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ABSTRACT 

In the last few years the Internet and distributed computing has faced a spectacular 

growth. In the wake of the emerging telecommunications needs the Plain Old Tele­

phone Systems (POTS) thus needed revolutionary steps to achieve economical and 

flexible networks. As a solution an optimum use of existing switching and transmission 

resources was achieved by integrating voice, data and !Ilultimedia applications within 

the same network. This solution was realized by applying packet switching tech­

niques, which ultimately required data communication systems. The data communi­

cation systems necessitated high transmission Bandwidth and differentiated services 

(Quality of Service - QoS) networks. In the R&D industry the BISDN (Broadband 

Integrated service Digital Network) had emerged as the promising solution to these 

requirements, and is already replacing existing application-oriented communication 

networks. 

The implementation of BISDN required development of network protocols, switch­

ing nodes, and transmission systems which could support the diversity of BISDN ser­

vices. The IP and ATM became the most popular high speed network protocols. The 

advances in fiber optics technology have made available huge amounts of transmis­

sion bandwidth. Thus, in current networks the main cause of bottleneck is now due 

to the processing in the routers rather than the bandwidth of the transmission me­

dia. A switch design capable of supporting IP & ATM technology essentially requires 

a switching fabric within itself to effectively perform its functions. Any proposed 

switching fabric design must have high Quality of Service (QoS) capabilities and can 

support high data transfer rates to meet the performance requirements. One promis­

ing high speed switching fabric is the Improved Logical Neighborhood Network (ILN), 

which outperforms many other switching fabric architectures. 

In this thesis, a design of ILN network and its hardware implementation is pre­

sented. The thesis first surveys different switching fabric architectures, with descrip­

tion of ILN network, and then compares the performance analysis of various networks. 

The proposed design for ILN network specifies hardware details and signaling conven­

tions used. The hardware specifications elaborates the hierarchical modules of design, 
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comprising of a modular Switching Element (SE) node. The SE is an independent 

switching processor having all the desirable features such as distributed-routing (self­

routing) using built-in routing algorithm, path uniqueness for each source-destination 

pair, and suitability for VLSI implementation. 

In this work the hardware of ILN network is realized in the Field programmable 

Gate Array (FPGA) integrated circuit . The target technology applied is from Xilinx 

Virtex-II family. The functions of ILN network are demonstrated and verified by 

using simulation and synthesis Electronic Design Automation (EDA) tools. In the 

end of thesis the results of ILN network's hardware implementation are shown and 

discussed. 
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Chapter 1 

Introduction 

1.1 Motivation 

In this 21st century, the telecommunications industry is continuing to experience 

an extraordinary growth in its Data Communications field. By any measure, the 

growth is remarkable on all fronts: the number of hosts, the number of users, the 

amount of traffic, the number of links, the bandwidth of individual links, or the 

growth rates of service providers. This explosion of demand has occurred since last 

couple of decades due to rapid advances in computer and communication technologies. 

These systems requires to support distributed applications of voice, data, multimedia, 

control and supervisory. The technical interaction of these applications is achieved by 

implementing networks. The networks include switching systems and transmission 

media: point to point dedicated circuits, LANs, WANs, Virtual Private Networks, 

Intranets, Extranets, or the Internet [1, 2, 3]. 

An optimum solution to execute flexible and economical networks to meet the 

aforesaid demand is the integration of voice and data traffic over already existing 

switched communication networks. In the sequel, the Broadband Integrated Ser­

vices Digital Network (BISDN) was accepted by CCITT (now ITU) as a standard 

[4] intended to be a worldwide Public Service Telecommunication Network (PSTN) 

to deliver a wide variety of integrated services. The developments in communication 

networks industry emerged with two most promising technologies, now being widely 

used: the Internet Protocol (IP) [5, 6] and Asynchronous Transfer Mode (ATM) [7, 8]. 

The implementation of networks supporting BISDN required huge transmission 

bandwidths and high speed switching processes within a communication system. The 

advances in fiber optics technology have made available the required amounts of trans-
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mission bandwidths for BISDN. However, the design of a network that can support 

very high bandwidth switching services remains an ongoing challenge [9] . Thus, in 

current networks the main cause of bottleneck is due to the processing in the routers 

rather than the bandwidth of the transmission media. A switch design capable of 

supporting IP and ATM technology essentially requires a switching fabric component 

within itself to effectively perform its functions . Any proposed switching fabric de­

sign must have high Quality of Service (QoS) capabilities and can support high data 
I 

transfer rates to meet the performance requirements [10]. 

There exists a large amount of literature that discusses various broadband switch 

architectures [11] - [20], but the majority talks about the theory and high level func­

tions of proposed switches. However, there exists little detail on hardware complexi­

ties for developing a chipset capable of implementing a full switching fabri c solution. 

This thesis targets a real world's digital logic design and hardware implementation of 

a switching fabric. In achieving the objectives of the thesis , the R&D work done in 

[21] - [24] contributes fundamental knowledge of BISDN switch designing; whereas, 

the theory and analysis works done for high performance switches in [10, 25, 26, 27] 

introduces a promising switching fabric. This later research work proposes the Im­

proved Logical Neighborhood (ILN) network, which outperforms many other reported 

networks in the literature. The high performance of ILN network has motivated us 

to select this switching fabric for digital logic design and VLSI implementation. 

1.2 Research Goals 

The main research goals of this thesis are summarized as follows: 

• study of communication networks, hardware designing, and strategies for syn-

thesizable design, 

• study of ILN switch fabric for a broadband switch, 

• develop a digital logic model of the ILN switch fabric in VHDL environment, 

• develop modular components of the model using top-down structured VLSI 

design methodology, 
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• implement hardware design of the model using Electronic Design Automation 

(EDA) tools . 

1.3 Thesis Overview 

Following this Introduction, Chapter 2 gives a global picture of a communication 

switch with its basic components. It discusses the various forms of queuing and 

buffering strategies in a switch. The chapter further focuses on the switch fabric 

component of switch, being the main topic of this thesis. In this thesis the switch 

fabric is referred as a communication network. The chapter thus discusses princi­

ples and constructions of various networks. The pros and cons of each network are 

discussed as well as their limitations. 

Chapter 3 specifically discusses the theory of ILN network. The chapt.er then 

elaborates its basic building block - the switching element. This switching element is 

the hub of packet switching processes, and uses a built-in algorithm to route packet 

within the switch. The chapter discusses two routing algorithms known in literature 

as: Dynamic Routing Algorithm [26] and Bitwise Routing Algorithm [10]. Finally, 

the chapter reviews the reported performance of ILN network in the literature. This 

review also shows the performance comparison reports of ILN network with the other 

networks. 

Chapter 4 provides specifications for ILN network design. The chapter initially 

discusses the design methodology and industry standards for designing a digital logic. 

The chapter then introduces the model for implementing ILN network theory. The 

model hierarchically shows the design from top layer to its basic component layers. 

Each layer gives detail of functions and required signals, according to the standard 

design methodology. 

Chapter 5 presents VLSI implementation work of IL network. It describes the 

applied implementation strategy by reporting the Hardware Design Flow. Further, 

the chapter defines the signaling conventions used in the design for control signaling 

between the interacting components. The chapter then exhibits the results of simula­

tions, synthesis, and physical implementations of the design along with observations. 

In the end, the chapter discusses hardware optimization techniques being suggested 
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in the literature and were experienced during this work. 

In Chapter 6 we conclude the thesis by providing a summary of the work, as well 

as some future directions for study. 
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Chapter 2 

Communication Networks 

2.1 Introduction 

Communication networks are the fundamental means for interconnecting many dif­

ferent distributed applications. These systems provide media for information transfer 

between an end user to network, network to network and network to another end 

user. A communication network is a set of switches, interconnected by a set of trans­

mission systems. The switching systems consists of nodes and subnets; where, the 

end users are connected with the subnets, and subnets with the nodes. The transmis­

sion systems provide physical connectivity of the network elements. These systems 

consists of transmission lines, line termination terminals, multiplexers, and repeaters. 

From Open Systems Interconnection (OSI) reference perspective the switching sys­

tems correspond to the data link and network layers; while transmission systems to 

the physical layer of the model [1, 2, 3]. 

As discussed in chapter 1, the BISD is an objective standard in the telecom­

munications industry. The standard requires a high performance and an optimum 

communication network in the system that can meet the given benchmarks. The 

required performance of a network is determined by parameters such as capacity, 

bandwidth, and delay. In a network the measure of these parameters is mainly influ­

enced by the behavior of involved switches and routers. The switching systems are the 

combination of various elements, which are responsible for the overall productivity of 

the system [10] . 

In this thesis we target hardware design of one of a component of the switching 

system. This chapter initially presents a global picture of a switching system, in 

section 2. The section describes switch structure and shows its constituent compo-
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nents. The chapter in proceeding sections further reviews industry's popular design 

strategies for the target component family of the switch. 

2.2 Switching Systems 

A switching system performs a series of functions on incoming packets, which includes 

routing, buffering, control and management [5, 7]. In the industry large number of 

switch design alternatives exist, both as hardware and software modules. The soft­

ware is essentially partitioned into hardware-dependent and independent components. 

However, in hardware the whole design is made modular for an efficient and scalable 

switch production [28, 29]. Since this thesis targets hardware design of a switch 

component; therefore, the further discussion is focussed on the hardware aspect of 

switch. 

The components of the switch that have the most impact on its performance are 

the packet storage buffers or queues, and the switch fabric. Therefore, the switches 

can broadly be classified on the basis of two criteria: buffering and queuing strategies, 

and type of switch fabric . The following sub-sections outline a generic switch broadly 

showing switch components, switch's packet buffering strategies, and introduction to 

switch fabric. 

2.2.1 Generic Switching Architecture 

A generic switching architecture comprises of a set of modules , as shown in Figure 2.1 

[10]. The input, output and switching fabric components provide the function of 

routing and buffering; whereas, the other components are responsible for control and 

management mechanism in the system. The switch is connected with its preceding 

and succeeding equipment through input and output module ports. 

The input module (IM) performs the functions of: packet buffering, packet 

header error checking, storing and translation of valid header values, determination 

of the destination output port, passing relevant packets to control and management 

modules, addition of an internal tag containing internal routing and performance 

monitoring information for use only within the switch. 

The output module (OM) prepares the packet streams for physical transmission 
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Figure 2.1. Basic components of a switch 

by: processing and removing the internal tag, insertion of header values, possible mix­

ing of cells from switch control and management modules with outgoing cell streams, 

cell rate decoupling, mapping packets to the lower layer protocol payload and gener­

ation of overhead. 

The control module establishes, modifies and terminates connections and is 

responsible for: implementation of high-layer signaling protocols, interpret or generate 

signaling cells, negotiate traffic contracts with users , allocate switch resources for 

connections, including route selection, maintain and update routing table, admission 

or rejection decisions for requested new connections. 

The control block further handles management functions of the switch system. 

It includes: lower or higher layer Operation And Maintenance (OAM), configuration 

management of switch components, security control for the switch database, usage 

measurements of the switch resources, traffic management, administration of a man­

agement information base, customer-network management, interface with operations 

systems and finally support of network management. 

The switch fabric (SF) is the central functional block of the switch, which is 

responsible for routing the incoming cells/packets to the appropriate destination out­

put port. The performance of SF is the major contribution towards the switch's 

overall characteristics. The cell switch fabric is primarily responsible for transferring 

of data cells and possibly signaling and management cells as well , between input and 

output modules of the switch. The other possible functions of switch fabric includes: 
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Figure 2.2. Input, Output, and Shared Buffers 

cell buffering, traffic concentrating and multiplexing, redundancy for fault tolerance, 

multicasting or broadcasting, cell scheduling based on delay priorities, and congestion 

monitoring. 

The main subject of this thesis is the hardware design of the switch fabric for a 

BISDN switch. 

2.2.2 Buffering Strategies 

Buffering is an important parameter in the switch design process. The location and 

size of buffers plays a vital role in the switch's performance, and is therefore planned 

in an optimized manner. Several switch designs are available in literature, exploit­

ing different buffering strategies [30] - [35]. These designs employ three main ap­

proaches for providing buffering and queuing for high-performance switches: Input 

Queuing/Buffering, Output Queuing/Buffering, and Shared Buffering. These buffer­

ing strategies are illustrated in Figure 2.2. [10] 

Input Queuing: 

In input queuing systems a separate queue is dedicated with each input port of the 

switch fabric. This mechanism serves the purpose of buffering the packets on First­

In-First-Out (FIFO) basis. This mean the incoming packets are stored at t he tail 
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of the queue, and are served upon reaching the head of line (HOL). This system is 

feasible for VLSI implementation, since it does not need fast memory. However, it 

has the drawback of having broadcast and HOL problems; which eventually decreases 

the throughput of the switch. There are three potential causes of packet loss in this 

system: when input queue is full; during internal blocking within the switch fabric; 

and, when output queue is blocked. 

Output Queuing: 

In output queuing systems a separate queue is associated with each output port of 

the switch fabric. A small buffer is also required at the input of the switch to receive 

and process the incoming packets. The controller reads incoming packet's header and 

routes the packets through switch fabric to appropriate output queues. This system 

suffers from HOL problem, just like input queuing. The solution is to increase the 

operating speed of switch fabric and the output queue, which could lead to complexity 

in hardware implementation, e.g. using Double Data Rate (DDR) memories. There 

are four possible causes of packet loss in this system: when input buffer is full; during 

internal blocking within the switch fabric; when output queue is blocked; and, when 

output queue is full. 

Shared Buffer: 

A shared buffer design employs a single common buffer, and does not require a switch 

fabric for routing. The packets are initially buffered at the input, and then the 

switch controller queues them within the shared buffer by applying a linked list data 

structure. A linked list contains the addresses of packet storage memory locations. 

These locations further contains the address of data for next successive packet storage 

memory location. Ultimately, last such memory location has the pointer directing 

towards a specific output port. If N is the number of input and output ports, the 

shared buffer performs 2N times read and write operations per slot , and thus operates 

at 2N line speed. There are two possible causes for packet loss in shared buffer system: 

when input buffer is full; and, when shared buffer is full. 

The design for the Switch Fabric (SF) being hardware implemented in this thesis, 

is expected to be used in a switch design which would implement both input and 

output queuing strategies. 
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2.2.3 Switch Fabric 

In telecommunication service industry the switching fabric is also known as Inter­

connection Networks (IN). The INs were initially investigated in multiprocessors and 

distributed shared-memory multiprocessors . These systems were first introduced in 

telecommunications in digital switches for wire-line telephones, but with the advent 

of packet switching for data communication they became dedicated for use in digital 

networks [36] - [40]. 

The switching fabrics ( or INs) routes user packets from one of its input port to the 

desired output port by using either Time Division Switching (TDS) or Space Division 

Switching (SDS) techniques. Thus the INs are broadly divided into these two types 

of systems. 

In TDS systems a switching fabric functions with a speed equal to the sum of the 

input rates and serves incoming packets sequentially at its output. This is achieved by 

using a shared communication medium for the flow of incoming cells across input to 

output ports. This communication medium is a shared bus or a shared memory, being 

accessed by users through Medium Access Control (MAC) protocol. The scalability 

of time-division switches is limited by the bandwidth of the shared medium and the 

centralized controller requirements. Shared medium architectures do not scale well 

and can only support a relatively small number of ports. Space division switching 

supports high performance switches as they provide high capacity at low access time 

delay. 

In SDS systems a switching fabric applies an interconnection scheme that provides 

many routes across the fabric, allowing several packets to be directed to distinct out­

put ports concurrently. This system uses interconnected mini-switches for establishing 

straight or cross path, to form a network. The incoming cells flow through this net­

work from an input to an output port. These networks are broadly subdivided into 

crossbar networks and multistage interconnection networks (MI ). There was a little 

development in the crossbar systems, after it was realized its hardware implemen­

tation is cumbersome and they make it difficult to provide guaranteed qualities of 

service [41, 42]. However, in the field of multistage interconnection networks there is 

a continuous process of progress since last 30 years. 

In this thesis, the target design network (switch fabric) belongs to the class of 
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Figure 2.3. A 4 x 4 MIN with 3 stages and 4 switches per stage 

MIN, therefore the following sections focuses their discussion over the networks of 

this family. 

