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Abstract 
 

Designing an efficient and flexible on-chip interconnect structure which can connect a large 

number of cores is an important issue since continued scaling of semiconductor technologies will 

enable an ever greater number of cores or processing elements (PEs) to be placed onto a chip.  As 

a result, the Network-on-Chip (NoC) architecture, which provides packet-based routing, is 

emerging as a solution which can provide a scalable communication platform.  In this thesis, we 

propose a multicasting and bandwidth-reusable Code Division Multiple Access (CDMA) based 

on-chip switch and demonstrate its capabilities to provide an efficient and error-tolerant NoC 

architecture. 

We propose a novel, flexible codeword assignment technique for a CDMA switch.  Based on 

this technique, we propose a comprehensive method for reallocating bandwidth between different 

PEs on an as-needed basis as well as a low-overhead multicasting technique for CDMA switches. 

Using this proposed switch, we have simulated a 20-core star topology network. The results show 

that multicasting and bandwidth reallocation increase the network performance in terms of 

throughput and latency. 

Next, a mesh-star hybrid topology with multicasting CDMA switch is introduced. The results 

show that this approach alleviates the hotspot problem that occurs in a conventional 2D-mesh 

network and also exhibits a better multicasting performance. 

In addition, we develop a semi-distributed scheduling method for flexible codeword 

assignment in a CDMA NoC. This architecture reduces the latency for high injection rate, small-

size packets with a reasonable area cost. 

We also propose error management strategies for a CDMA switch, and their performance 

metrics and costs are compared. 

Finally, we apply the CDMA NoC architecture to the design of a reconfigurable Software 

Defined Radio (SDR) baseband platform and compared its performance with the conventional 

2D-mesh approach. 
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Chapter 1 

Introduction 
 

Future deep sub-micron (DSM) technology will enable a Multi-Processor System-on-Chip 

(MP-SoC) to execute complex functions using large numbers of processing elements (PEs) which 

are required to communicate with each other. High performance bus-based communication 

platforms [33, 34] are being used to interconnect PEs in System-on-Chip applications. However, 

the conventional bus-based approach has limitations and may be a performance bottleneck for 

providing communication between large numbers of PEs.  Firstly, each PE in a bus-based 

architecture shares the communication medium with other PEs. This shared-medium architecture 

may not be able to meet the higher bandwidth requirements of future MP-SoCs.  Secondly, a bus-

based architecture has a long interconnection length; however, in the DSM era, wire delay 

increases dramatically with the scaling of technology. Also, a long interconnection medium has a 

large capacitance and consumes a large amount of dynamic power. Furthermore, the maximum 

number of PEs that can be connected through a bus is limited by the maximum fan-out capability 

of the bus drivers. 

Many ideas have been proposed recently to overcome these limitations of a bus architecture. 

To minimize signal loss and delay, various repeater architectures have been studied [1]-[4]. In 

addition, the transition-aware global signaling method has been proposed to minimize the number 

of repeaters and to improve the power consumption for a bus [5]. Also, an encoding method for 

peak power reduction has been proposed [6] and a hybrid current/voltage signaling technique has 

been developed to reduce power dissipation and improve the interconnection delay [7]. 

Furthermore, transition reduction coding methods have been proposed to minimize transitions on 

a long interconnect in order to reduce the power consumption of the bus [8]-[11]. However, bus 

architectures which are supported by these techniques still suffer from the scalability, bandwidth, 

delay and power problems that are inherent in a bus-based structure. 

To overcome these limitations of bus-based interconnect architectures, an alternative method 

that uses a network-based structure for on-chip interconnect, the Network on Chip (NoC), has 

been proposed [12, 13, 14, 24, 66].  In an NoC architecture, packets are routed between source 

and destination PEs. Basically, the NoC concept is borrowed from conventional network-based 

communication architectures such as the internet or a local area network (LAN). An NoC 
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promises to solve some of the problems of DSM technology which bus-based architectures suffer 

from by providing a means to deal with interconnect signal delay and bandwidth limitations. The 

NoC can be used as the communication infrastructure for an SoC which has tens or hundreds of 

processing cores that generate a significant amount of data traffic. 

1 Motivation 
 

In wireless communication, CDMA is a widely used technique.  It modulates data with a 

spreading code prior to transmitting the data onto the channel, and this allows simultaneous use of 

the channel by multiple users. Several researchers have applied CDMA techniques to on-chip 

interconnects [15]-[18], and a CDMA-based NoC was introduced in [45, 46]. In a CDMA NoC, a 

Walsh code [19] is used as the spreading code since it has an orthogonality property.  However, 

with the previously introduced CDMA modulation and demodulation algorithm, only L-1 

codewords out of the total of L available codewords can be used since the all-zero Walsh 

codeword must be reserved for the idle case (i.e., the case in which a PE has no data to send). 

