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Abstract
As the complex VLSI designs is increasing in recent years its 
design effort, communication becomes a major issue. Network on 
Chip (NoC), which is efficient on-chip communication architecture 
for SoC is reusable, scalable and has high performance to solve 
these problems. NoC based systems can accommodate multiple 
asynchronous clocking as many of the today’s complex SoC 
designs use. In this survey the synchronous and asynchronous 
network on chips are presumed from many research papers. 
GALS architecture combines the benefits of both synchronous 
and asynchronous designs and its applications mainly target the 
area of NoCs, multiprocessor systems and integration of highly 
complex SoCs. First the basics of topologies, routing techniques 
and QoS for NoCs are explained. The different synchronous and 
asynchronous NoC designs are reviewed and concluded with the 
GALS architecture.
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I. Introduction
Traditionally on-chip communication used bus based or point-
point communication infrastructure but these lacked in scalability. 
Network on Chip (NoC) [17] is a new design paradigm for scalable, 
high throughput communication infrastructure in Multiprocessor 
System on Chip (MPSoC) with billions of transistors. This method 
divides a chip into several independent subsystems connected 
together by a global communication which spreads on the entire 
chip. A NoC [8] is constructed by multiple point-point data links 
interconnected by switches, so that packets which form the coherent 
messages can be relayed from any source to any destination over 
several links, by making routing decisions at the switches. 
Modern digital designs are implemented as System on Chips 
(SoC), where different functional blocks have different operating 
frequencies. Distributing a global clock over the entire system 
which is a difficult task demands a lot of design effort, area and 
power. These requirements cannot be met with synchronous 
methodology. Asynchronous designs can solve all these clock 
problems where these circuits have better performance, low power 
consumption, more robustness and also lack in design complexity. 
The Globally Asynchronous Locally Synchronous (GALS) 
paradigm [15] addresses this difficulty where each subsystem is 
a separated synchronous domain running with its own local clock 
signal. GALS design combines the benefits of both asynchronous 
and synchronous methodologies.

II. Topology
NOC’s topology means its structure or form. It can be regular 
like Spidergon, Mesh, Torus and Tree or irregular. It also defines 
the interconnections between the different nodes, which can be 
unidirectional or bidirectional. NOC’s topology [6-7], has a direct 
impact on its performance especially in its power consumption. 
Any kind of topology can be used because of the general nature 
of NoC and the most commonly used topologies are 2-D mesh 

and torus.

A. Spidergon
The Spidergon topology [6], is based on an even number of nodes, 
where each node is connected to the opposite by the center node of 
the spidergon. The characteristics of the spidergon scheme are:

Network with regular topology,• 
Vertex symmetry (same topology appears from any node)• 
Edge-transitivity• 
Constant node degree (equal to 3).• 

The number of network links in the N node network for spidergon 
is 3N.

B. Mesh
The 2-D mesh topology [14], is the most simple 2D network 
structure. It consists of a grid of horizontal and vertical lines 
with nodes placed at their intersections. This structure is often 
chosen because inter-node delay can be predicted to a high level. 
The addressing scheme can be kept simple by using relative 
addressing.  

C. Torus
The 2-D torus [6], topology is a donut-shaped structure created by 
taking a 2D-mesh and connecting opposite sides. This structure 
avoids the routing problems at the edges of the 2-D mesh, but the 
nodes must be interleaved to make sure all inter-node connections 
are of the same length. Like the 2-D mesh a relative addressing 
scheme can be used, but to make optimal use of the structure 
modulo of address must be taken into account.

D. Irregular
An irregular mesh [14], topology is defined as that it is identical to 
the full mesh including the addresses used to identify the various 
modules, except that that some routers and links are missing. 
Irregular forms of topologies scale nonlinearly with regards 
to area and power. These are usually based on the concept of 
clustering.

III. Routing
Routing refers to the transfer of data between two end-systems 
or functional units [14]. There are three basic types of routing: 
deflective routing, store-and-forward routing and virtual 
circuits.