2.3 Multistage Stage Interconnection Networks 

A Multistage Interconnection Network (MIN) , is a subclass of indirect networks, 

being created by the combination of nodes [43] - [52] . Each node in the network is 

a crossbar switching element (SE). The SEs in MIN are usually identical and have 

been traditionally organized as set of stages. These SE stages are knitted with each 

other by connection links to create a routing path in a certain topology. The inputs 

or outputs of this network are termed as ports. A 4 x 4 MIN with 3 stages and 4 

SEs per stage is shown in Figure 2.3 [10]. The number of ports are denoted by 'N', 
the number of switches by 'w ', and the number of stages by 'n' being calculated as 

n = log2 N . These networks have different properties depending on the number of 

ports, size of each SE, number of stages, and the interstage connection pattern. 

In MINs, the number of stages and the SE connection patterns between stages 

determine the routing capability of the MI s. Different SE connection patterns give 

different characteristics and topological properties of MINs, leading towards varied 

MI classes and functions. 
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2.3.1 MIN classes 

The MINs are classified in terms of two different approaches: First, depending on the 

type of channels and switches; and Second, depending on the availability of paths 

to establish new connections. MINs have been traditionally sub-divided into three 

classes: Blocking, onblocking, and Rearrangeable MINs [36, 37]. 

Blocking: A connection between a free input and output pair may not always be 

possible, because of conflicts with the existing connections. Typically, there exists 

a unique path between every input and output pair, thus minimizing the number of 

switches and stages in hardware. Such networks are economical, but are vulnerable 

to internal blocking of packets. 

Nonblocking: Any input port can be connected to any free output port without 

affecting the existing connections. Non blocking networks have the same functionality 

as a crossbar. They provide multiple paths between every input and output, thereby 

offering high throughput. However, they are costly hardware components due to the 

requirement of extra SE stages. 

Rearrangeable: Any input port can be connected to any free output port. However, 

the existing connections may require rearrangement of paths. These networks also 

require multiple paths between every input and output but the number of paths and 

the cost is smaller than in the case of nonblocking networks. 

2.3.2 MIN Functions 

A N x N MIN has a one-to-one correspondence between its inputs and outputs, 

and the connections thus established are also called permutations. A Permutation 

Network is a MIN capable of performing all N! one-to-one mappings of its N inputs 

to its N outputs; thus generating several networks. There are six commonly known 

permutations: Shuffle connection, Inverse Shuffle connection, Exchange connection, 

Butterfly connection, Cube connection, Plus-Minus 2i connection [36, 37]. 

Shuffle Function: The perfect shuffle connection function S performs a cyclic left 

shifting of the binary bits of a number A to the left for one position: 
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' ' ' ' 
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(a) Shuffie Function (b) Inverse Shuffle Function (c) Exchange Function 

Figure 2.4. The shujfie, inverse, and exchange connection for N = 8. 

S(A) an- 2 an-3 ··· ·•ao an- 1 

Example: for S = 2 (010) , the function will left-shift the bit pattern one position to 

the left, thus creating S(A) = 100 (4), as demonstrated in Figure 2.4 (a) [37] . 

Inverse Shuffle Function: The inverse shuffle does the opposite to shuffle function , 

i.e., the function s-1 performs a circular right shift on the binary bits of number A: 

An example is shown in Figure 2.4 (b) [37]. 

Exchange Function: This permutation is usually referred to as bit reversal; the 

function FJ,i exchanges or interchanges the bits at positions i and j leaving all other 

bits intact: 
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Figure 2.5. The butterfly connection for N = 8. 

A 

Ej,i(A) 

An example is shown in Figure 2.4 (c) [37]. 

000 
001 
010 
011 

100 
IOI 
110 
Ill 

Butterfly Function: The butterfly function Bi interchanges the least-significant bit 

and the ith bit of a binary number A leaving all other bits intact: 

The straight one-to-one connection is also called identity connection I. An example 

is shown in Figure 2.5 [37]. 

Cube Function: The cube function Ci complements the ith bit (ai) of a binary 

number A leaving all other bits intact: 

A 

C(A) 
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(c) 0th Cube 

Figure 2.6. The cube connection for N = 8. 

Figure 2.6 [37] shows the cube connection for i = 0,1, and 2 with N = 8. <JJ is also 

called the exchange connection. 

Plus-Minus 2i Function: In the Plus-Minus 2i connection (PM2I) etwork the 

switching elements are arranged in stages within Plus-Minus 2i (PM2I) distance and 

are connected according to t he interconnection function defined by: 

where, 

PM2+i (P) 

PM2_i (P) 

P + i modulo N for O ::; i < m 

P - 2i modulo N for O ::; i < m 

N = number of input/output ports = 2m 

m = number of switching element stages = Log2N 

i = switch stage address 

PM = plus-minus 

P = address of switching element (SE) , 

These functions provide link connection address of the next stages SE for the 

source SE. This is being done by adding or subtracting 2i from the source SE ad­

dresses . This means, it allows SE P to send or receive data from any one of SE P + 
2i or SE P - 2i, arithmetic modulo N, 0 ::; i < m . Figure 2. 7 [36] shows the P M2+i 

interconnections for = 8. The function P M2+i adds 1 to the ith bit position of the 

addresses and the function P M2_i subtracts 1 from the ith bit position of the ad-
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(a) 

(b) 

(c) 

Figure 2.7. PM2I network for N = 8. (a)PM2+o, (b)PM2+1 , (c)PM2+2 

dresses (arithmetic modulo N). Diagrammatically, P M2_i is same as P M2+i except 

the direction is reversed. 

MINs have desirable features and enjoyed intensive research and development. 

Various new networks based on MINs are being developed, studied and reported in 

literature including in [38] - [52]. In [38] all such innovative networks are placed into 

a perspective family tree; and is reproduced here in Figure 2.8. The design of ILN 

switch fabric for this thesis is based on the MIN hypothesis; thus all such related 

successive network designs are discussed in the following sections. 

2.4 Generalized Cube Networks (GCN) 

The Generalized Cube Network (GCN) is a multistage cube-type network topology 

and was introduced by Siegel and Smith in 1978 [10, 36, 46]. The network has N 

inputs, N outputs, m = log2 N stages, where each stage consists of a set of N links 

connected to N /2 four-state switching elements. The number of links between stages 

is N. The connections in this network are based on the shuffie and cube functions , 

as discussed in sub-section 2.3.2. The name generalized-cube network refers to the 

network consisting of the generalized-cube topology and four states or functions of 

switching element (SE). 
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Figure 2.8. Multistage Interconnection Network family tree 

The GCN Topology 

The GCN topology is shown in Figure 2.9 [10] for N = 8. In the figure , the labels of 

the links entering the upper and lower inputs of SEs are used as the labels for upper 

and lower outputs, respectively. The labels are the integers from O to N - l. 

The generalized cube network is a blocking network and provides only one path 

from any input to any output. As such, it possesses no tolerance for faults. Refer 

GCN figure , the switching element SE(i,j) at stage i and position j is connected to 

SE(i+l ,k), such that k is given by [10]: 

k={J 
Ci(j) 

2.4.2 GCN's SE Functions 

straight connection 

cube connection 

The switching element (SE) is a two input and two output crossbar switch, and is set 

to one of three legitimate states. These states are: 
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Figure 2.9. Generalized Cube Network topology for N = 8. 
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Figure 2.10 . The straight and cube connections of an input SE in GCN 

1. Straight; i.e., input 1 to output 1, and input2 to output 2 

2. Upper cube connection; i.e. , input 1 to output 2 

3. Lower cube connection; i.e., input 2 to output 1 

These three states are set by the control structure of a network according to the cube 

interconnection function, and are shown in Figure 2.10 [10] . 



Stage: 0 2 

2. Communication Networks 19 

3 

~ 
~ 
0 

Figure 2.11. An 8 x 8 Banyan network 

2.5 The Banyan Networks 

Banyan networks, so called because its wiring is said to resemble the roots of a Banyan 

tree, are a class of single-path blocking MI s. That is, in Banyan structure there is 

only one path from any given input to any given output. As such, it possesses no 

tolerance for faults . This network was first proposed by Goke and Lipovski in [53] 

which defined the Banyan network in terms of its graphical representation. 

Banyan networks are very suitable for the multi-processor interconnection due to 

their cost-effectiveness. These networks serve the dual purpose of partitioning the 

resources in the system and providing communication between various nodes in the 

system. The self-routing property of Banyan networks provides great simplicity in the 

control of the switching elements and hence makes them attractive for implementing 

high speed switching nodes. Many blocking networks have been developed which 

are topologically equivalent to the Banyan networks, out of which two are significant. 

These are: Siegel and Smith's Generalized Cube Network and Wu and Feng's Baseline 

Network [38, 47, 48]. 

A Banyan Network definition can be interpreted as shown in Figure 2.11 [10]. 

The network comprises of N-input x N-output ports having interconnected 2-input 

x 2-output identical switching elements (SE). These SEs are arranged in n+ 1 stages, 

where n = log2 N. The number of SEs in each stage is N, and the number of connect­

ing links between stages is 2N. The SEs present in network's input stage are used as 

1-to-2 multiplexers; whereas, the ones in network's output stage are used as 2-to-l 

concentrators. The SEs present in other internal stages of the switch fabric utilizes 
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both of their input and output ports. In the network the switching element SE( i,j) 

at stage i and position j, is connected to SE( i+ 1, k) such that k is given by [10]: 

k= { 
j straight connection 

Ci(j) cube connection 

where O ~ i < n; providing one unique path from any input to any output based on 

the input row address and the destination address. 

The Banyan networks belong to the class of blocking networks because of the 

non-zero probability of finding a path between two nodes. Once an intermediate 

node is in use for some other connection the network gets blocked, for particular 

ports. Due to this reason, the Banyan network cannot be directly used for switching 

purposes. In order to redress this bottleneck various topologies based on the Banyan 

network have been studied and proposed in the literature [9]. The work on these 

proposed architectures has thus mainly focused on the performance enhancement of 

the Banyan fabric with no significant work on the resource utilization or scalability 

of the architecture. 

One of the known Banyan network is a Batcher-Banyan [1]. This network make 

use of the property that a Banyan network becomes internally non-blocking if the 

inputs are sorted with respect to the destination requests. This is accomplished by 

putting a switch in front of the Banyan switch to permute the cells into a configuration 

that the Banyan switch can handle without loss. The sorting switch used is a Batcher 

switch, invented by K.E. Batcher in 1968. The first Batcher-Banyan ATM switch was 

designed by Huang and Knauer in 1984 and is known as Starlite. The other known 

Batcher Banyan are Moonshine by Hui in 1987; and Sunshine by Giacopelli et al. 

in 1991. A Rectangular-Banyan [38] is one in which the number of inputs into each 

node and the number of outputs from each node are equal. An another particular 

Banyan network is the SW-Banyan network [9, 38, 39, 47]. It is basically a rectangular 

Banyan, created recursively by expanding a crossbar structure, with two inputs and 

outputs each at every node. 
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Figure 2.12. The DMN and ADMN for N = 8 

2.6 The Data Manipulator Networks 

The class of MIN called Data Manipulator etworks are based on the PM2I inter­

connection functions [36, 54]. The DMNs are a wired series of PM2I interconnection 

functions . These networks were further enhanced to Augmented Data Manipula­

tor (ADM ) [39], the Inverse Augmented Data Manipulator(IADM) [25], and the 

Gamma Networks [38, 50]. Since the target design of this thesis is based on DM 

and ADM networks, therefore only these two networks are discussed in the following 

sub-sections. An 8 x 8 DM / ADMN network is shown in Figure 2.12 [10] . 

2.6.1 Data Manipulator Network (DMN) 

The Data Manipulator etwork (DM ) was introduced in [54]. A typical model 

of DMN has N input and output ports, N SEs arranged in a stage and addressed 

from 0 to N-1 , n = log2 N + 1 stages of switching elements (SE) . The switching 

stages are ordered from n - 1 to 0. The SEs has 3 input and output ports - the SEs 

present in input stage are used as 1-to-3 selectors and in output stage are used 3-to-1 

selectors. The SE's internal interconnection functions at stage i are PM2+i, PM2_i, 

and straight. Each SE selects one of its input links and connects either to one of its 

output links, or to two or three of its output links; i.e., the nodes can connect either 

in one-to-one or in a broadcast setting. 
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As shown in figure 2.12, an actual network implementation may have only two 

distinct outputs from each node in stage m-1. In this network the switching element 

SE(i,j) is connected to SE(i+l,k) such that k is given by [10]: 

-21 (up) connection 

s (straight) connection 

+ 21 (down) connection 

The controls of the DM s are limited to one pair per stage. At stage i, SEs whose 

ith address bit is 'O ' responds to one set of controls; SEs whose ith bit is '1' responds 

to the other set of controls. This means, stage i of the network can receive any two 

of the three signals [36]: 

where, 

H~ or Hf , 

U~ or Uf, and 

Db or D{. 

H = horizontal, corresponds to straight connection, 

U = up, corresponds to -2i modulo connection, 

D = down, corresponds to +2i modulo N connection. 

SEs whose ith address bit is 'O' are controlled by the signals with a 'O' subscript, 

and those whose ith address bit is '1' are controlled by the signals with a ' l' subscript. 

2.6.2 Augmented Data Manipulator Network (ADMN) 

The Augmented Data Manipulator (ADM) network is a modified DMN, wherein the 

word Augmented means: 'greater than before' [36, 39]. The ADM network was intro­

duced in [44] with two enhanced features in DMN: 

• the use of independent control for SEs; i.e., each SE can be independently set 

to straight across, -2i mod N, or + 2i mod N, and 
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• the use of a dynamic routing tag scheme; i.e., each SE in the network can derive 

its own control signals from information included in the routing tag. 

These features provided ADM networks an edge over DMN of having an improved 

fault-tolerance. The ADM networks has the ability to avoid faulty and busy SEs 

or links, by exploiting its multiple-path property and does dynamic re-routing of 

connections. 

The ADM , as shown in figure 2.12 [10], is a blocking network that provides 

two alternative paths from any input to any output. Thus, this network is I-fault 

tolerant. The ADMN has good potential for VLSI implementation due to its low 

density, regular wiring, and modularity. The switching elements (SE) used in this 

network are 3-input x 3-output crossbar switches. In the network, the input stage 

SEs acts as 1-to-3 multiplexers, the output stage SEs as 3-to-1 concentrators, and all 

other internal stages SEs as regular functioning crossbar switches. 

If the stages of ADM network are traversed in reverse order, the resulting net­

work is called Inverse Augmented Data Manipulator (!ADM) [36]. In this network 

the interconnection functions of the input stage are P M2+;-o, the interconnection 

functions of the next stage are P M2+ /-i, .... , and the interconnection function of the 

output stage are P M2+/-(m-l) · 

2.7 Summary 

In this chapter we discussed communications networks, which are the essential ele­

ments in the Data Communications field. It is further observed that switching systems 

are the backbone of a communication network. In this scenario the switching system 

and their essential components required to build a switch remained the focus of study 

in the rest of the chapter. 

The study of switching systems encompassed a global view of switch's functional 

blocks and their working strategies. The main block of switch: a generalized Switch 

Fabric is discussed exclusively, being the objective of the design for this thesis. The 

switch fabric's classes and functions are thus reviewed in length. The study zoomed 

into the DM and ADM etworks, being the desired networks to cope industry 
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requirement. 

The study of literature reveals that while further enhancing the features of the 

DMN family the Research and Development work has introduced an another inter­

esting network known as Improved Logical Neighborhood Network (ILN}. The ILN 

network is found to be a very productive switch component in terms of QoS parame­

ters . It is thus being the topic of this thesis, and is therefore discussed exclusively in 

the next chapter. 
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The Improved Logical eighborhood (ILN) network is an outcome of industry's con­

tinued impetus in research and development for a high QoS, high fault tolerance and 

efficient switching systems. In the literature several broadband switches are being 

proposed using different switching fabrics and buffering strategies. These design de­

cisions have a major impact on the switch performance and hardware complexity. 

The switching fabrics proposed include buses, Banyan and Crossbar based networks 

[9]. The research also proposes the design of switches using switching fabrics in com­

bination with input and output buffering strategies. This is being suggested to take 

advantage of the desirable properties of both queuing approaches for achieving high 

QoS parameters [33, 67, 68] . Among the various switching fabrics reported in the 

literature, the ILN network has been observed to be an efficient and fault tolerant 

than other known networks [25, 26, 27]. In this thesis the IL network is thus chosen 

for study and VLSI implementation. 