This means only L-1 modulator and demodulator sets can communicate at the same time. A 4-bit 

Walsh code has four orthogonal Walsh codewords and an 8-bit Walsh code has eight orthogonal 

codewords. Therefore, if we cannot use one codeword as an effective codeword, that means that 

there is a 25% or 12.5% loss in total available bandwidth for a 4-bit or an 8-bit codeword system, 

respectively. Next, for the conventional CDMA based switch, one codeword is permanently 

assigned to each demodulator. Thus, a maximum of L-1 demodulators can be connected in a 

CDMA switch if we use length-L Walsh codewords in the switch. 

As noted earlier, a bus-based architecture has various limitations.  However, it does have the 

benefit of a simple multicasting capability, whereas multicasting in a network is challenging. 

Many applications require support for multicasting, such as sending a global command message 

to a group of processing elements, replication [86], clock synchronization [87], barrier 

synchronization [88] or implementing a cache coherency protocol [89]. In a cache coherency 

protocol, it is necessary to keep the caches in a state of coherence when multiple processors 

having separate caches share a common memory space. Directory-based and snooping protocols 

are the two main methods used to achieve the coherency of caches. In a snooping system, a 

processor multicasts a request for a block to all nodes in the system to find its owner. However, if 

multicasting is not supported a processor needs to generate the request multiple times. This will 

increase network traffic significantly and cause a delay in the delivery of the requested 
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information. Therefore, including multicast capabilities in an NoC will provide increased 

flexibility in the network.  
Also, a MP-SoC may contain a variety of heterogeneous cores having a wide range of 

bandwidth requirements and traffic patterns [90]. Therefore, the ability to perform bandwidth 

reallocation between higher and lower bandwidth cores will increase the performance of a such 

systems. 

Finally, an efficient error management technique for on-chip CDMA NoCs has not previously 

been considered. 

Therefore, it is necessary to remove these limitations of previous CDMA NoC designs in 

order to achieve a more flexible and effective on-chip network for future multi-core VLSI 

systems. 

2 Background 
 

2.1 Bus Based Interconnect Architecture 
 

 

 
Figure 1: Shared-medium backplane bus. 

 

Most SoCs use an interconnection architecture that falls within the shared-medium class [20]-

[24]. These are the simplest interconnect structures, in which the transmission medium is shared 

by all communication devices. Only one device, the master, can drive the medium at any given 

time and connect to one or more slaves. Every device connected to the network has a network 

interface, containing requester, driver and receiver circuits. A critical issue in this type of design 

is the arbitration strategy. Within current technologies, the most common realization of a shared 

bus is the shared-medium backplane bus which is shown in Figure 1. This is a convenient, low-

overhead interconnection structure that is appropriate for a small number of masters and a large 
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number of slaves that can respond to requests from the bus masters. In this architecture, the 

communications link is shared by all nodes and only one node can drive the link at a time. 

 

The advantages of a bus-based architecture are: 

- Bus latency is the speed of the wire, once the arbiter has granted control. 

- Any bus is almost directly compatible with most available PEs or Intellectual Property 

(IP) blocks. 

- The concepts used are simple and well understood. 

 

The limitations of a bus-based architecture are: 

- Bus timing is difficult in a DSM process. 

- Every unit that is attached adds parasitic capacitance; therefore, the electrical 

performance degrades with system size. 

- Bus arbitration can become a bottleneck. The arbitration delay grows as the number of 

masters increases. 

- The structure of the bus arbiter is instance-specific. 

- Bus testability is problematic and slow. 

- Bandwidth is limited and must be shared by all attached units. 

 

2.2 Network Based Architecture 
 

The network architecture specifies the topology and physical organization of the 

interconnection network. A network architecture operates according to a set of protocols, which 

determine the switching, routing and control flow. The choice of network architecture is normally 

made to meet some general goals of the network such as performance (latency and throughput), 

energy consumption, reliability, scalability and implementation cost. Energy consumption is an 

important factor for on-chip applications, in contrast to the requirements in some other kinds of 

networks. 

Figure 2 illustrates the conceptual diagram of network-based interconnect architecture. The 

elements of a network architecture are nodes, switches and the physical links. Nodes are 

computational elements and/or storage arrays and nodes can incorporate switches. The physical 

links are wires.  
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Figure 2: Conceptual diagram of a network-based architecture. 

 
The advantages of a network-based architecture are: 

- Only point-to-point links are used, so that performance is not degraded with scaling. 

- Network wires can be pipelined because links are point-to-point. 

- Routing decisions are distributed if the network protocol is made to be non-centralized. 

- The same switch may be used for all network sizes. 

- Locally placed, dedicated built-in self-test (BIST) blocks can be used and offer good test 

coverage. 

- Aggregated bandwidth scales with the network size. 

 

The limitations of a network-based architecture are: 

- Internal network contention may cause increased latency. 