A. Deflective Routing
In deflective routing each of the nodes tries to get rid of a datagram 
as fast as possible. This is a low-cost form of routing in terms of 
resources because the nodes have no buffers, but this system cannot 
handle streams or non-datagram packets. If a datagram cannot be 
accepted by the destination functional unit, it is deflected into the 
network, to return at a later time. This has a few disadvantages: 
data arrive in out-of-order and so a re-ordering mechanism must 
be used.
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B. Store-and-Forward routing
Store-and-forward routing buffers the data at each step in the 
network. These buffers (FIFO’s) can be made arbitrary large 
and few algorithms have been proposed to optimize the FIFO 
depth. In Store-and-forward routing usually the complete data 
packet is stored, but in order to improve latency and reduce buffer 
depth wormhole routing can be used. Unlike deflective routing, 
wormhole routing is built to handling multi-part packets.

C. Virtual Circuits
Virtual Circuits (VC) are a semi-permanent connection from one 
IP core to another. A circuit can be set up and torn down by the 
network routing manager. To avoid one circuit from blocking 
another circuit, the circuits are made virtual; the different parts 
of the packet are separated over space and time. This is a Time 
Division Multiple Access (TDMA) method such that every circuit 
can be given its own slot (or multiple slots).

IV. Quality of Service (QoS)
QoS [11], is defined as service quantification that is provided by 
the network to the demanding core. Two basic QoS modes of 
service are Guaranteed Bandwidth (GB) service and Best Effort 
(BE) service.

A. Guaranteed Bandwidth
Guaranteed Bandwidth (GB) [18], can offer a minimum level of 
transfer capability through a network. The fundamental feature 
of GS is the necessity of a priori knowledge about the traffic load 
conditions. A GB system only works when some kind of priority 
system is active. This system must be able to differentiate between 
high and low priority packets. The danger of a too simple priority 
system is data-starvation, low-priority data may be completely 
blocked by high-priority traffic. Another problem of GB systems 
is the waste of bandwidth if a functional unit doesn’t use the full 
GB.

B. Best Effort
Best Effort (BE) forwards packets as soon as possible but no 
guarantees are given for latency or throughput in the general case. 
This is the most common approach nowadays. If packet injection 
to the network is restricted by the NI, a (loose) upper bound can 
be determined for the network latency but not for the waiting 
time at the NI. Prioritizing packets offer relative guarantees, for 
example lower latency for high-priority packets, but no exact 
guarantees either.

V. Synchronous Network on Chip (NoC)
In synchronous systems [13, 20], a centralized clock-pulse 
generator is present where every part of the processor has to be 
connected to the same clock-signal. This network-on-chip contains 
many stages of router pipeline which increases communication 
latency, can make packet buffers less effective, incurs pipelining 
overheads. Virtual Channel and Switch allocations may be 
performed concurrently speculating that waiting packets will be 
successful in acquiring a VC. This behavior has some disadvantages 
such as requiring large chip size, slowest component limits the 
clock rate, gates get slower when temperature increases.

A, NOSTRUM
The NOSTRUM [12], Network-on-Chip concept was developed 
by the Royal Institute of Technology in Sweden. It is based on 
a 2D-mesh structure, mainly because a folded torus has longer 

inter-node delays. Routing decisions are made locally on the 
node, using deflective routing. The communication infrastructure 
used within the concept is called the Nostrum Backbone. The 
purpose of the backbone is to provide a reliable communication 
infrastructure, where the designer can explore and chose from a set 
of implementations with different levels of reliability, complexity 
of service etc. 
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Fig. 1: Application/RNI/NI