The ILN switching fabric belongs to a class of multistage interconnection networks 

(MIN) and is based on the concepts of Data Manipulator Networks (DM ) [25]. In 

research it was revealed that DM has the potential of providing the desired networks, 

due to its inherent available multi-paths from an input to the output ports. Further 

studies resulted the advent of Augmented Data Manipulator etworks (ADMN) [36]. 

A continued research provided more improvements to ADMN and proposed a Logical 

Neighborhood DMN (LNDMN) solution. The newer version to the L DM is then 
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introduced in research studies as the Improved Logical Neighborhood network (ILN) 

[25]. This switching fabric is required to be utilized in a broadband switch which 

would be using input and output queuing buffers in its design architecture. 

This chapter discusses the ILN Network's theory, it 's constituent components, 

and the review of performance study being already done in research and development 

work. Note that the chapters of this thesis use the terminology network for the 

switching fabric of switch. The initial section of this chapter instigate the ILN network 

concept and its working principles. The main part of chapter then focuses on the 

central component of ILN network: the switching element. In the review of switching 

element, the chapter specifically discusses the function of packet routing process in 

the SE. At the end of this chapter, the performance of IL network is discussed and 

reviewed. 

3.2 The ILN Network Theory 

The Improved Logical Neighborhood Network (IL ) was initially introduced in [25] .The 

function of ILN switch fabric is to route the arriving packets at its input port to its 

desired destination output port , by employing Space Division Switching (SDS) tech­

niques. The ILN network system is capable of providing desirable fault tolerance 

and QoS features. This new network is a N-input x N-output ports switching fabric . 

The network is comprised of cascaded and independent functioning crossbar switching 

processors called Switching Elem ents (SE) . These SEs are arranged in the network 

in columns and interconnected with each other at a Hamming distance of 'O' or ' l '. 

This arrangement of SEs in columns of the network is termed as switching stages. An 

eight input-output ILN network is shown in Figure 3.1 [10]. 

The calculation of SE stages in ILN network is done by considering N as the 

number of equal input and output network's ports. With this consideration, the 

number of stages in ILN network are n+ l where n = log2 N. Each stage has a column 

of N Switching Elements (SE). The SEs present in the input stage are used as 1-to-4 

multiplexers; in the output stage as 4-to-1 concentrators; and, in the other internal 

stages as regular and identical 4 x 4 crossbar switches. 

The ILN network does no packet buffering and provides n! alternating paths be-
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Figure 3. 1. An Improved Logical Neighborhood Network for 8 ports 

tween any input and any output ports. The network is very fault tolerant and the 

blocking probability is much smaller than other MIN networks. The interconnection 

scheme of SEs in ILN network is done on the basis of cube connection function [36], 

being already reviewed in the previous chapter. Each SE has a specific address in 

terms of its location in the IL network. In Figure 3.1 consider i as the stage index 

and j as the vertical location within a stage of SEs; thus the address of a partic­

ular SE in IL network will be SE( i,j). A Switching Element SE( i ,j) is connected 

to a next stage SE(i+l ,k ) within IL network in a manner such that k is given by [10]: 

J straight connection 

k= 
co(j) 0-cu be connection 

Cl(j) 1-cube connection 

c2(j) 2-cube connection 

where O :s; i < n. The Switching Element (SE) is the main building block of ILN net­

work, which performs the switching processes independently. Since in IL network, 

all switching processes are done at the SE, therefore its working is described in detail 

in the following sections. 

3.3 The Switching Element 

The function of Switching Element (SE) is to update its own address location within 

the ILN network; and then, while idle be ready to receive an arriving packet 's request , 
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Figure 3.2. The Switching Element icon 

identify it's destination address, and route the packet data after establishing a distinct 

path. The SE is fault tolerant and is also responsible to resolve any contention for 

its output ports, due to incoming packet requests at its input ports. 

The SE is a 4 input and 4 output port crossbar switch. An icon of SE is shown 

in Figure 3.2 [10]. The figure shows SE's ports and output connections with the next 

stage SE. The output connections of SE with the next SE in IL network are done 

according to the cube connection function. The C'°•1•2 identifies 0,1,2-cube connec­

tions, and S as straight-connection, respectively. The SE performs its function with 

the help of its constituent functional modules and the built-in routing algorithm. The 

routing of packets within the SE is carried out in two phases: first, path establishment 

and then, cell transfer. 

In the path establishment phase, a routing table or vector is created using the 

available routing algorithm within the SE. The link selection criterion is then based 

on this created routing table. The function works on the principle of request (REQ) 

and acknowledgment (ACK) protocol. Each input port having a packet request , 

to be routed, selects an available output port , according to the available links in 

routing table, and sends a REQ to the next SE. In case of congestion on selected 

path the system seeks alternate paths until all routing options are tested. In case no 

alternate path is available the system responds to its preceding SE, with a negative 

acknowledgment ( ACK). However, a positive acknowledgment is always propagated 

backwards till it reaches the originating port indicating a path establishment. 

In the cell transfer phase, actual packet data transfer takes place, along with 

an assertion of FLAG signal, indicating a valid data present on data wires, to the 

next SE. 
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3.4 The SE Routing Algorithms 

The switching element (SE) establishes path for the arriving packet to the requested 

destination port of ILN network with the help of its built-in routing algorithms. The 

function of routing algorithm is to create a routing table or vector in accordance to the 

arriving packet's request at an input port of the SE. This routing table is used by the 

SE for connecting its certain input port with a specific output port. Since each SE's 

individual output port is connected with a particular next stage SE, the input-output 

port connection of SE thus establishes a unique path leading towards the desired 

destination IL network output port. There are two known routing algorithms: the 

Dynamic Routing Algorithm (DRA) published in [26], and, Improved Bit- Wise XOR 

Routing Algorithm (BRA) devised in [10] . Both of these algorithms are reviewed 

next. 

3.4.1 The Dynamic Routing Algorithm (DRA) 

The Dynamic Routing Algorithm (DRA) [26] establishes a connection path between 

an originating SE with the next stage SE in a distributed manner, to connect with 

the destination port of IL network. The DRA on receiving the destination address 

from the preceding equipment generates a routing table 'P' to select a potential next 

SE, connected with one of the 4 output ports of present SE. 

The routing table P is generated on the basis of two concepts: one, the cube con­

nection or Hamming distance concept of the ILN network, and second, the concept 

of early routing. The Hamming distance concept outlines that two SEs in adjacent 

stages are connected if their Hamming distance is minimum; i.e. , the chosen output 

port will connect the minimum origin and destination SE addresses. The early rout­

ing criteria outlines that two SEs in adjacent stages are connected if the path has 

the minimum vertical distance to the destination. This means if a path produced 

by Hamming Distance property, has identical routing options then the path which 

provides early routing will be selected by the system. 

In general, the Hamming distance 1i between SE S(i,j) and destination y is defined 

as 1i ( S ( i,j), y). Similarly, the least vertical distance V between address k of a SE in 

stage i, and destination y is defined as lk - YI- According to the DRA principle, the 



3. The Improved Logical Neighborhood Network (ILN) 30 

algorithm will create the routing table P by applying Hamming Distance 1l criteria 

first, and then Vertical Distance V concept so that P(1l , V) is minimal. 

Consider a packet routing example to understand DRA while taking into account 

three definitions. First, the Hamming distance property defines that the distance 

between two adjacent SEs is the binary address difference among them. Second, the 

vertical distance means the absolute difference between the integer addresses of SEs in 

two adjacent stages. Third, the IL network principle defines that each SE's output 

is connected with the next SE on cube connection basis, i.e. in IL network the SEs 

are interconnected at a binary distance of '0' or ' l'. Refer figure 3.2, a SE having j 

address = '000' will have Cube0 output connected to '001 ', Cube1 output connected 

to '010', Cube2 output connected to '100', and Straight output connected to '000' 

next SE j addresses. 

Consider, SE (j = '000') receives a request for destination address y = '111 ' . 

Now, the 1l/V for y at the output identified by Cube0 connection = 2/6, at Cube1 

connection= 2/5, at Cube2 connection= 2/3, and at Straight connection= 3/7. The 

DRA will thus arrange these values in ascending order as 2/3, 2/5, 2/6 , and 3/7 to 

create the routing table P. This arrangement is done while accounting minimum 1l 

first, and then the minimum V distance. Now according to the P the SE will select 

first choice route through Cube2
, second choice route through Cube1 , third choice 

route through Cube0 , and fourth choice route through Straight connection output 

ports. This same process of generating P and route selection criterion will repeat at 

SEs of each stage until the desired output port of ILN network is accessed. 

3.4.2 Bitwise Routing Algorithm (BRA) 

The Bitwise Routing Algorithm (BRA) [10] also establishes path between originating 

and destination SEs in a distributed manner. However, it does not involves arith­

metic operations; instead it relies upon bit-wise XOR operation on the destination 

SE's address D and the originating SE's row address j. This results in generating 

a routing vector p, which carries the routing information of destination path, and is 

given by [10]: 
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p = XOR(j,D) 

The routing vector p is updated at each stage within the succeeding SE, until all its 

bits are corrected to zeros indicating the path is established to the destination row 

address. The theory of this algorithm is that the vector p carries information about 

the mismatch between the originating address and the destination address. Each 

stages SE is able to correct a one bit , being assigned '1', located at any position in 

p. Thus, the mismatch would decrease by one bit each time the arrival packet 's path 

establishment request passes through a stage of the network. 

Consider an example that exhibits a maximum routing scheme for the possible SE 

outputs, used to establish the path based on the numerical value of routing vector 

p. Assume the originating SE address is "010" and the arriving packet's destination 

address request is also for "010" SE, then the created routing vector will be p = 
000. The SE routing system will thus only choose its straight connection. On the 

other hand consider if the originating SE address is "000" and the arriving packet's 

destination address is "111" port , then the created routing vector will be p = 111. 

The SE routing system will now test and access its all cube connection choices in the 

ascending order. 

The algorithm also employs an intelligent routing technique to counter any antic­

ipated blocking of path due to port contentions or poor usage of resources. These 

solutions are taken into consideration while foreseeing the scenarios of: First, two 

packet requests attempting for a same destination port; Second, there is only one 

straight connection option available but the desired path has faulty or busy equip­

ment (links or next SE); Third, when in the initial stages there exists low alternate 

routing priorities, but there is sufficient redundancy available in the next stages of 

network. The intelligent routing technique suggests to redress the mentioned prob­

lems by corrupting the already existing few '0' bits of the routing vector p to ' l ' . This 

technique will thus prevent an unnecessary congestion at a part icular stage, allowing 

the system to choose alternate paths to reach the desired output. That is to say, the 

actual vector p generation process is delayed by one stage. The intelligent routing 

technique then transmits both correct and corrupted address to the successive SE, 
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with the confidence that the corrupted bits of p will be returned back to zero value 

at the later stages. 

In this thesis, the design of ILN network incorporates the Bitwise Routing Al­

gorithm in its SE components. This routing algorithm was chosen because of its 

simplicity and ease of implementation. However, the algorithm's intelligent routing 

technique is not fully implemented to avoid any complexities in the design. 

3.5 ILN Network Performance Review 

The high performance networks are weighted by measuring their Quality of Service 

(QoS) parameters. Typical QoS parameters are: average packet delay, cell loss proba­

bility, throughput, and fault tolerance. In the literature these parameters are analyzed 

with different approaches. A review of results showing IL network performance mea­

surement is studied in this section. 

The terminal reliability of ILN network has been calculated in [25] , for a N input 

and output ports network, and is given by the equation: 

where, 

Rt = Terminal Reliability, 

m = log2 N ,and 

q = Failure Probability. 

In accordance to this relation, the performance of ILN network is measured for N = 
8, 16, 32 and 64, and is shown in Figure 3.3. The figure shows that the reliability 

decreases slowly as the probability of failure increases. Further, for a given failure 

probability, the reliability increases as the network size increases. This is advan­

tageous, since larger switches have higher manufacturing cost and should be more 

immune to total failure . Furthermore, the ILN network has reliability of almost a 1 

for failure probability of 50% when N = 64. 
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Figure 3.3. Terminal Reliability of ILN network when N = 8,16,32,64 

The performance of ILN network is studied in [26] by conducting numerical simu­

lations to analyze the cell loss probability and throughput. The behavior of network 

is observed by varying the number of input or output ports (N) , by varying output 

FIFO buffer sizes, and by keeping input FIFO buffer sizes fixed. The packet arrival 

traffic load is assumed to be high at 90%, with no network internal faults. The result 

in terms of cell loss probability (CLP) and throughput parameters are shown in Fig­

ures 3.4 and 3.5. In the figures , it is depicted that cell loss probability of 10- 6 can 

be reached when Output-Buffer = 45; and throughput of 100% when Output-Buffer 

= 35 for all network sizes. 

The performance of IL network is analytically studied in [10] in terms of through­

put and average delay. The relations devised in this study are reproduced and dis­

cussed below. 

An N x N ILN network is being built by using (n + 1) x (n + 1) crossbar SEs, 

in then - 1 internal stages, 1-to-(n + 1) selectors in the input stage and (n + 1)-to-1 

concentrators in the output stage; where n is the number of SE stages in IL net­

work. The probability p( i) that i packet requests arrive at a time slot addressed for 

an output port is given by: 
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(N) ( a ) i ( a ) N - i p(i) = i N l - N 

where, a is the arrival probability at an input port. The average number ( or flow) of 

packets that arrive at the inputs per time slot is given by: 

N 

Navg = E[ip(i)] = L ip(i) 
i=O 

The throughput is defined as the average number of cells which are successfully 

transferred between the input and output ports of the switching fabric per time slot. 

The formula of Kruskal and Snir [45] for the throughput Th is 

Th 
q 

1 + qs(b - 1)/(2b) 

where, q = a/(n+l) is the arrival probability at any internal link, s = n - 1 is the 

number of internal stages, and b = n + 1 is the number of links in the internal SEs. 

Thus, the throughput is given by: 

Th 
a 

n + l + an(n - 1)/[2(n + 1)] 

The above formula is true when the SEs in the last stage can only accept packets for 

one of its n + 1 inputs. If the SEs in the last stage can accept all n + 1 packets in 

one time slot , then the throughput would be 

Th 
a 

1 + an(n - 1)/[2(n + 1)2] 
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Figure 3.6. ILN network throughput comparison with other Networks - from /10} 

The probability that a packet will access the desired output, Pa, is defined as 

Th 
Pa 

The delay of the network is defined as the average time a packet spends in the 

network before it succeeds in accessing an output port. The average delay time, t can 

be calculated with the expression 

t 
1 - Pa 

Pa 

The above equations for throughput and average delay are applied to compare 

the performance of ILN, ADM, Banyan, and the Generalized Cube networks using 

MatLab simulations. These results are obtained by applying 90% traffic load, and 

are shown in Figures 3.6 and 3. 7. The figures depict that the performance of other 

networks in comparison to IL network declines for throughput as the network size 

increases. However, the ILN network performance in terms of Delay deteriorate after 
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Figure 3.7. ILN network delay comparison with other Networks - from {10} 

n = 6 ( = 64) . This is due to the time consumption for path establishment and then 

cell transfer phases during the packet switching process. This could be a trade-off 

between throughput within network or a delay at higher size of networks. However, 

in practical switches the size of typical networks is within the range of N = 64. Since, 

the IL network performance over given QoS parameters are significantly high than 

most networks, thus it is the most desirable switching fabric. 

The performance of the IL network is also being analyzed in the [27], by applying 

numerical simulations. The results of this study has verified the relations devised 

in [10]. The study exhibits that the ILN network's performance, and the devised 

routing algorithms are correct. The study has also proved with statistics that the 

ILN network has outperformed the other networks over throughput, average delay, 

and cell loss probability QoS parameters. 

3.6 Summary 

In this chapter we have specifically overviewed the Improved Logical eighborhood 

(IL ) Network. We have defined the IL network theory from [25] and explained 

the applications in terms of its functional modules. The ILN network is comprised of 
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interconnected switching nodes called Switching Elements (SE). The SE is the main 

building block ofILN network and it's working is localized once activated. The SE has 

self routing capabilities for packet transport from origin to destination ports, while 

using its built-in packet routing algorithms. The network uses distributed routing at 

its each node and establishes path between SEs using its redundant links. 

The chapter further reviewed the ILN network theory's relevant routing algorithms 

and explained them with examples. In the end of the chapter a review of IL network 

reliability and performance analysis, being previously done in the literature, was 

presented. This review included the comparison of ILN network performances with 

other known networks. 

