy cost when the packet are stored
and processed, EE/O and EO/E are the energy cost dur-
ing E/O and O/E conversions, which mainly come from
VCSEL driver, VCSEL, photodetector, TIA-LA circuits and
serializer/deserializer [10]. EM R represents the energy cost in
unit time when the micro-ring resonators are in on state [11].
For electrical NoC, energy per bit is calculated as follows [12]:

E = Erouter · (hop + 1) + Elink · hop (7)

Fig. 6 shows the comparison of energy per bit [12] of different
64-node packet-switched NoCs, among which RPNoC con-
sume the least energy.
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