The NOSTRuM concept offers a packet switched communication 
platform and it can be reused for a large number of SoCs, since 
it is inherently scalable. Its relative simplicity and the ability to 
achieve both GB and BE performance are the important points 
of NOSTRuM architecture. This has a direct effect on the size 
of the channels to keep addressing overhead relatively low, the 
channels are 128 bit wide in each direction. Data is differentially 
coded and lines are separated by extra shield lines, meaning 
including overhead it has 2^3*150 = 1200 wires between each 
node. NOSTRuM NoCs that implement hard guaranteed service 
use variants of time division multiplexing (TDM) to implement 
connection-oriented packet routing, thus guaranteeing bandwidth 
on connections. The nodes are synchronous and so using TDMA 
to separate the different datagrams requires buffering at each node. 
The Nostrum group calls their TDMA concept Temporally Disjoint 
Networks (TDN), meaning neighboring TDMA slots can be seen 
as different networks. To achieve Guaranteed Bandwidth traffic, 
a looped-container model is used. The use of buffers removes a 
big advantage of using deflective routing. It has the disadvantage 
of not being able to handle anything but datagrams or single-STU 
packets.

B. AEthereal
The AEthereal is the approach of Philips to Network-on-Chip 
architectures and R’adulescu gives a clear description of its main 
features in [10, 16]. The AEthereal NoC are defined to meet the 
following goals:

Decouple computation (IP modules) from communication • 
(NoC)
Provide backward compatibility to existing bus protocols• 
Provide support for real-time communication• 
Have a low-cost implementation.• 

It has no fixed layout, but the router blocks could be used in a 
2D-mesh structure. AEthereal uses sequentializing to reduce the 
number of lines between nodes; a data packet is broken up into 
smaller Space/Time units (STu). Athereal NoC use different 
services and use guaranteed communication to eliminate the 
uncertainties in interconnect, and to ease integration. 
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1. Architecture
The network on chip consists of two components: the routers 
and the Network Interfaces (NI). The routers can be randomly 
connected amongst themselves and to the network interfaces [2]. 
The Phillips NOC has an instance of a 6-port router, and a network 
interface with four IP ports. All the queues are 32-bits wide and 
8-words deep. Hardware FIFOs (First In First Out) are used for 
implementing queues. The NI offers the standard interface, such 
as AXI or OCP (Open Core Protocol) to the IP modules connected 
to the NOC. In the AEthereal the router provides both GS and 
BE services. All routers in the network have a common sense of 
time, and the routers forward traffic based on slot allocation. Thus 
a sequence of slots implements a virtual circuit.

 

Fig. 2: AEthereal NoC

2. Performance Guarantees
The Athereal NoC uses contention-free routing or pipelined 
time-division-multiplexed circuit switching, to implement its 
guaranteed performance services. Although all data streams have 
the same priority, they can obtain different bandwidth reservations. 
However, with higher average latency, time-division multiple 
access is not ideal for high-priority control traffic. Contention-free 
routing uses fewer wires than circuit switching and has minimal 
buffering in the routers.

B. XPIPES
Xpipes [9], was designed in university of Bologna. It is a scalable 
and high performance NoC architecture for multi-processor SoCs. 
It consists of soft macros that can be turned into instance-specific 
network components at instantiation time. The flexibility of the 
Xpipes components allows the NoC to support both homogeneous 
and heterogeneous architectures. The interface with IP cores at the 
periphery of the network is standardized. Links can be pipelined 
with a flexible number of stages to decouple data introduction speed 
from worst-case link delay. Switches are lightweight and support 
reliable communication for arbitrary link pipeline depths (latency 
insensitive operation). Xpipes architecture is highly configurable 
to different network topologies and technology parameters. 

1. Architecture
The network interface connects the IP block to the SoC interconnect. 
Its main objectives are data packetization and communication 
protocol conversion (from end-to-end to network protocol). Each 
packet is broken into flits or message flow control units. A single flit 
can be pushed into the NoC in one clock cycle. The communication 
protocol within the network is hidden in the IP blocks, which 

can be easily plugged into the architecture. They are compliant 
with a standard end-to-end OCP (Open Core Protocol) protocol. 
The network infrastructure consists of a collection of mutually 
connected switches in arbitrary topology.