It has been observed in this study that IL network is a non-blocking switch fabric 

since it allows n+ 1 packets to traverse from its any input to any of its output ports. 

The network is fault tolerant as it performs satisfactorily in presence of n faulty links 

and nodes. The results of analysis has proved that the ILN network out-performs 

other networks in terms of high standard QoS parameters: high throughput , low 

delay, and low CLP. The network has thus high capabilities for handling multicast , 

broadcast and hotspot traffic for a switch. 

Since the IL network has all desirable qualities required by ATM and IP switches 

for data communications, therefore it has been chosen in this thesis as the model for 

hardware implementation. The next chapter draws digital design specifications of 

IL network, based on the theory discussed in this chapter. 
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Chapter 4 

Digital Design of ILN Network 

4.1 Introduction 

This chapter presents a digital design model of ILN network, based on the the­

ory discussed in the previous chapter. The functions of ILN network described in 

the previous chapter are taken into account in terms of hardware implementation. 

Thus this model provides necessary specifications for the VLSI implementation of the 

ILN network, being presented in the next chapter. The chapter outlines the design 

methodology and then details the IL network's technical functional building blocks, 

along with the strategies for routing of packets within the switching fabric. 

The chapter describes the IL network in a top-down fashion , and devises digital 

specifications for the hardware implementation of the network. Section 4.2 describes 

the design methodology used for modeling the IL network. This section section 

reviews the VLSI industry standards and approach for integrated circuits (IC) de­

signing process. Section 4.3 outlines the top layer of design, which is the ILN network. 

The section specifies a complete ILN network scheme, explaining the connection links 

tieing the constituent switching processors of the network. Section 4.4 details the 

main building block of ILN network - the switching element (SE) . This section iden­

tifies all the composite layers of SE and their interconnection with each other. The 

sections 4.5, 4.7, and 4.8 provides specifications for each layer of SE, with details of 

all applied control and data signals. The section 4. 7 discusses an important block of 

SE, where actual packet switching mechanism is housed. This section further details 

the module's control and functional components interaction in the sub-section 4. 7.3. 

The chapter ends with a summary of technical specifications for the ILN network. 
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4.2 Design Methodology 

The success of a design of any integrated circuit depends on the use of a structured 

design strategy. This strategy uses systematic methods to simplify the design process. 

The advantages of structured design are the provision of options for easier manage­

ment of the design complexity, which eventually allows flexibility in making design 

changes and simplification in the verification and debugging processes. A number of 

structured design techniques are known in VLSI industry but all have great deal of 

commonality. The structured design strategy follows four steps: hierarchy, modular­

ity, regularity, and information hiding [55, 56, 57]. 

The proposed design of the IL switching fabric of this thesis follows the struc­

tured design strategy. 

4.2.1 Hierarchy 

Hierarchy uses the idea of dividing a functional module into layers of simpler sub­

modules, and then repeating this operation on the sub-modules until the complexity 

of the basic module represent an appropriately comprehensible simple functional unit. 

This strategy is accomplished by using a set of abstractions developed in the industry 

to describe integrated electronic systems. In this scheme the design is divided into 

three distinct domains: behavioral, structural, and physical domains. 

The behavioral domain specifies what specific functions are being performed by a 

system; e.g., by a top layer icon representation. The structural domain specifies the 

subdivided entities, and the manner they are integrated together through interfaces, 

being well defined and fully specified; e.g., by block diagram. Finally, the physical do­

main specifies how to actually build a structure that has the required connectivity to 

implement the prescribed behavior of the model. In the IC design, a well-defined be­

havioral, structural, and physical interface indicates the layer, name, layer type, size, 

and signal type of external interconnections, along with logic function and electrical 

characteristics. 
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4.2.2 Modularity 

The principle of modularity is to create modules in a design, which serve several 

functions. These modules are thus to be designed once and then they are used sev­

eral times within the same design, or in different designs. The advantage of this 

strategy lies in the reduced design time, the need to verify the module only once, 

and allowing for easier design changes. In hardware design, during simulation and 

synthesis [detailed in next chapter], in order to accomplish physical design level the 

technology design library files are utilized. These design files contain commonly used 

components, being the basic building blocks of a design, such as registers, counters, 

multiplexers, ALUs, etc. 

4.2.3 Regularity 

The concept of regularity is to create consistency in the design. The designs fulfillment 

of this requirement eases the placement and wire routing tasks of VLSI fabrication 

process. This is achieved by considering the regular module shape and layout, routing, 

and regular signal transition. The regular module shape means dividing the design 

into set of a similar building blocks. The shape and layout of the modules refers to 

the size of the modules and the location of physical interconnections of their different 

signals. For example, I/0 ports could be placed on the left and right of the module 

with control signals applied from the top and bottom of design icon. The regular 

signal transition also points to using of a single edge of a clock instead of using both 

edges in a same process. 

4.2.4 Information Hiding 

Information hiding suggests creation of black box modules, whom internal construc­

tion is hidden from rest of the circuit. This means, only the behavioral description of 

the module is considered in the design. The use of such modules simplifies reviews, 

modifications and debugging of the design. One example could be of using a memory 

element in the design, with no detail of its internal construction, except its external 

signals and the response of the module. 
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Table 4.1. The ILN network control and port signals 

Signal Type Descript ion 

Clk In Switch system's Clock input signal - the entire ILN sys-

tern is synchronized on this global signal. 

Reset In Asynchronous reset signal. 

Nin InOut IL input packet transport ports: 0 to 7; Each port con-

tains in & out control signals, and input packet data 

[31:0] lines. 

NOut InOut ILN output packet transport ports: 0 to 7; Each port 

contains in & out control signals, and output packet data 

[31:0] lines. 

4.3 The ILN Network 

The function of ILN network is to initialize and perform switching by routing the 

incoming packets from any of its input port to the desired output port. The network 

is required to provide highest QoS and Fault Tolerance features. The IL network 

model described in this design is an N x N switch fabric , where N is fixed at 8, 

for simplicity. As per theory of ILN network, the model uses 4 x 4 identical and 

modular crossbar switches called switching elements (SE) , which are inter-connected 

to each other to make a network, in a cube connection fashion. The SEs are arranged 

in n + 1 stages, where n = log2 N. The stages of the network individually consists 

of a column of N SEs. In the network configuration each switch has an (i,j) address, 

where i indicates horizontal and j as vertical location of SE. 

An ILN network scheme, with connection links and connected SEs, is shown in 

Figure 4.1, and a description of signals is shown in Table 4.1. The Figure 4.1 is a 

detailed diagram for the ILN network, that was schematically shown in Figure 3.1 of 

previous chapter. The blocks in Figure 4.1 are all identical and represents a switching 

element (SE) . Each SE at ( i,j) IL network address is labeled in binary form as shown. 

The constituent SEs of ILN network has input-output ports of packet transport: data 

and signaling, along with the control signals: Reset-In (RI), Reset-Out (RO), SE 

Address-In (AI) , and SE Address-Out (AO) , respectively. Within ILN network, the 
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Figure 4.1. The ILN Network Structure 
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SEs are connected with each other through links, according to the cube connection 

function. Note that the input and output packet transport links of a specific SE of 

the ILN network are showing the addresses of preceding and succeeding equipments 

connected to the SE. 

Refer Figure 2.1 of chapter 2 showing a generic switch system having input (IM) 

and output (OM) modules along with the switch fabric. The switch system is re­

sponsible to provide necessary Reset and Clock signals to the IL switch fabric. In 

Figure 4.1 the Reset input of ILN network is connected to its constituent 0th SE; 

whereas, the Clock input is a global or synchronous signal for all components of 

network. The network initializes its system upon assertion of Reset signal. During 

initialization, the SEs of ILN network generates their own address, and provides con­

trol reset signal and address information to their successive SEs within the switch 

fabric . At the ports of ILN network, the input (IM) and output (OM) modules of the 

switch implements FIFO queues that are able to buffer incoming and outgoing pack­

ets to and from the other layers [refer OSI model], during the switching functionality 

of ILN network. As described in Table 4.1 each port of the ILN network is a pipe of 

wires that contains control and data signals. The IM and OM performs a sequence 

of interactive signaling (both-way) in a hand-shaking protocol over control wires of 

Nin and Out ports of IL network, during the path establishment phase. However, 

during the actual packet transfer phase the flow of packet is in one direction from 

inport to the outport over data wires of Nin and NOut ports of the network. 

The ILN network performs its functions with the help of its constituent modular 

elements, according to the structural design strategy. A hierarchy of the IL net­

work's top-to-down design is shown in Figure 4.2. The specs and functions of these 

individual modules are discussed in the following sections. 

4.4 The Switching Element 

The switching element (SE) is a modular and the main building block of IL net­

work. The SE consists of 4 input and 4 output ports, and implements a built-in 

distributed routing algorithm. The routing algorithm used in this design is Bit-wise 

Routing Algorithm (BRA), discussed in Section 3.4.2. The design does not employ 
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Figure 4.2. The ILN Network Hierarchy 

the hardware complexity for the implementation of intelligent routing aspect of BRA. 

This approach in the design is taken into consideration to have a simple and better 

understanding of the ILN network theory and hardware implementation processes. 

However the design exhibits all the properties of ILN network including SE's con­

tention resolution aspect . 

The design of SE is required to fulfill all the following functions of a fundamental 

SE: 

1. at the initialization of system, update SE location within the ILN network, 

2. provide SE's own addressing information to the neighboring SEs in the ILN 

network, 

3. provide initialization signal to the SE's neighboring SEs within IL network, 

4. initialize SE's internal functional modules, 

5. when ready after initialization, process packet switching and implement con­

tention resolution according to the IL network principles. 

The SE should be able to continue its functions even with its faulty ports or connected 
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Figure 4.3. A top level SE diagram 

links at its ports; until all its resources are exhausted. This gives graceful degradation 

of the network in the presence of faults and provides the system with a high degree 

of fault tolerance. 

A top layer of SE with its input and output ports is shown in Figure 4.3. The 

details of SE signals are described in Table 4.2. In the figure , the clock (Clk) is a global 

input signal to the IL network system; all events of IL network are synchronous 

with its rising edge. The Reset is an asynchronous signal input to IL network, 

and upon its assertion (active-low) the network 's initialization and switching process 

activates. The switch inputs (SEI-0, SEI-1 , .. ) and switch outputs (SEO-0, SEO-2, .. ) 

signals are the pipes or bundles of wires , meant for packet control and data signal 

transportation. The other auxiliary input and output signals provide addressing and 

control information being required during the initialization process of SE. 

The SE performs its functions by employing smaller and modular functional hard­

ware components. The composition of SE constitutes three modules: an Address Gen­

erator (AddGen), a Switching Module (SM), and an Output Port Selector (OPSel). 

The internal structure of SE is shown in Figure 4.4. In this figure it is also shown that 

SE provides some internal signals for its constituent modules. The internal signal En­

able triggers the switching function of SE at ready state, after performing the initial 

addressing function . This signal is meant to be asserted after a certain delay, during 

which all other ILN network SEs perform the addressing function to update their 

location addresses and reach the ready state. The other internal signals are address j 
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Table 4 .2. Top Level SE signal description 

Signal Type D escription 

Clk In Clock input: all SE events are synchronized at the rising 

edge of this clock signal. 

Reset In Asynchronous reset input signal to trigger SE functions. 

Sign In SE Control Input signal - when '1': SE assigns its address 

as 0th, when 'O': SE calculates its address with respect 

to its preceding SE's Address 

Addr-i [2:0] In Preceding SE's Stage Address - its 0th bit signifies the 

address is coming either from Vertical or Horizontal IL 

location source: when = 'l ': preceding SE at vertical , 

when = 'O': preceding SE at horizontal. 

Addr-j [2:0] In Preceding SE's ILN vertical location address. 

SEl-0 [34:0] InOut SE Packet Input at port number 0. 

SEI-1 [34:0] InOut SE Packet Input at port number 1. 

SEl-2 [34:0] InOut SE Packet Input at port number 2. 

SEI-3 [34:0] InOut SE Packet Input at port number 3. 

Addr-iH Out SE's calculated address of its stage, for the neighboring 

Horizontal SE - 'H' signifies Horizontal: 0th bit = 0. 

Addr-iV Out SE's calculated address of its stage, for the neighboring 

vertical SE - 'V' signifies Vertical: 0th bit = 1. 

Addr-jB Out SE's calculated address of its vertical IL location - 'B' 

signifies Both, being same for both vertical or horizontal 

neighboring SE 

ResetBar Out Asynchronous reset output signal to neighboring SE's 

functions . It is asserted when valid output address sig-

nals are available. 

SEO-0 [34:0] InOut SE Packet Output at port number 0. 

SEO-1 [34:0] InOut SE Packet Output at port number 1. 

SEO-2 [34:0] InOut SE Packet Output at port number 2. 

SEO-3 [34:0] InOut SE Packet Output at port number 3. 
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branched from outgoing address Addr-jB signal, and address i signal extracted from 

the 2 MSB bits of outgoing address Addr-iV signal. These i and j signals signifies 

the SE( i,j) address location within ILN network. 

In the ILN network the Reset input is connected with the SE at location (0,0) 

i.e. , the top left switch of the network. The Sign input signal of SE(O,O) is tied to '1 ' 

( declaring it to be the 0th SE in ILN network) , whereas the other SEs Sign input is 

kept 'O' (declaring them to be the non 0th SE in ILN network) . The SEs of the ILN 

network, performs addressing function at initialization, upon assertion of Reset signal, 

while considering the value of the input Sign signal. This addressing information is 

then transmitted to the SE's internal SM module and to the neighboring horizontal or 

vertical SE. In the ILN network, the top row of the SEs provide addressing information 

to the successive horizontal neighboring SE's Addr-i and Addr-j inputs, through 

horizontal addressing signals (Addr-iH & Addr-jB). Each top SE in-turn provide 

addressing information to the successive vertical neighboring SEs downwards in each 

ILN network stage, using vertical addressing signals (Addr-iV & Addr-jB) . In the 

same fashion the ResetBar signal of preceding SE is connected to the Reset signal 

of succeeding SE. This ResetBar signal is asserted, once a valid address is produced 

over Addr-iH, Addr-iV, and Addr-jB output signals. 

The detail specification of SE functions performed by its constituent elements are 

described in the following sections. 

4.5 The SE Address Generator 

The function of Address Generator (AddGen) is to create SE's location address in 

the ILN network, provide this address info to the SE's other internal components, 

and to the neighboring horizontal and vertical SEs. Further, the address generator 

provides Enable signal to the SE's internal functional modules after a certain delay. 

This delay is equivalent to the required number of clock cycles needed by other SEs 

of the network to perform the addressing function. 

The Address Generator performs its functions by utilizing the input initialization 

and addressing signals of the SE. The resulting values of these functions are then 

produced at the output ports of the Address Generator module. An icon of the 
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Address Generator is shown in Figure 4.5, and its signals description are shown in 

Table 4.3. 

A flow diagram showing sequence of Address Generator functions is shown in 

Figure 4.6; and the detail of these functions are discussed below. 

The Address Generator module triggers upon assertion of Reset signal, which 

signifies start of SE's initialization and availability of valid 'address ' and 'sign' signals 

at its input. The module generates SE address after examining the value of Sign 

signal. If the Sign signal is pulled to a '1 ', the Address Generator creates 0th i and 

j addresses. If Sign signal is at 'O', it extracts the previous SE's i value from the 

two MSB bits of input Addr-i signal and determines Addr-i 0th bit . In case this bit 

is equal to 'O' , it is perceived by the system that this SE is located at horizontal 

location with respect to the preceding SE. Thus extracted previous SE's i address 

is incremented by one to create the SE's i address; whereas, the j address is copied 

as is from the input Addr-j signal, to create the SE's j address. However, if the 

input Addr-i signals 0th bit equals to '1', it is perceived by the system that this SE 

is located at vertical location with respect to the preceding SE. Thus received Addr-j 

value is incremented by one to create j; whereas, the extracted i remains unchanged 

to create the SE's address, respectively. 

The Address Generator module also creates output address i-Vertical (Addr-iV) , 

address i-Horizontal (Addr-iH), and address j-Both (Addr-jB) signals for neighboring 

SEs in ILN network. The Addr-iV is a 3-bit vector, created by concatenating a '1' 

at 0th bit place and generated i value at the MSB of the vector. Similarly, a 3-bit 

Addr-iH is created by concatenating a 'O' at 0th bit place and the generated i value 

at the MSB of the vector. In ILN network one of these signals are connected with the 

Addr-i input of the neighboring horizontal or vertical SE. The 3-bit addr-jB vector 

contains the created j signal value. In ILN network this signal can be connected to 

the Addr-j input of both or any horizontal and vertical neighboring SEs. After the 

generation of i and j output signals of SE, the Address Generator asserts ResetBar 

output signal, signifying valid address signals available at the output of SE. This 

ResetBar signal is attributed by the next SE as an input Reset signal. 

The module 's next function is to provide an output Enable signal, which serves as 

an input Enable signal for the other internal components (SM and OPSel) of the SE. 
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Figure 4.5. The SE Address Generator 

Table 4.3. Address Generator signal description 

Signal Type D escription 

Clk In Clock signal 

Sign In Indication signal - when '1', the SE is at 0th location 

Reset In When asserted signifies start of SE initialization, and 

valid address at Addr-i, and Addr-j inputs. 

Addr-i [2:0] In 0th bit identifies position of SE with respect to the pre-

ceding SE, and MSBs provides i address 

Addr-j [2 :0] In SE j address 

Enable Out Enable signal for other internal components of the SE, 

and is asserted after a certain delay. 

ResetBar Out Reset signal for the neighboring SEs 

Addr-iH [2:0] Out Address i for the neighboring horizontal SE. 

Addr-iV [2:0] Out Address i for the neighboring vertical SE. 

Addr-jB [2:0] Out Address j for both vertical and horizontal neighboring 

SEs. 
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(ij) 

Figure 4.6. Address Generator functional flow diagram 

The Enable signal is asserted after a certain Delay, equal to the number of clock cy­

cles required by other ILN network SEs to perform their addressing function. During 

the simulation phase of ILN network's hardware implementation ( discussed in next 

chapter), it has been observed that each SE's Address Generator module requires 

a maximum of 3 clock cycles period to perform its functions. With this identified 

result, the required Delay can be calculated as: 

D elay= 3 x (Network Size - SE Location) 

4.6 The SE Switching Module (SM) 

The Switching Module (SM) is connected with all the input packet data and signaling 

ports of SE i.e. , SEI-0 to SEI-3. An icon of SM, extracted from figure 4.4, is shown 

in Figure 4.7. The signal details of SM ports are described in Table 4.4. The SM 
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processes the packet transport function at each of its input port with the help of 

its in-house cascaded sub-switching modules (SSM) . Each SSM does packet routing 

by interacting with the SE's Output-Port-Selector component through SM's output 

ports. 

Clk Enable 

SMI_0 SMO_0 

SMl_l SMO_I 

SMl_2 S.M. SMO_2 

SMI_3 SMO_3 

Addr_i Addr_j 

Figure 4 .7. An icon of SM 

Table 4.4. The SM signal description 

Signal Type Descript ion 

Clk In Clock signal. 

Enable In When asserted signifies valid address on input address 

lines, and ready signal for all internal FSMs. 

Addr-i [1:0] In SE stage address within ILN. 

Addr-j [2:0] In SE vertical address within a stage. 

SMI [34:0] InOut SM input ports: 0 to 3, Each port contains in & out 

control signals, and input data [31:0] lines 

SMO [38:0] InOut SM output ports: 0 to 3, Each port contains in & out 

control signals, and output data [31 :0] lines 

The internal structure of SM is shown in Figure 4.8. The figure shows the SM's 

input and output switching port-pipes are splitted and connected to the control and 

data ports of each SSM. Thus the hub of switching activity lies at the SSM, whose 
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signal description will also explain the SM's each port signal distribution. The detail 

of SSM is described in the next section. 

4.7 The Sub Switching Module (SSM) 

The Sub Switching Module (SSM) is the hub of switching functions in the SE. An 

icon of SSM is shown in Figure 4.9, and its signal description is detailed in Table 4.5. 

This module is modular and is replicated at each SM port, and subsequently on each 

input port of the SE. It functions independently to route the incoming packets, using 

its built-in Bit-wise Routing Algorithm (BRA) . 

The SSM activates on assertion of Enable signal, received from the Address Gen­

erator module of the SE. During its operation the SSM remains in three modes: ready, 

path establishment, and packet transport . When ready, the SSM keeps hunting the 

SE input port for a packet request. In path establishment phase, receives packet 

arrival indication, performs routing and establish desired destination path according 

to the routing information. This phase involves communication with preceding and 

succeeding SEs, along with the internal SE OPSel device. In packet transport phase, 

the SSM transports the actual packet data over its data lines. 

The SSM is a processor whose applications are mainly decomposed into control 

and the functional units , as per definitions of stored program computer [55] . The 

control and functional units works by interacting with each other on a command 

and response principle. In this procedure, the control unit behaves as the master 
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Table 4.5. The SSM signal description 

Signal Type Description 

Clk In Clock input 

Enable In Asynchronous initialization signal 

Addr-i [1:0] In Address i - stage location 

Addr-j [2:0] In Address j - vertical location 

Reqin In Request signal from preceding SE or switch IM indicating 

a packet arrival. 

AckOut Out Asserted two times in a packet processing session, for the 

preceding equipment. First, to confirm system availabil-

ity; Second, to indicate path availability status. 

Flagin In Indicates valid data over data input lines during destina-

tion address and packet transfer phases. 

Datain [31:0] In Packet data input lines; the data is picked from these 

lines at two instances - first for destination address, and 

second during actual packet transfer 

PrtReq [2:0] Out Port Request signal to the OPSel. The one MSB acts 

as a control bit , whereas the two LSB bits indicates the 

required output port number. 

PrtGnt In Port Grant - indication from the OPSel about the avail-

ability of desired port 

ReqOut Out Same as Reqln, but towards succeeding SE or switch OM. 

Ackin In Same as AckOut, but from succeeding SE or switch OM. 

FlagOut Out Same as Flagin, but towards succeeding SE or switch 

OM. 

DataOut [31:0] Out Same as Dataln but towards succeeding SE or switch 

OM. 
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and functional units as slave or decoders. The control unit in itself implements a 

Finite State Machine (FSM), which sequence the control commands output in a fixed 

pattern. Whereas, the functional units executes packet switching in accordance to the 

control commands received. In the design the functional units are five entities named 

as: Sensor, Translator, Router, Request, and Timer. The FSM communicates with 

the decoders over Command and Response buses. These buses in hardware consists 

of a bunch of wires, which are connected to the control unit and the individual ports 

of each decoders, respectively. The interconnection of the control and functional units 

is shown in Figure 4.10, and their individual functions are explained in the following 

sub-sections. 

4.7.1 SSM Control Unit 

The SSM Control Unit is composed of a FSM, which sequences the entire operation 

of SSM. This unit activates on assertion of Enable signal from the Address Generator 

module of the SE. Once activated, the FSM sequence the SSM switching function as: 

hunt for an incoming packet request at the input; on arrival of packet request send 

acknowledgment signal to the preceding equipment, indicating system's availability; 

perform path establishment process; on path establishment with the destination port, 

transport actual packet data; on completion of packet transport, release system's 

resources and go back in hunting mode for a new packet request. 

The path establishment process involves receiving destination address , creating 

routing vector according to BRA, and seeking desired port from the OPSel of SE. 

In this process, if the desired port is not available, the system is responsible for 

providing either other port option or send negative acknowledgment to the preceding 

equipment. 

The actual transport of packet is done once the path establishment is achieved 

after receiving and sending positive acknowledgment signals from the succeeding and 

to the preceding equipments, respectively. During this process the system has an 

option of implementing the network congestion control mechanism. This is done 

by observing the acknowledgment-in signal from the succeeding equipment, which is 

when removed, the data is suspended until the acknowledgment signal is received 

back. At this instance, the data transport is resumed again. In case, the congestion 
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remains for a longer duration, the system starts the mechanism of dropping the packet. 

During this whole process, the system keep interacting with the preceding equipment 

through acknowledgment-out signal. 

The FSM interacts with the functional modules by sending control commands 

over the command bus and receives their responses over the response bus. These 

buses are practically a bunch of wires, and operates on one-hot coding principle. The 

slave modules listens to the appropriate command and react along with a response 

signal. The control FSM transit between eleven states during the entire operation of 

the SSM's switching function. The state diagram of the FSM is shown in Figure 4.11, 

and the operations executed in each state are explained below briefly. 

In the Figure 4.11 the FSM is always sensitive to the input asynchronous Enable 

signal, which is when low it remains in 'IDLE state'. In this state, the FSM keep 

sending disable command to all the functional units of SSM. On assertion of Enable 

signal, the FSM moves into the 'READY state', and sends control command for a 

corresponding functional unit to hunt any packet arrival request signal. On receipt 

of packet request , being notified by the functional unit, the FSM moves to 'AC­

KNOWLEDGE state', and issues command for the functional unit to send positive 

acknowledgment signal to the preceding equipment, signifying equipments availabil­

ity. After this action on expiry of timer, the FSM moves into 'TRANSLATION state', 

and sends command to receive destination address and create routing vector. On re­

ceipt of a response from the functional unit , the FSM moves to 'ROUTING state', 

and commands to access desired SE output port, according to the routing vector. The 

functional unit if responds with the desired port available signal, then FSM moves 

into 'REQUEST state', otherwise into 'NEGATIVE ACKNOWLEDGMENT state'. 

In REQUEST state, the FSM asserts control command to send a path establishment 

request to the succeeding equipment, and wait for their response. If the functional 

unit senses and responds with next equipments availability, the FSM moves to 'DES­

TINATION state', otherwise it moves back to the 'ROUTING state' for next available 

alternate routing routes. In DESTINATION state, the FSM commands to send des­

tination address to the next equipment, and wait for their response. If the functional 

unit senses and responds an establishment of path with the ILN network destina­

tion port, the FSM moves into 'TRANSPORT state', otherwise it moves back to 
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the 'ROUTING state' for next available alternate routing routes. In 'TRANSPORT 

state' the FSM asserts command for the transport of actual packet data. During the 

packet data transport phase, if the decoder senses and reports a network congestion, 

the FSM moves into 'SUSPEND state', otherwise on end of packet data it moves into 

'TERMINATION state'. 

The NEGATIVE ACKNOWLEDGMENT state of the FSM is responsible of send­

ing a command for the functional unit to assert NACK signal for preceding equipment 

informing an ILN network congestion from this SE. The preceding equipment may 

then attempts for path establishment through an alternate SE. In the SUSPEND 

state, the FSM issues command for suspending the transport of packet data along 

with network congestion report to the preceding equipment. The FSM moves back 

to the TRANSPORT state to resume packet data transport once the congestion is 

removed. However, in case of a long presence of congestion, the system has the option 

of terminating the session with necessary signaling to the preceding equipment of the 

SE. This feature ensures avoidance of stucking the system for ever in a single state. 

In the TERMINATION state, the FSM asserts command for all functional units to 

reset their registers at the reference position. The FSM in next clock cycle moves back 

to the READY state for serving next incoming packet request. At any clock cycle 

during the packet switching process, the FSM could move back to the READY state 

through TERMINATION state, whenever the input packet request signal is removed 

from the preceding equipment. 

4.7.2 SSM Functional Units 

Referring to Figure 4.10 the functional units of SSM in the design are: Sensor, Trans­

lator, Router, Request , and Timer modules. The task of these modules is to execute 

packet switching process after decoding the received commands from the Control unit. 

These modules are individually connected with the SSM control unit over command 

and response buses; along with, the input and output SSM ports control (Request, 

Acknowledge, Flag) and packet data (Data) lines, as shown in Figure 4.10. The 

functional modules communicate with preceding and succeeding SSMs, and with the 

SE's internal OPSel device over input and output control lines, to establish a path 

to the desired destination ILN network port. Further after path establishment, they 
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performs the function of actual transfer of the packet data over input and output 

ports data lines. The modules are further responsible to respond the outcome of 

its operations to the SSM Control unit. Each module returns its registers to their 

initialization values during the Idle state of SSM, and at every termination of packet 

switching session. A brief explanation of these modules is described as follows. 

The functions of sensor are: sense packet request , sense positive or negative ac­

knowledgment from the succeeding equipment, and send positive or negative acknowl­

edgment to the preceding equipment. The function of Request module is to assert 

output request signal for the next equipment. The functions of Timer module are to 

insert various clock cycle delays in the switching process. 

The functions of Translator module are: receive valid destination address when 

input flag signal is asserted, create routing vector according to the received destina­

tion address, send routing vector information to the Router functional module, send 

destination address along with corresponding output flag signal to the next equip­

ment, receive packet data, and send or pause packet data along with corresponding 

output flag signal to the next equipment. 

The functions of Router module are: receive routing vector information from the 

translator module, seek desired output port according to the routing information by 

sending specific port request to the OPSel, and seek alternate port when desired 

output port is not available. The Router, considers address i in routing since in the 

last stage of ILN network only straight connection is to be sought. 

4. 7 .3 The SSM Mechanism 

The SSM mechanism works on the interaction of SSM control and functional units 

to perform packet switching function at each port of the SE. A summary of the 

SSM control unit's commands and the functional unit 's corresponding operational 

responses are explained in the Table 4.6. 

In the Table 4.6 the control unit's 11-states are shown, and against each state the 

functional units functions: 'A' through 'M' are indicated and explained, respectively. 
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Table 4.6. SSM control commands and Decoders corresponding functions 

Functional Unit Responses 

A B C D E F G 

- - - - - - -

X X 

X X 

X X X 

X X 

X X 

* * * * * * * 
where, 

'- ' : Reset to initial values 

'X' : Assert function 

'*' : De-Assert function 

' .' : Don't Care 

wherein, 

H I J K 

- - - -

X 

X 

X 

X 

X 

* * * * 

Control Unit Commands 

L M 

- - IDLE 

X READY 

X ACKNOWLEDGE 

X TRANSLATION 

X ROUTING 

X REQUEST 

X X DESTINATION 

X X TRANSPORT 

X X SUSPEND 

NEG-ACKNOWLEDGE 

* * TERMINATION 

Function - A: Timer Module - insert OPSel Response Delay 

Function - B: Timer Module - insert Next SE Response Delay 

Function - C: Timer Module - insert ILN Destination Port Response Delay 

Function - D: Request Module - send Request signal 

Function - E: Router Module - seek SE Output Port 

Function - F: Translator Module - send Packet Data 

Function - G: Translator Module - send Destination Address 

Function - H: Translator Module - create Routing Vector 

Function - I: Sensor Module - send Negative Acknowledgment 

Function - J: Sensor Module - send Positive Acknowledgment 

Function - K: Sensor Module - sense Next SE Response 

Function - L: Sensor Module - sense Path Establishment Acknowledgment 

Function - M: Sensor Mo.dule - sense Packet Request 
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4.8 The SE Output Port Selector {OPSel) 

The Output Port Selector (OPSel) block provides access to the desired output port 

of SE to the individual SSM modules. Another important function of the OPSel is to 

resolve the packet request contention over output ports sought by the input ports of 

SE. Each input of OPSel is connected with the outputs of individual SSMs; whereas, 

its outputs are connected with each output of the SE, respectively. The OPSel input 

port is a pipe of signals containing 35 wires of packet control and data signals, 3 wires 

of Port Request (PrtReq) signal by the SSM, and 1 wire of Port Grant (PrtGnt) signal 

from OPSel to the SSM. Each OPSel output port is a pipe of wires containing only 

35 wires of packet control and data signals, which is consequently the output of the 

SE. 

The OPSel performs its function by sampling the input packet request signals 

from each SSM, in a cyclic fashion. At a particular time slot if the module senses 

the corresponding SSM's packet request signal, it responds by a port grant signal 

to the SSM along with extending connection of 35 wires of packet control and data 

signals with the output port of SE. However, when a particular output port is busy, 

the module ignores any packet requests for that port; it is the responsibility of the 

requesting SSM to time out it 's request signal. 

A block diagram of OPSel structure is shown in Figure 4.12. The module com­

prises of 4 times cascaded internal buses, selectors, and a component identified in 

this design as Output-Port (OUTPORT) access device. All OPSel inputs are termi­

nated over internal SSM buses: 0 to 3; and, all OPSel outputs are connected through 

OUTPORT component. The system samples the input SSM's packet request signal 

with the help of Selectors. Each selector is controlled by the respective OUTPORT 

component through selector control (Sel) signal. The OUTPORT sends Sel signal at 

every successesive clock cycle until a packet request for that particular OUTPORT 

is not received. In a certain clock cycle if a packet request matches to the OUT­

PORT address, the OUTPORT seizes sending Sel signal. This action connects the 

requesting SSM's 35-wire control and data signals with the output port of the SE. 