IP
Initiator

IP
Target

Network
Interface

Network
Interface

A
rb

it
ra

ry
T

o
p
o
lo

g
y

N
et

w
o
rk

Packet Switched Network
Protocol

Communication Direction

O
C
P

O
C
P

Fig. 3: Xpipes Architecture

Xpipes network interfaces use OCP as point-to-point 
communication protocol with the cores, and take care of protocol 
conversion to adapt to the network protocol. Data packetization 
results in a packet partitioning procedure where the flit type field 
allows to identify the head and the tail flit, and to distinguish 
between header and payload flits. The NoC backbone relies on a 
wormhole switching technique and use a static routing algorithm 
called the street sign routing. Routes derive from the network 
interface by accessing a lookup table based on the destination 
address. Such information consists of direction bits which are 
read by each switch and indicating the output port of the switch 
that flits belonging to a certain packet have to be directed to. This 
routing algorithm allows a lightweight switch implementation as 
no dynamic decisions have to be taken at the switching nodes. 
The reliable and latency insensitive communication provided by 
switches are explained in [9].  A framework for early exploration of 
the on-chip communication architecture was proposed at Aachen 
university of Technology. It is able to capture the performance 
and cost requirements for different on-chip networks, such as 
dedicated point-to-point, shared bus, and crossbar topologies. The 
mapping of the inter-module traffic to efficient communication 
architecture is driven by monitoring the performance parameters, 
i.e., utilization, latency and throughput, etc. The effectiveness of 
this approach is demonstrated by the design of a high performance 
Network Processing unit (NPu), which is compared against a 
commercial NPu device. The XPIPES network interface uses 
the standardized OCP interface to network cores. Static routing 
information is accessed by the header builder. It is then passed to 
the flit builder circuit in the form of a number of hops and an actual 
direction bit along with the data stream, if Busy Builder is not 
asserted high. This flit is then passed to the NOC through the output 
buffer stage. The response path includes receiving information 
through Synchro, which reads only useful information and passes 
it to the core through Receive Response. XPIPES implements an 
error control logic based on the retransmission of data packets 
upon the negative acknowledgement.
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VI. Asynchronous Network on Chip (NoC)
Asynchronous or self-timed circuits [13,19], work under the 
absence of global clock and the system timing is performed by 
the elements themselves. This is a simple solution when networked 
IP blocks run at different clock frequencies. The some of the 
benefits are low power, no clock skew, no metastability, system 
integration, easing of global timing issues. Asynchronous circuits 
have unique properties that can be leveraged to optimize the 
network. Specifically, the physical path length between endpoints 
directly affects packet latency, not just the number of routers 
and pipeline buffers a packet must travel through, assuming an 
uncongested path. This is in contrast to a synchronous system, 
where each network element constitutes at least one required clock 
cycle. Also link energy usage can be significant and will grow 
relatively with shrinking process technology.

A. MANGO
The MANGO network (Message-passing Asynchronous Network 
-on-chip providing Guaranteed services over OCP interfaces), 
developed at the Technical University of Denmark [4]. MANGO is 
the first clockless NoC to provide connection-oriented Guaranteed 
Services (GS) as well as connection-less Best-Effort (BE) routing. 
It has features, area and performance comparable to a similar class 
of clocked routers. The MANGO NOC which is implemented as 
2D mesh consists of network adapters (NA), routers and links. 
Each IP core is connected to the network through an NA, providing 
high level communication services, i.e. OCP transactions, on the 
basis of primitive services implemented by the network. Each 
NA, which also performs the synchronization between the clocked 
IP core and the clockless network, is connected to a router. The 
routers are connected by links in a grid type structure, either 
homogeneous or heterogeneous. To keep speed up, long links can 
be implemented as pipelines. 
Additional benefits are an inherent support for GALS systems 
and zero dynamic idle power. Two encoding schemes used in 
asynchronous circuits are bundled data encoding and dual-rail, 
delay insensitive or one-hot encoding. Both of these schemes are 
used in the current implementation of MANGO. The non-blocking 
switching network means link access arbitration is all that must 
be considered  for hard QoS guarantees, the VCs are assigned 
statically (no contention), while simple BE router used to program 
GS router. The basic Static Priority Arbiter (SPA) is preceded by 
admission control logic, which prevents lower priority flits being 
stalled more than once by each higher priority flit.