The OUTPORT thereafter sends port grant signal to the connected SSM for further 

processing of the switching function. 
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Figure 4.12. The OPSel structure 
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4.9 Summary 

In this chapter we discussed the digital logic specifications for the hardware implemen­

tation of ILN network. These specifications were based on the ILN network theory, 

discussed in chapter 3. This chapter also discusses the methodology for devising the 

designs hardware implementation work, with definitions of industry standards. 

The ILN network specifications gives details of the complete hierarchy of switch 

fabric. Each component is being specified with its functions and necessary hardware 

signals required to perform their intended functions . The heart of the ILN network 

control mechanism is also elaborated with its sequence of operation to initialize the 

switch fabric system, and perform packet switching processes. 

The design is made simple for better understanding of ILN network theory and 

the VLSI implementations design steps. The circuit complexity is minimized by fixing 

the input and output ports of ILN network at 8; however, the design has the option 

to include this complexity to make the design scalable. Similarly, the complexity in 

Bitwise Routing Algorithm is also made straight forward, by not including the intelli­

gent routing techniques. The switch fabric is still efficient without these complexities 

in the circuit, the design has the capability of resolving contention, is fault tolerant 

and fully depicts the complete characteristics of the ILN network switching theory. 



67 

Chapter 5 

Hardware Design of ILN Network 

5 .1 Introduction 

In this chapter the ILN network hardware implementation is described, being based 

on the design specifications drawn in the previous chapter. The chapter discusses 

hardware design flow in detail, which entails writing design specifications in hard­

ware description language, performing model's functional simulations, synthesis, and 

physical implementation. 

The simulations of the design are done using the ModelSim simulation tools from 

Model Technology Incorporated (MTI), being a trade mark of Mentor Graphics Cor­

poration [58]. The synthesis is done using Synplicity's SynplifyPro-7.0.2 tool [59]. The 

physical implementation of the design is achieved using Xilinx Integrated Synthesis 

Environment (ISE) tool [60]. The target technology for the physical implementa­

tion ofILN network is Xilinx Virtex-II [61] Field Programmable Gate Array (FPGA) 

[62, 63] integrated circuit (IC) chip. 

This chapter is organized on down-to-top approach of ILN network design hierar­

chy, in order to understand the chain sequence of functions within the network. Sec­

tion 5.2 provides a detail ofILN network hardware implementation's design flow along 

with the review of applied technology definitions. Section 5.3 defines the signaling 

conventions applied for control signaling between various design modules. Section 5.4 

shows the results of behavioral simulation of SE functions . This section details all 

possible functional aspects of SE for its activation and during switching processes. 

The functions of SE are individually articulated in separate sub-sections and shows 

simulation results for addressing, switching, packet flow control, fault tolerance, al­

ternate routing, and contention resolution. Section 5.5 shows results of SE synthesis 



5. Hardware Design of ILN Network 68 

and physical implementation in the FPGA. Section 5.6 shows results for ILN net­

work, being builded by interconnecting the constructed SEs. This section includes 

ILN network simulation results depicting a complete cycle of routing an incoming 

packet from an input to the output port of the network. The section further exhibits 

the results of ILN network synthesis and its FPGA implementation. The Section 5.7 

of the chapter presents hardware optimization techniques, being studied in literature 

and experienced during the design process of ILN network. In the end, the chapter 

concludes the ILN network hardware implementation work. 

5.2 The ILN Network Hardware Design Flow 

The ILN network hardware design flow is based on generic FPGA design techniques, 

being generally followed by a designer in the industry [64]. The design flow achieves 

target implementation work in three broad phases. These phases can also be assumed 

as domains focusing on different design aspects: function, structure and geometry 

[28, 29]. 

The function domain of the design flow presents an abstract description of a 

system's function. The entire system is described in terms of algorithms and conven­

tional computer programming language. This level of functional modeling is often 

called 'behavioral modeling' , and is achieved during the simulation process of the 

design. In this phase the EDA tool creates a logic, which is technology independent. 

The logic represents data storage registers by using variables, and transformations by 

arithmetic and logical operators. 

The structure domain of the design flow describes the system in terms of units of 

data storage registers and transformation. This phase is achieved during Synthesis 

process of the design. This operation creates a logic which is technology dependent. 

The created logic depicts system's operation using a data path and control section. 

The data path contains data storage registers where data is transferred between them 

through transformation units. The control section sequences operation of the data 

path components. The logic represents generated circuit in terms of wires and inter­

connected electronic components. 

The geometric domain of the design flow describes a system in terms of VLSI 
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Figure 5.1. Hardware Design Levels of Abstraction 

circuit implementation using a floor plan. This final phase of design flow is achieved 

during the Place and Route (PAR) process of the design. 

The ILN network FPGA design flow, adopted in this thesis work is shown in 

Figure 5.1. The input to the hardware implementation work is the ILN network's 

specifications; being already drawned in the previous chapter of this thesis. The 

following are the definitions and explanation of each level of design flow abstractions. 

Hardware Description Language (HDL) Code: 

The method of specifying a design to EDA tools as input is either done by drawing 

a schematic, or by specifying Boolean expressions, or by writing a Hardware De­

scription Language (HDL) code [69] . The industry's popular EDA tools prefer HDL 

design entry methods. In this design flow the method of ILN network specifications 

input to the EDA tools is done by writing a HDL code. The HDL looks much like 

conventional high-level computer programming languages. However, conventional 
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programming language tends to the concept of executing a single statement of a pro­

gram at a time; which is unsuitable in hardware environment. Since, the hardware 

operation is inherently parallel i.e. , all gates are constantly sampling their inputs and 

computing new outputs; thus, the concept in HDL programming is purely based on 

high degree of parallelism. Due to this reason, the HDL code writing approach has 

to be different than the conventional programming language code. In the industry 

there are three known HDLs: ABEL, VHDL, and Verilog. The ILN network design 

is being implemented in VHDL environment. 

VHDL is a language for describing digital electronic system designs [65, 66]. The 

language was developed by the USA government Defense department 's Very High 

Speed Integrated Circuits (VHSIC) program. In the course of this program, a stan­

dard language for describing the structure and function of integrated circuits (IC) had 

been evolved as VHSIC Hardware Description Language (VHDL). It was subsequently 

developed further under the auspices of the Institute of Electrical and Electronic En­

gineers (IEEE) and adopted in the form of IEEE Standard 1076 as standard VHDL 

Language Ref erence Manual in 1987. VHDL fulfills a number of needs in the de­

sign process. First, it allows description of the structure of a system i.e., how it is 

decomposed into subsystems and how those subsystems are interconnected. Second, 

it allows specific description of the functions of a system using typical programming 

language forms. Third, it provide means for simulation and test using test-benches. 

A VHDL testbench is just another entity that instantiates the created design, and 

provides stimulus test vectors to be applied on the inputs of the design for verifying 

that the correct outputs are generated by the design under test. Fourth, it allows the 

detailed structure of a design to be synthesized from a more abstract specification to 

a specific target technology. 

RTL Simulation: 

The Register Transfer Level (RTL) is an electronic circuit transformation of a designs 

specification [58]. The EDA tool creates and optimizes the logic, while compiling, 

using technology-independent operations. The technology independent operation uses 

software provided characteristics of the logic, instead of actual component's behavior. 

The logic thus created by RTL depicts functional performance of model in accordance 

to the applied algorithms of HDL. 
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The simulation process verifies the operation of a design before it is being imple­

mented in hardware. The RTL simulation allows to observe the circuit behavior at 

the model's input, output and internal nodes. This process verifies the HDL syntax 

and determine if the functions of the circuit is according to the specifications. The 

VHDL testbenches are used to specify circuit input stimuli and output responses; 

which are further used to test design specifications at various points in the design 

flow. The design at this point is device independent, therefore no timing information 

is available at this stage. 

Most design development is usually done through iterative RTL simulations until 

the final functionality is achieved. 

Synthesis: 

Synthesis is the process of constructing a gate-level netlist from a model of a circuit 

described in HDL code [59]. In the Synthesis process the EDA tool generates a 

logic by translation and optimization, while compiling, using technology-dependent 

operations. The tool further maps the generated logic into the the target technology 

and creates a netlist for the Place and Route processing of the design. The process 

consists of multiple stages of translation and optimization. 

The translation process performs transforming a level into another i.e. , HDL to 

RTL, to Logic, and to Gate level. In the process the EDA tool uses technology specific 

library components and the user defined constraints. The constraints are defined by 

user in a text file and contains the timing and layout information, which affects the 

logical design implementation in the target device. The optimization methodology 

targets to optimize for area first, and then the timing delay. It takes a design through 

four main internal levels of intermediate refinement: RTL level, Logic level, Gate 

level and Mapping to target technology to produce Gate level netlist. At each of 

these levels the process of translation and optimization repeats before moving to next 

level until a netlist - binary file is produced. 

In the RTL level process, the EDA tool checks the HDL syntax specific to syn­

thesis process. A synthesis specific HDL syntax is slightly different than behavioral 

code. The system translates HDL code into a RTL level netlist. The generated logic 

is the graphical representation of hardware structure, according to the HDL specifics. 

The structure consists of blocks of logic represented by boolean equations. The op-
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timization at this level involves scheduling, resource binding, datapath structuring, 

partitioning, and pipelining of the translated logic. 

In the Logic level process the system translates the RTL netlist to register-transfer 

level blocks such as flip-flops, arithmetic-logic-units, and multiplexers interconnected 

by wires. The optimization process keeps register elements fixed , and only restruc­

tures the combinational logic. Further the boolean optimization includes minimiza­

tion, equation flattening, and equation factorization. 

In the Gate level process, the system translates and maps the logic netlist in 

target technology. This involves acquiring predefined components from a library of 

user-defined target technology. The target technology of this thesis design is Xilinx 

Virtex-11 FPGA family, with XC2V250 device. The system extracts area and timing 

information from the cells of the targeted technology. Gate level optimization involves 

a process of looking at a local area of logic containing a few cells and trying to replace 

them by other cells from the technology library that fits the constraints better. 

The map process first performs a logical Design Rule Check (DRC) on the design 

in the gate level netlist; and then maps the logic to the components (logic cells, 1/0 

cells, and other components) in the target Xilinx Virtex-11 FPGA. The mapped design 

file thus produced is used for the Place and Route of the design. 

Place and Route: 

The Place and Route (PAR) is the task of placing modules adjacent to each other 

to minimize area or cycle time; and, routing the modules by connecting with wires 

[60]. The PAR tool takes mapped design file as input from the synthesizer tool for 

the PAR of design into the target technology. 

The PAR tool place and route each module independently. The modules are de­

veloped in parallel, so the post-routing timing results of one module can be used 

with placement and routing constraints of another synthesized module. In the Xil­

inx Development System, PAR places and routes a design using a combination of 

two methods: Cost-based PAR, and Timing-driven PAR. Cost-based placement and 

routing are performed using various cost tables which assign weighted values to rele­

vant factors such as constraints, length of connection and available routing resources. 

Timing-driven PAR places and routes a design based upon the user-defined timing 

constraints. 
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The tool, after PAR process, generates an annotated Standard Delay Format 

(SDF) file to be used for the Timing Simulation and a fully routed Native Circuit 

Description (NCD) file to be used by the the Implementation tool for the configuration 

of FPGA. 

Gate Level Simulation: 

The Gate Level Simulation is performed after synthesis and Place and Route pro­

cesses, using back-annotation information [58, 60]. The back annotation processes 

generate a netlist of library components annotated in a Standard Delay Format (SDF) 

file. The gate level simulation uses timing information from the SDF file , being based 

on the delays in the placed and routed design. Thus this simulation is also called as 

the Timing Simulation. 

Timing simulation describes the circuit behavior far more accurately than func­

tional simulation. It includes detailed timing information for the targeted device, and 

verifies that the design runs at the desired speed for the user-defined constraints. This 

process verifies timing relationships and determines the critical path signal delays for 

the design under worst case conditions. It can also determine whether the design 

contains setup or hold violations. 

The procedures for functional and timing simulations are nearly identical, and 

requires a HDL testbench for input stimulus to run the simulation. 

Configuration: 

The Implementation tool processes to convert the logical design represented in the 

design source into a physical file format that can be implemented in the selected 

target device [60]. In Xilinx ISE tool the implementation processor is named as 

Bit Generator (BitGen) . The BitGen creates a Configuration file, which is used to 

program the target FPGA so that it can execute the desired function. 

The BitGen takes a fully routed Native Circuit Description (NCD) file, from the 

PAR process, as its input and produces a configuration binary file. This binary file is 

a bit stream file which contains design information for internal logic and interconnec­

tions of the FPGA, plus device specific information from other files associated with 

the target device. The binary data in the BIT file can then be downloaded into the 

FPGA's memory cells, or it can be used to create a PROM file, e.g. Flash memory of 

a system. At the power-up, the FPGA configures its internal logic by using the BIT 
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file from the system memory. 

The Hardware Design Flow, discussed above, is typically repeated to try targeting 

various devices to determine the most suitable fit to the design specifications. If a 

particular device proves to be too large or too slow for the needs, a designer selects a 

smaller or faster target device from same or a different FPGA family. In each domain, 

the design flow returns to HDL level, and the designer repeats the whole process, until 

the desired and satisfactory results are accomplished. 

5.3 ILN Network Signaling Conventions 

The ILN network path establishment phase requires hand-shaking mode signaling in 

between the engaged preceding and succeeding equipments. Referring to Figure 4.10, 

the control signaling is done over Request, Acknowledgment, and Flag wires of each 

ILN network port. Since the ILN network ports are attached with SEs, and within 

ILN network the SEs are interconnected with each other, therefore the same principle 

of control signaling remains valid for the SEs also. 

According to the SSM Control module's FSM states (refer Figure 4.11), the SE 

system requires to send and receive positive acknowledgment (ACK), negative ac­

knowledgment ( ACK), and valid data present flag (FLAG) signals to the preceding 

and succeeding equipments, during packet switching processes. The function for as­

serting ACK and NACK signals is performed by the Sensor sub-module of the SE's 

SSM; while the function of asserting FLAG signal is performed by the Translator 

sub-module of the SE's SSM. The signaling conventions used in this system design 

are defined and explained below. 

Sending Positive acknowledgment (ACK): 

The SE is required to send positive acknowledgment (ACK) signal to the preced­

ing equipment at two instances. First, when path establishment phase is initiated; 

and Second, when path is established with the destination IL network port. This 

signaling involves input commands (Ctrl), input request (Reqln) , and output ac­

knowledgment (AckOut) wires of Sensor functional module. 

In the first case, while the system in ready state, when the SSM senses a packet 

arrival signal over Reqin control wire, it sends back an ACK signal to the preceding 
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Figure 5.2. Positive Acknowledgment Signal 

equipment over AckOut wire, signifying SE's availability. This signal in the design 

is a continuous two clock cycle high potential, and is shown in Figure 5.2. In the 

Figure, on assertion of Reqin signal, the system responds over AckOut wire with a 

'1' for two clock cycles, and then returns back to 'O'. 

An equivalent logic circuit to achieve this function is shown in Figure 5.3. In the 

Figure, when the module decodes command for an appropriate action it triggers the 

Value register to send a '1' to the register One in the first clock cycle, and a 'O' in the 

next clock cycle. This sequence travels towards register Two. In the circuit the XOR 

gate keep sending a '1' AckOut until it continues sensing a difference of potentials 

over registers One and Two. As soon this difference is removed, the XOR returns 

AckOut to the 'O' . 

In the second case, when path is established, the ACK signal is a continuous '1', 

as long as there exists no congestion in the network. In this case, the system simply 

passes on the ACK coming from next equipment to the preceding equipment. Thus, 

the functional module does not needs a complex circuit for this function. 

Sending Negative Acknowledgment (NACK): 

The SE requires to send negative acknowledgment (NACK) to the preceding equip­

ment when there exist no output port available for the desired destination. This 

signal is a one clock cycle high potential. This function is performed by the SSM Sen­

sor sub-module, which when senses appropriate control command for sending NACK 

signal, it raises a one clock cycle high potential over the SE's 'acknowledgment out' 

(AckOut) port. A demonstration of this function is shown in Figure 5.4 wherein the 

sensor sub-module when receives appropriate control command, it asserts ' l' over 
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Figure 5.4. Negative Acknowledgment Signal 

AckOut port for one clock cycle, and returns to 'O' in the next clock cycle. An equiv­

alent logic circuit to perform this function is shown in Figure 5.5. The logic is similar 

to the positive acknowledgment signal sending function; except that instead of XOR 

an AND gate is used to combine the register one and two outputs. In the circuit, the 

AND gate has an inverter at one of its input , to know the previous clock cycle state 

of the first register. The sensor sends a '1' output over the AckOut port for only one 

clock cycle, after decoding the send negative acknowledgment control command at its 

input. 

Sensing ACK and NACK Signals: 

The ILN network system also needs to sense and decode the incoming positive or 

negative acknowledgment signals from the next equipment. This function is achieved 

in SE by sensor sub-module. The acknowledgment signals reach at the input of 

sensor through 'Acknowledgment In' (Ackln) port of the SE. A demonstration of 

these functions is shown in Figure 5.6. The module on receiving an appropriate control 

command, remains into the mode of wait until an acknowledgment signal is received 

from the next equipment. The sensor component sends its response to the SE's 

control module over positive acknowledgment (ACK) and Negative Acknowledgment 

(NACK) ports and wires, accordingly. In the figure, when at Ackln an ACK signal of 

a 'l' for two clock cycles arrives, the module sends a '1' to the Control unit over ACK 

wire. Similarly, when at Ackln a NACK signal of a '1' for one clock cycle arrives, the 

module sends a 'l' to the Control unit over NACK wire. 

An equivalent logic to perform these functions are shown in Figures 5.7 & 5.8. In 

the figure 5.7, the incoming acknowledgment signal is passed through two Registers: 
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Figure 5.6. Sensing Positive/Negative Acknowledgment 

One and Two. An AND gate when finds '1' on both registers , i.e. , a continuous ' l' 

for two consecutive clock cycles, it sends a high potential signal over ACK output 

port , signifying a positive acknowledgment has been received at the input (Ackln) of 

the Sensor module. In other condition it keeps the ACK port at low potential. This 

ACK port is connected by wires to the Control module through response bus at the 

SE's structural layer. 

However, in figure 5.8 the function of sensing negative acknowledgment over in­

coming acknowledgment signal is achieved with a little complex logic. The initial part 

of the circuit is similar to the function of sensing positive acknowledgment . But, the 

output of the circuit (NACK) is derived with the help of a selector after analyzing 

input control command and the status of both registers - One and Two. The state 

analysis of registers One and Two is achieved by employing three AND gates and 

an inverter. If in two consecutive clock cycles both registers are at '1' (ACK signal 

input) , then the AND and inverter circuit resets the values of registers to 'O' . The 

circuit mechanism only asserts the Nack output port to high potential when register 

Two is at '1' and the register One is at 'O' , signifying a negative acknowledgment has 

been received at the input (Ackln) of the Sensor module. The Nack output port is 

connected by wires to the Control module through response bus at the SE's structural 

layer. 

Valid Data Signal: 

The control signal FLAG is used to signify a valid data over data lines. This wire is 

pulled up for both incoming and outgoing packet data transmission. 
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5.4 The SE Simulation Results 

The SE VHDL design behavior is tested and verified in simulations, applying test 

benches for the model devised in Figure 4.4 and signals described in Table 4.2. A 

complete simulation cycle of SE's init ialization and packet switching process, accord­

ing to the specifications, is shown in Figure 5.9. The figure shows four SE switching 

input ports: SEI-0 to SEI-3, four output switching ports: SEO-0 to SEO-3. Each port 

has three control signal wires: request (Req), acknowledge (Ack), and flag (Flag); and 

one 32-bit data signal wire. The SEI's are connected with the preceding equipment 

to the SE; its 'Ack' wire sends signals in outward direction whereas, its other wires 

receives signals in inward direction. The SEO's are connected with the succeeding 

equipment of the SE; its 'Ack' wire receives signals in inward direction whereas, its 

other wires sends signals in outward direction. The SE functions are sensitive to 

its input Reset signal, which when remains high, the SE performs its initialization 

function at onset , and thereafter continue switching processes. 

5.4.1 SE Addressing Function 

Referring to the simulation cycle demonstration shown in Figure 5.9, the system's 

registers take values at the rising edge of the clock signal. The period of clock (Clk) 

signal is calibrated at 5 nano-seconds (ns), considering a frequency of 200 MHz. The 

SE is presumed to be at 0th location of ILN network, since its 'Sign' port is tied to 

a '1' potential. Thus, the SE's addressing function generates its addresses i and j 

as "00" and "000" , respectively. Further, the addressing function generates output 

addressing information (for next SEs) over its output address ports. In the figure , the 

output address ports are providing the control information at the 0th bit of addr-i, as 

per specifications. The SE addressing system further generates 'Enable' signal after 

the specified delay, at 600 nano-seconds ( ns). 

5.4.2 SE Switching Function 

As per ILN network design specifications, the SE's switching functions are performed 

at it 's SSMs. Once the SSM receives Enable signal assertion, its control FSM goes 

into Ready state, to receive and process arriving packet requests. During the packet 
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processing phase the SE always remain sensitive to its input Request signal wire. 

In the figure, a packet request from the SE's preceding equipment is received on 

SEl-0 at 615 ns; the Sensor module of SE generates and sends back an Acknowledg­

ment (ACK) signal, signifying the SE is healthy and available. At 655 ns , the SE 

receives a destination address (for ILN network port '7') along with the FLAG signal 

from the preceding equipment. The SE performs translation function and creates a 

routing vector (RV), according to the Bit-wise Routing Algorithm (BRA). In accor­

dance to the RV, the SE sends a Request signal at its Cube-0 output port (SEO-0) , 

for the next SE connected with SEO-0 within ILN network. The SE receives ACK sig­

nal at 725 ns from next SE, signifying a healthy and available succeeding equipment. 

At 770 ns the SE sends the required destination address along with the assertion of 

FLAG signal to the next SE. At 795 ns, the SE receives second ACK signal, signifying 

availability of path for the desired destination. The SE, at 830 ns , sends back ACK 

signal to its preceding SE, informing the desired path has been established. At 840 

ns, the SE receives packet contents at its Data wires along with the corresponding 

FLAG signal assertion. The SE at 850 ns starts transporting the received packet con­

tents for the next SE over its output Data wires of SE0-0, along with corresponding 

FLAG signal assertion. The SE, during the state of packet transport phase replicates 

the received flag and data signals over its corresponding output wires; and, remains 

sensitive to both input Request and Acknowledge signal wires. 

5.4.3 SE Packet Flow Control Mechanism 

The SE design is capable of implementing packet data flow control mechanism, in re­

sponse to network congestion situation. This function is accomplished during packet 

data transport phase of ILN network. The flow control mechanism of SE keep mon­

itoring the input value at the ACK signal wire. In case the potential on this wire 

turns low, the control FSM of the system goes into the state of suspending the data, 

with appropriate de-assertion of ACK signal to the preceding equipment. 

A demonstration of SE's packet flow control function is shown in Figure 5.10. The 

figure is also showing the FSM control command sequence. At 875 ns the input ACk 

signal is de-asserted by the next SE, signifying congestion in the network. The SE 

control system change its state and issues relevant command from "SE D DATA" 
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to "SUSPE D DATA" for its Data Transport module function, along with necessary 

output ACK signal to the preceding equipment. The preceding equipment on absence 

of valid ACK signal removes the FLAG signal, which is being replicated by the SE 

on its output for the succeeding equipment. The system remains in the state of data 

suspension until again the input ACK signal is asserted by the next SE. In the figure 

at 900 ns the ACK input signal is again asserted by the next equipment, thus the SE 

resumes its function of packet data transport. The system also has the complexity of 

waiting for a certain number of clock cycles in the state of data suspension, to monitor 

longer congestion delays, with the help of its Timer functional unit. On expiration of 

timer delay the control may move for terminating the packet transport session. 

The input value at Request signal wire, during packet data transport state, signi­

fies end or continuation of a packet session. In Figure 5.9, at 905 ns, the input Request 

signal is being removed by the preceding equipment. At this, the SE prepares for the 

termination of packet session, and removes Request and Acknowledge signals from its 

output, and resets its registers of packet switching logic. After this process, the SE 

goes back into the Ready state to process a new incoming packet request. 

5.4.4 SE Fault Tolerance and Alternate Routing Function 

The ILN network is inherently fault tolerant , and thus SE has the capability to hunt 

up to n+ 1 available routes, to establish a path towards destination ILN network port. 

In case, the desired next equipment is not available ( due to faulty link or faulty next 

SE) , the SE attempts to access another IL network node in accordance to the RV. 

However, if no path is available the SE's system sends a negative acknowledgment 

(NACK) signal to its preceding equipment; and goes back into ready state to serve 

another packet request. This function of SE is demonstrated in Figure 5.11. The SE 

after receiving packet request signal and required destination address at its input SEI-

0 port, attempts to access next SE according to the generated RV. The SE successively 

sends and removes request signal on all of its output SEO ports, after expiration of its 

timer delay period in each event of no response from the succeeding equipment. After 

no response from its last SEO port (being straight connection within ILN network) , 

the SE system sends a NACK signal back to its preceding equipment, and goes back 

into the ready state. 
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An another scenario of a failed path establishment could be the availability of next 

equipment, but a congestion in the successive ILN network node, thereby receipt of 

NACK signal from the next SE. The SE function then reacts to look for other alternate 

routes, and repeat the process for path establishment. In case there exists no alternate 

path then the SE system sends NACK signal to its preceding equipment , resets its 

registers of switch processing logic, and goes back into the ready state to receive 

and process new incoming packet requests. This function of SE is demonstrated in 

Figures 5.12 & 5.13. In the figures, the SSM Control module generates command 

signals according to the FSM sequence shown in last chapter's figure 4.11. In this 

example, the SE receives packet request and destination address at its SEI-0 input 

port. The SE thereby sends request signals to the next SEs through its cube and 

straight connection output ports. The SE receives ACK signal only on its straight 

connection port; and thus it sends destination address along with the corresponding 

FLAG signal to the next available SE. Within the timer expiration period of SE, 

it receives NACK signal from the next SE, signifying a failure of successive path 

establishment. Since, now the SE has no more available ports to access it sends back 

NACK signal to its preceding equipment, and goes back into the ready state. 

5.4.5 SE Contention Resolution Function 

The SE has the capability to resolve contention among its input ports seeking same 

destination output port. This contention resolution mechanism resides in the Output­

Port-Selector (OPSel) module of the SE. Referring to Figure 4.4 of last chapter, the 

OPSel's four output ports are individually connected with each output port of SE. 

Each output port, within OPSel, is driven by an OutPort module. Each OutPort 

module, i.e., each SE's output port, when idle, keeps hunting in cyclic sequence for 

a port request signal, from any input port of the SE. The SSM (an input port of 

SE), sends port request on a 3-bit port-request (PrtReq) signal wire, whose bit-3 

is a control wire. The OPSel responds to the SSM port request by a port-grant 

(PrtGnt) signal wire. In case the output port is already serving a request it will 

not respond, the SSM is responsible for removing the port request after a certain 

delay. A demonstration of this feature of SE is shown in Figure 5.14. The figure is 

displaying two SE input ports (SEI-0 & SEI-1) are contending for a same output port 
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(SEO-0). The figure is also showing the respective PrtReq and PrtGnt signals of both 

contending input ports. Two packets arrives at SEI-0 AND SEI-1, at the same time 

with same destination address requests. Both input ports sends a port request with 

their control bit pulled to '1', and output port address "00" to the OPSel of SE. The 

OPSel resolves this contention and sends port grant signal to the SEI-0; and thus this 

packet's request is further transmitted to the next SE over SEO-0, and is eventually 

transported to the destination address. However; the SEI-1, on absence of port grant, 

after a delay removes its previous request and sends successive port requests. The 

SEI-1 being successively receives port grant for other output ports, but due to the 

congestion within ILN network or non-availability of the destination port could not 

get the ACK signal from the desired port. This eventually results in sending a NACK 

signal to the SE's preceding equipment at SEI-1 input port. 

In the above demonstration of various packet switching processing scenarios, it 

is also shown that the SE is fault tolerant. It is seen that in case of a NO response 

from the next equipment on SE's ports, it hunts forward for an alternate route. 

This process continues until all its resources are consumed. With the availability of 

redundant path establishment resources the SE is bound to access a routing path to 

the desired destination ILN network output port. 

5.5 The SE Synthesis Results 

The target technology for synthesizing the SE hardware design is Xilinx Virtex-II 

family, being mapped to part: XC2V250FG256-6. In the part number the XC2V250 

is the device name, FG 256 is the package, and -6 signifies the speed of the device. 

The start and the end point of paths in the logic are clocked by the rising edge of 

global clock signal. 

A timing report of the design is shown in Table 5 .1. The results show an estimated 

frequency of 156.2 MHz, giving 4.99 Gbps of data rate for 32-bit data lines. The 

report further exhibits a +0.5 slack. The slack is a parameter to gauge the timing 

performance of the design. Positive slack time values (greater than or equal to O ns) 

are good, while negative slack time values (less than O ns) indicate the design has 

failed timing requirements. The negative slack value indicates the amount by which 
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Table 5.1. The SE Timing Report 

Requested Estimated Requested Estimated 

Clock Frequency Frequency Period Period Slack 

Clk 144.0 MHz 156.2 MHz I 6.9 Nano-Sec. j 6.4 ano-Sec. I +0.5 

the timing is off because of delays in the critical paths of the design. An observation 

of Timing Report further indicates results of worst case signal Delay on a critical 

path as 6.4 ns. The average delay is calculated as 6.3 ns , with set-up requirement of 

0.1 ns. 

A summary of FPGA resource usage report for the SE synthesized logic design is 

reproduced below: 

Cell usage: 

FDE .... 290 used 

FD .... 63 used 

FDC .... 56 used 

FDP .... 1 used 

GND .... 1 used 

VCC .... 1 used 

MUXF5 .... 165 used 

FDR .... 194 used 

FDSE .... 1 used 

FDS .... 7 used 

FDRS .... 1 used 

XORCY .... 91 used 

MUXCY-L .... 86 used 

1/0 primitives: 

OBUF-F-24 .... 148 used 

OBUF .... 2 used 

IBUF .... 148 used 

BUFGP .... 1 used 

1/0 Register bits .... 0 used 
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Register bits not including I/Os .... 613 used (19%) 

Internal tri-state buffer usage summary: 

BUFT + BUFE: 1 of 1536 (0%) 

Global buffer usage summary: 

BUFGs + BUFGPs: 1 of 8 (12%) 

Mapping Summary: 

Total LUTs: 1167 (37%) 

where, 

BUFE: Internal 3-State Buffers with Active High Enable 

BUFGP: Primary Global Buffer for Driving Clocks 

BUFG: Global Clock Buffer 

BUFT: Internal 3-State Buffers with Active-Low Enable 

FD: D Flip-Flop 

FDC: D Flip-Flop with Asynchronous Clear 

FDE: D Flip-Flop with Clock Enable 

FDP: D Flip-Flop with Asynchronous Preset 

FDR: D Flip-Flop with Synchronous Reset 

FDRS: D Flip-Flop with Synchronous Reset and Set 

FDS: D Flip-Flop with Synchronous Set 

FDSE: D Flip-Flop with Clock Enable and Synchronous Set 

GND: Ground-Connection Signal Tag 

IBUF: Single-Input-Buffer 

LUT: Look Up Table 

MUXCY-L: 2-to-1 Multiplexer for Carry Logic with Local Output 

MUXF5: 2-to-1 LookUp Table Multiplexer with General Output 

OBUF: Single-Output-Buffer 

OBUF-F-24: Multiple-Output-Buffers:24 

VCC: Positive Voltage 

XORCY: XOR for Carry Logic with General Output 

From the above FPGA resource usage report it is deduced that the SE design is 

utilizing 1167 LUTs, being 37% resources of the target XC2V250 FPGA device. The 
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device has the total capacity of 250K system gates distributed in 3072 LUTs. The 

SE design resource requirement is calculated as 92 .5K system gates, which are within 

the limits of the target FPGA device. 