Fig. 4: MANGO Architecture

MANGO port speed is 515 MHz (0.13um) with 32-bit data flits. 
The implementation style internally uses a bundled-data (RTZ) 
circuit style; the links use a delay insensitive two-phase encoding. 
unlike other VC prioritization based schemes, the MANGO 
provides hard latency / throughput guarantees.

B. QNOC
QNOC [5], aims at providing different levels of quality of service 
for the end users. The architecture of QNOC is based on a regular 
mesh topology. Wormhole packet routing is used where the packets 
are forwarded using the static X-Y coordinate-based routing. It 
does not provide any support for error correction logic and all links 
and data transfers are assumed to be reliable. Packets are forwarded 
based on the number of credits remaining in the next router. QoS 
requires reserving a certain proportion of network resource for a 
particular connection. The resources consist of buffer space and 
bandwidth.  Reserving bandwidth in synchronous networks is 
usually done by Time Division Multiplexing (TDM) where the 
time axis are partitioned into time-slots each of which represents 
a unit of time when a single connection can transmit data over 
a physical channel. The bandwidth is reserved by dedicating a 
proportion of time-slots to a particular connection.
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There are four different Service Levels (SL) in QNOC based on 
the on-chip communication requirements. These SLs includes 
Signaling, Real-Time, Read/Write (RD/WR) and Block Transfer, 
Signaling being the top priority and Block transfer being the 
least in the order as listed. The Priority Based Round-Robin 
scheduling criterion is employed for the transmission of flits. 
The cost functions for the QNOC implementation were calculated 
based on the estimation of area occupied by its components. Other 
performance parameters such as clock rate, end-to-end delay 
(latency of packet), and power consumption under different traffic 
loads were also provided.

C. ANOC
Asynchronous Network-on-Chip architecture (ANOC) [3] 
addresses the design challenges of multi-application SoCs. For 
very large scale integration, this NoC distributed communication 
architecture is fully scalable and is adapted to GALS paradigm, 
where NOC nodes and links are implemented using Quasi-
Delay-Insensitive (QDI) asynchronous logic while the NoC 
functional units are implemented with independent clock domains 
using standard synchronous design methodologies. The ANoC 
communication architecture consists of nodes, links between nodes, 
and computation resources. The nodes are the basic elements of 
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the network, and it forms the physical connections between input 
and output links. The network nodes compute where to transmit 
an incoming data, arbitrate between concurrent data and finally 
transmit the selected data on the selected link.
Each resource unit is connected to the network node through a 
network interface. This interface has some specific synchronous 
logic for the unit itself to access the network packet generation, 
network routing programming, decoupling FIFO’s etc. These 
resources constitute the complete system, which can be either 
configurable hardware IP blocks such as FFT, MPEG, etc. 
or generic blocks like CPu, DSP, memories, etc. The routers 
are interconnected by bidirectional links using send/accept 
asynchronous handshake protocol. 
As the ANOC routers are asynchronous, the entire end-to-end 
path traveling the packet is completely asynchronous. In addition, 
only the input and output ports of the NoC are resynchronized to 
the local synchronous IP frequency, using dedicated synchronous 
FIFOs. Moreover, four-phase protocol is used on the network 
guaranteeing no metastability issues. Only the input and output 
ports of the network are susceptible to metastability failure 
where synchronization is required. The protocol for the ANoC 
architecture has four levels and is explained as signal level, flit 
level, packet level and message level.

1. Signal Level
The data exchange in the physical layer is done in signal level 
which is implemented by a four phase handshake protocol.

2. Flit Level
The 32-bit data transfer is done in flit level where the signal 
mechanism is used to exchange the flits for a given priority. The 
dependency with a clock cycle in the entire network is removed 
at this level.