It is the standard recommendation that when the design synthesis timing result 

is within 5-10 percent of the desired result, then the place and route process be done 

to see if the implemented logic meets the specifications goal. The synthesis result 

shows that the SE design implementation is + 7.8% over the set goals of 144 MHz 

frequency and 6.9 ns of clock period, which is within limits. Further, the '+' slack 

time result indicates that the timing constraints have been met. The PAR of SE thus 

implemented and the timing and hardware implemented logic's functionality were 

verified in the Gate Level Simulations. This result provides good confidence in the 

bit-file created at the end of implementation process. This bit-file is thus valid for 

the configuration of the target FPGA device. 

5.6 The ILN Network Hardware Implementation 

The ILN network design of this thesis is an 8-input x 8-output ports network. The 

switch fabric is made up of interconnected SEs. Each input and output port of IL 

network is connected with an individual SE. According to Figure 4.1, the SEs con­

nected with the input ports of ILN network utilize only their SEI-0 ports; whereas, 

SEs connected with the output ports of IL network utilizes only their SEO-3 ports; 

the other ports of these SEs are left open. The Sign input port of 0th SE of ILN 

network is tied with a '1 ' potential, whereas the rest of SEs are kept at '0' potential. 

The ILN network's Reset input is connected with the 0th SE; however, the other SEs 

of ILN network receive Reset signal from their preceding SEs once valid addressing 

information is available on the respective SE's Address output ports. The IL net­

work operate with reference to the rising edge of a synchronous clock signal, received 

from the Switch system to the network. The functions and hardware implementa­

tion results of IL network, according to the specifications, for packet switching are 

demonstrated and described in the following sub-sections. 
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5.6.1 ILN Network Simulation Results 

The ILN network design for an eight port fabric requires a maximum delay of 120 

clock cycles after the assertion of Reset signal for initializing all its internal SEs. It is 

assumed that the switch system will be responsible for this delay requirement in its 

design specifications. The functions of ILN network SEs involved in a complete cycle 

of packet switching are demonstrated and discussed below. 

Consider a packet's request signal arrives at the 0th port of IL network from 

the IM of switch. This ILN network port is essentially connected with the 0th SE. 

A demonstration of ILN network's SE-0 function in this scenario is shown in Fig­

ure 5.15. In the figure, the Sign bit of SE is pulled up to '1', since it is the 0th SE 

of ILN network. Thus, the SE's addressing function generates its addresses i & j 

as "00" and "000", during the IL network initialization phase. During the packet 

switching phase, the SE receives a packet request at its input port SEI-0; and then 

the destination address for IL network output port-7 (i, j: 11 ,111). The SE then 

performs path establishment function and sends packet request signal for the next SE 

of ILN network over its output port SEO-0, in accordance to the created RV using 

BRA. Refer figure 4.1 , in the ILN network the SEO-0 of SE(00,000) is connected with 

the SE-9 (i, j: 01,001) , being the next SE in this example. 

The initialization and switching processes at ILN network's SE-9 (i, j: 01 ,001) are 

shown in Figure 5.16. In the figure , the SE Sign port is tied with '0' potential, since it 

is not the ILN network's 0th SE. Refer figure 4.1 , the SE-9 receives input addressing 

information from SE-8; thus during the initialization phase, the SE receives preceding 

SE's addresses i & j as "011" & "000" over its input address lines. The bit-0 of input 

address i is '1', signifying the preceding SE is at the vertical location of the SE. 

Therefore, the SE's addressing function generates its addresses i & j as "01" and 

"001". During the packet switching phase, the SE when receives packet request and 

required destination address, it sends path establishment signals to the next SE over 

its output port SEO-1, in accordance to the created RV. Refer figure 4.1, within ILN 

network the SEO-1 of SE(0l ,001) is connected with the SE-19 (i, j: 10,011) , being 

the next SE in this example. 

The initialization and switching processes at ILN network 's SE-19 (i, j: 10,011) 

are shown in Figure 5.17. In the figure, the SE Sign port is tied with '0' potential, 
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since it is not the IL network's 0th SE. Refer figure 4.1, the SE-19 receives input 

addressing information from the SE-18; thus during the initialization phase, the SE 

receives preceding SE's addresses i & j as "101" & "010" over its input address 

lines. The bit-0 of input address i is '1' , signifying the preceding SE is at the vertical 

location of the SE. Threfore, the SE's addressing function generates its addresses i 

& j as "10" and "011" . During the packet switching phase, the SE when receives 

packet request and required destination address, it sends path establishment signals 

to the next SE over its output port SEO-2, in accordance to the created RV. Refer 

figure 4.1, within ILN network the SEO-2 of SE(l0,011) is connected with the SE-31 

( i, j: 11,111) , being the next SE in this example. 

The initialization and switching processes at IL network's SE-31 (i, j: 11,111) 

are shown in Figure 5.18. In the figure, the SE Sign port is tied with 'O' potential , 

since it is not the IL network's 0th SE. Refer figure 4.1 , the SE-31 receives input ad­

dressing information from SE-30; thus during the initialization phase, the SE receives 

preceding SE's addresses i & j as "111" & "110" over its input address lines. The 

bit-0 of input address i is '1 ', signifying the preceding SE is at the vertical location of 

the SE. Threfore, the SE's addressing function generates its addresses i & j as "11" 

and "111". During the packet switching phase, the SE when receives packet request 

and required destination address, it sends path establishment signals to the next SE 

over its output port SEO-3, in accordance to the created RV. Refer figure 4.1 , within 

ILN network the SEO-3 of SE(11,111) is a straight connection with the ILN network 

port-7; which is the required destination. This IL network's output port is further 

connected with the OM of the switch system. 

5.6.2 ILN Network Synthesis Results 

The Synthesis conventions and the target technology for ILN network hardware im­

plementations are same as described in the SE synthesis section. All events of ILN 

network are synchronized to the rising edge of the global clock input signal. 

A timing report of the synthesized logic for ILN network is shown in Table 5.2. 

The report show an estimated frequency of 112.3 MHz, giving 3.59 Gbps of data rate 

for 32-bit data lines. The worst case signal delay on a critical path is found as 8.9 

ns. The average delay is calculated as 8.8 ns , and the set-up requirement as 0.1 ns. 
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Table 5.2. The ILN Network Timing Report 

Requested Estimated Requested Estimated 

Clock Frequency Frequency Period Period Slack 

Clk 144.0 MHz 112.3 MHz I 6.9 Nano-Sec. j 8.9 Nano-Sec. I -2.0 

The timing report further shows a higher -2 value of slack, making the set frequency 

constraints and the estimated clock frequency off by 22%. The reason for this variance 

is due to non availability of adequate resources in the current technology device. 

A summary of FPGA resource usage report for the synthesized ILN network logic 

design is reproduced below: 

Cell usage: 

BUF .... 5 used 

FDE .... 8328 used 

FD . . . . 1928 used 

FDC .. .. 1433 used 

FDP .. .. 32 used 

GND .... 1 used 

VCC ... . 1 used 

MUXF5 .... 3039 used 

FDSE . . . . 32 used 

FDR .... 5187 used 

FDS .... 212 used 

FDRS .... 32 used 

XORCY .. .. 2912 used 

MUXCY-L .... 2752 used 

I/O primitives: 

OBUF .. .. 280 used 

IBUF .... 281 used 

BUFGP .... 1 used 

I/O Register bits .... 280 used 

Register bits not including I/Os .... 16904 used (550%) 



Internal tri-state buffer usage summary 

BUFTs + BUFEs: 33 of 1536 (2%) 

Global buff er usage summary 

BUFGs + BUFGPs: 1 of 8 (12%) 

Mapping Summary: 

Total LUTs: 32602 (1061 %) 
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The FPGA resource usage report suggests a requirement of 32602 LUTs for fully 

implementing the ILN network on the chip. This is equivalent to 2.8M system gates. 

The Virtex-11 XC2V250 device has a total capacity of 3072 LUTs, being equivalent to 

250K system gates. This result implies that the target device used in this synthesis 

has not enough capacity to accommodate the required system gates and register bits 

for the entire ILN network system. In this scenario, the design flow recommends to 

use a higher capacity device, and repeat the synthesis process until desired results 

are accomplished. 

In this thesis work, due to the limitations in EDA tools licenses the higher capacity 

FPGA device could not be acquired. However, to study the method of synthesis the 

hardware implementation process for ILN network is completed in presence of known 

errors. In this process the VHDL design is optimized to its max, and is thus feasible 

for achieving desired results when applied on an appropriate capacity FPGA device. 

5. 7 Hardware Optimization Techniques 

In this section specific characteristics of FPGA devices and their limitations are dis­

cussed in the light of experiences during the design work of ILN network and studies 

made in [59, 60, 64, 66, 70] . These mentioned techniques are like drop in the ocean 

of hardware design knowledge. 

The following guidelines can provide a methodology to make optimum use of FP­

GAs in terms of design processing, speed and area: 

• Use multiple levels of logic and common nodes as much as possible. Most 

synthesizers, if not all, cannot automatically generate nodes for common logic 
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sub-expressions. For example, if ten nodes are using the sub-expression A *B + 
C*D; then assigning it to a temporary node may not only save product terms, 

but may also save input terms to one or more FPGA blocks. 

• Configuration cycles must work at the minimum hardware cost. Configuration 

cycles are usually performed only when the system boots , and are not important 

for high performance. Therefore, the logic for configuration should be optimized 

for space not speed. 

• Pipeline the design. Pipelining is the process of splitting logic into stages so 

that the first stage can begin processing new inputs while the last stage is fin­

ishing the previous inputs. This ensures better throughput and faster circuit 

performance. For pipelining, the EDA tool splits the logic by moving registers 

of same FPGA row, same clock, and same control signal into the module. 

• There are two methods to handle RAMs: instantiation and inference. The pre­

ferred method should be instantiating a RAM in the source code, rather than 

EDA tool infer from the behavioral code. 

• When using both edges of the clock for registers, the logic for each logic should 

be coded in separate VHDL processes. 

• In design optimization removal of unnecessary flip-flops dramatically increases 

the circuit frequency. In VHDL - the loop statement creates unnecessary flip­

flops; a use of counters in design can optimize the creation of flip-flops , 

• For synthesis in VHDL - wait clause within 'for' loop statement has no meaning 

in hardware and cannot be used to insert delay. A desired clock delay can be 

inserted by using flip-flops, 

• In hardware design the circuit should be well defined in terms of logic compo­

nents . To create a well defined circuit in VHDL, the loop statements should be 

made of fixed values rather than variable values, 
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• A flip-flop should always be at a known voltage on every clock edge to avoid 

metastable state. In VHDL the use of 'else' clause within 'if' statement will 

bring the created flip-flop to a known state. 

5.8 Summary 

This chapter presented the VLSI design work of ILN network, discussed hardware 

design techniques of industry, and then demonstrated the hardware implementation 

results for the ILN network. The design is implemented in Xilinx Virtex-II FPGA 

integrated circuit. 

The chapter discussed a generic FPGA design flow along with the review of applied 

technology definitions. The signaling conventions used in the design are defined, 

demonstrated, and corresponding created logic is shown. Further, all the functions of 

ILN network are demonstrated and their relevant logic's timing and resource usage 

is illustrated. 

It is shown that the main building block of ILN network, the Switching Element 

(SE) is successfully designed and implemented in the FPGA. The functions of SE are 

demonstrated as individually and within an ILN network. At design stage, due to 

the limitations on simulation EDA tool licensing, all the 32 SEs could not be knitted 

together to observe the SEs interaction within the ILN network. Similarly, due to the 

synthesis EDA tool licensing limitations a higher capacity FPGA device could not be 

used for PAR of the design. However, SEs timings within ILN network were verified 

in the synthesis tool, therefore there exist good confidence in the design functionality 

when all 32 SEs could be knitted in a higher capacity FPGA device. 

The acquired synthesis results of SE and ILN network for 0.1 ns signal delay, clock 

frequencies of 156.2 MHz and 112.2 MHz, giving bandwidth capacity of 4.9 Gbps and 

3.5 Gbps are well over the minimum limits for broadband communications [7, 4] . 

The chapter has further discussed the possible techniques to optimize a design. 

These observations are the results of solutions to cope the difficulties faced in this 

design work, and the research done in literature. These recommendations would act 

as pointers for a designer to remove unnecessary bottlenecks in the FPGA implemen­

tations of a design. 
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This chapter has proved with examples and statistics the implementation of ILN 

network theory in the real world. It has been demonstrated with hardware speci­

fications and design implementation that IL Network is capable of performing its 

functions correctly, and is a Fault Tolerant network. 



107 

Chapter 6 

Conclusions and Future Work 

6.1 Thesis Conclusion 

An efficient broadband switch requires implementation of a high QoS and fault tol­

erant switch fabric within its design. The Improved Logical Neighborhood (IL ) 

network is a proven switch fabric which attains high throughput, low CLP and Delay, 

and high performance under faults. The research work of this thesis includes review 

of related concepts, theory, definitions, design and hardware implementation of the 

ILN switching fabric. 

In the beginning of thesis a global view of a switch design is studied, highlighting 

its fundamental building blocks. These basic blocks included input and output packet 

buffers, switch fabric, and, control and management components. The study briefly 

describes the packet buffering strategies, and other modules of the switch. The main 

study is then focused over switch fabric component of the switch. The switch fabrics 

are broadly divided into Time Division and Space Division switching systems. The 

study reveals that space division switching systems can provide more efficient and 

scalable networks. 

A class of space division switching technique is known as Multistage Intercon­

nection Networks (MIN) . The MIN has proved to be well suited in communication 

systems as it offers a good balance between cost and performance. MINs are com­

posed of modular switching processors which are interconnected and interacts with 

each other under certain defined MIN classes and functions. These postulates create 

various MIN topologies offering different switching solutions. The study of this thesis 

then specifically discusses some of popular topologies - Generalized Cube Network, 

Banyan Network, and Data Manipulator networks, respectively. 
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The Improved Logical Neighborhood (IL ) network belongs to the family of MI , 

and is based on the concepts of Data Manipulator Networks. The study discusses ILN 

network theory, and its constituent building elements. The switching process in IL 

network for routing packets from an originating to the destination port involves path 

establishment and packet data transport phases. This is being achieved by apply­

ing built-in routing algorithms: Dynamic Routing Algorithm, and Bitwise Routing 

Algorithm. The study further reviews the ILN network performance analyses, being 

already done in the previous research works. In this review it has been proved that 

IL switch fabric outperforms other networks. 

The hardware design of ILN network is the focus of this thesis . The design em­

ploys IC industry's generic Design Methodology. Using this methodology, detailed 

specifications of all layers of the IL network design are devised in this work. Using 

high level VHDL modeling and top-down structured VLSI Design Flow, these speci­

ficat ions are then applied to implement an ILN network hardware in the FPGA. The 

modular components used in the design interacts in timely manner with each other to 

perform all the functions of ILN network. The interaction of modules involve control 

signaling for path establishment and then transfer of actual packet data from input 

to output ports of ILN network. 

The functional modules of IL network are small and manageable components to 

provide for a simplified design process, and easy design changes. The switch fabric 

is simulated and synthesized to verify its logic functions and evaluate the resource 

allocation schemes. The results show confidence in the design while considering all 

the possible scenarios of switch processing. The resource utilization reports suggests 

the design is practically applicable for manufacturing in a real world. The Delay and 

clock speed attained by the design is well within limits for packet switching. 

6.2 Thesis Contributions 

In this thesis we presented a complete review of communication networks, with em­

phasis on the theory and research work for Improved Logical eighborhood (IL ) 

network. The thesis further presents a hardware feasible digital logic design for the 

ILN switching fabric. The design is implemented in high level VHDL code which 
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covers all the technical details of the ILN switch fabric specifications. Finally, the 

thesis exhibits a VLSI implementation of the specified digital design. The work is 

carried out in the Xilinx Virtex-II FPGA while attaining desirable industry standard 

results for packet switching. 

6.3 Suggested Future Work 

The research work on ILN switching fabric can further be expanded for creating a 

marketable product by including the following options: 

• enhance the fault tolerance complexities of the network by implementing BRA 

intelligent routing techniques. 

• include the option of port scalability in the VHDL design of ILN network. 

• complete VLSI re-implementation and re-optimization of ILN network using 

high capacity FPGA devices. 

• Lab tests on the configured FPGA IC, using ChipScope Integrated Logic Ana­

lyzer EDA tool of Xilinx [71] . 

• performance analysis of the VHDL design of ILN network using OXD version 

of Optimized Network Engineering Tools (OPNET) [72] . 
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