3. Packet Level
The packet transmission occurs at this level and the successive 
data flits combine to form the packets as messages. The required 
information for message routing within the network is given at 
this level. To improve efficiency and guarantee low latency for 
priority packets the virtual channel mechanism is used.

4. Message Level
At this level only the source and destination units are considered 
which communicate together and not the entire network.

VII. GALS
Globally Asynchronous Locally Synchronous (GALS) [15], 
is a new VLSI system design methodology that combines the 
advantages of both synchronous and asynchronous designs. A 
GALS system consists of locally clocked synchronous modules 
i.e. each module can perform operations with its own clock and 
those modules are developed using the standard synchronous 
CAD tool. 
The synchronous blocks communicate between them through 
asynchronous interfaces i.e. using handshaking approach. This 
naturally benefit from asynchronous interconnects and the designs 
demonstrate that asynchronous routers consume less power, but 
require more area than their synchronous designs. From other 
hand asynchronous routers incur a shorter data delay, but provide 
fewer throughputs than synchronous alternative. An asynchronous 
wrapper provides an interface from the synchronous to the 
asynchronous environment (and vice versa), to which every locally 

synchronous block is added. It also controls the asynchronous 
communication between locally synchronous blocks. 
In the GALS system design, the main issue is designing reliable 
GALS interfaces to handle the problem of metastability, which 
can occur between synchronous and asynchronous logic domains. 
Better power efficiency is also achieved in the GALS system, 
which provides a natural way to operate each logic domain at 
different frequencies and voltages, which facilitates the application 
of DVFS independently in different parts of the circuit.

Synchronous
Block1

Synchronous
Block3

Synchronous
Block2

Asynchronous
Interface

Asynchronous
Interface

Fig. 6: GALS Architecture

To enable GALS system with multiple clock domains, including 
DVFS scaling per each synchronous module, the network should 
be implemented as an asynchronous circuit. Due to the elimination 
of global clock a major source of power consumption and a design 
bottleneck is eliminated.

A. GALS Solutions
Several GALS methods address the problem of safe and reliable 
data transfer between independent clock domains. A taxonomy 
based on the hardware architecture was used to transfer data 
safely. This leads to three main strategies for implementing GALS 
systems:
Pausible-clock generators- apply local (pausible, stretchable, or 
data-driven) clocking, which avoids metastability by ensuring no 
clock pulses are generated when data is transferred.
FIFO buffers- use asynchronous FIFO buffers between locally 
synchronous blocks to hide the synchronization problem. A SoC 
architecture that uses distinct clock domains connected through 
bisynchronous FIFO buffers is commonly called a GALS system. 
In our case, however, we refer only to pure GALS systems, in 
which the blocks are connected asynchronously.
Boundary synchronization- performs boundary synchronization 
on the signals crossing the borders of the local synchronous island 
without stopping the complete locally synchronous block during 
data transfer.
The major advantages of GALS system are,

The existing synchronous IP cores can be reused.1. 
Easy to design systems with multiple clock domains. 2. 
No global clock distribution problem. 3. 
The ability to run SoC components at different frequencies, 4. 
which contributes to power savings and also solves system 
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integration problem.
The system only operates when data are available, hence 5. 
energy efficient GALS inherently generate low EMI.
The disadvantage of GALS system is, metastability problem 6. 
arises when an asynchronous signal is sampled by a clock. 

VIII. Conclusion
In this survey a generic study on the Network on Chips (NoC) and 
its different existing architectures are researched. First we have 
stated the types of NoC topologies and its different characteristics 
are explained. Second the different kinds of routing technologies 
that are used in the network on chip’s are presented. The two 
modes of Quality of Service (QoS), Guaranteed Bandwidth and 
Best Effort in network communication are explained. The different 
synchronous and asynchronous Network on Chips which differ 
in clocking and their different designs along with their quality 
of service impact on it are presented. Finally the Globally 
Asynchronous and Locally Synchronous architecture which 
combines both the clocked and clockless designs are presented.
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