- Bus-oriented PEs need to use “smart wrappers” in order to interface with the on-chip 

network. 

- System designers need to understand and make use of new design concepts. 

 
2.2.1 Switch 

 

A switch consists of a set of input buffers, an interconnection matrix, a set of output buffers and 

some control circuits.  A buffer stores data that cannot be immediately routed. Normally, buffers 

have high costs in terms of their area requirements and energy consumption. Therefore, many 

NoCs have minimized the sizes of their buffers. To achieve high performance with this restriction, 

a well designed architecture and an efficient routing protocol are required.  
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The interconnection matrix in a switch can be realized by a single crossbar or by cascading 

various stages. From a logic standpoint, the interconnection matrix is formed by multiplexing the 

input data to an output line. The crossbar is often designed with a regular layout to minimize the 

length of local interconnect and to achieve minimal transmission delay. The control circuit 

handles arbitration, error detection and correction and/or some functions of the flow control 

protocol. 

Virtual channels are often used within switches to improve their performance. Usually, a buffer 

is organized as a FIFO; when a packet occupies a channel, other packets cannot use the channel 

even if the original packet is blocked. Virtual channels alleviate this problem by assigning 

multiple virtual channels to a single physical buffer. Also, virtual channels can prevent deadlock 

from occurring. However, the drawback of using virtual channels is that a more complex flow 

control for the data is required. 

2.2.2 Link (on-chip interconnect) 
 

The physical connection between two nodes and/or switches is realized by wires. Usually, 

signal delay and signal dispersion on chip interconnects are problems. Delay grows quadratically 

with the wire length because of the combined resistive and capacitive effects. Global wires are 

typically segmented by repeaters which are buffers that restore the signal level on wires. 

The power consumption of the link can be simply described as: 

( )W swing DD driverP C V V fα= × × × ×                                         (1) 

where α is the switching probability, WC is the wire capacitance, swingV is voltage swing on the 

wire, ( )DD driverV is the supply voltage of the driver and f is the signaling frequency [25]. To 

minimize power consumption of the interconnect, many researchers have advocated using bus 

coding to reduce the probability of switching, such as bus-invert (BI) coding [26], gray-code [27], 

T0-code [28], partial BI coding [8], probability-based mapping [29] and so on. However, there 

was also a claim that some on-chip bus coding techniques may be ineffective because the power 

dissipation of the coding and decoding circuits may be comparable to the power saving obtained 

by the coding if the wire length is shorter than a few tens of millimeters [30]. 

 

2.2.3 Network Interface (NI) 
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An NI is a protocol converter which maps PE I/O protocols into the protocol which is used in 

the network, and vice-versa. This conversion is needed because an NoC generally uses 

streamlined protocols for the sake of efficiency. 

2.3 Routing Strategies 
 

Most data routing strategies can be categorized as being either store-and-forward, virtual cut-

through or wormhole. The latency penalty and storage costs for these strategies are briefly 

compared in Table 1. 

Protocol 
Per router cost 

Stalling 
Latency Buffering 

Store-and-forward Packet Packet At two node and link between them 
Virtual cut-through Header Packet At the local node 
Wormhole Header Header At all node and links spanned by the packet 

Table 1. Cost and stalling characteristics for three routing strategies. 

2.3.1 Store-and-forward Routing 
 

Store-and-forward routing stores a complete packet in the buffer and, based on the 

information in the header, forwards it to the next destination. Therefore, the packet may stall if 

there is not sufficient buffer size left to hold a complete packet. A packet is partitioned into a 

sequence of flits, namely a header (H) flit, followed by some number of data (D) flits, followed 

by a tail (T) flit.  As we can see from Figure 3, a major drawback of store and forward routing is 

its very high latency.  The latency for store-and-forward is given as follows: L
L H clk

B

P
T T T

C
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

, 

where HT  is the header latency, LP  is the packet length, BC is the channel bandwidth and clkT is the 

clock cycle time for the channel. 

C
ha

nn
el

 
Figure 3: Space-time diagram for store-and-forward routing. 
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2.3.2 Virtual cut-through Routing 
 

Virtual cut-through routing has a similar forwarding mechanism as wormhole routing, which 

is discussed in the next sub-section. However, before forwarding a header flit to the next node, 

the node waits for a guarantee from the next node that the complete packet can be stored in a 

buffer. Therefore, if a packet stalls, it stays in the current node without blocking other nodes. The 

latency for virtual cut-through routing is given as follows: L
L H clk

B

P
T T T

C
= + , where the individual 

terms are the same as in the store-and-forward routing case. 

 

C
ha

nn
el

C
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nn
el

 
(a) without contention                  (b) with contention  

Figure 4: Space-time diagram for virtual cut-through routing. 
 

2.3.3 Wormhole Routing 
Wormhole routing combines packet switching with circuit switching. The node looks at the 

header flit to determine its next hop and forwards it immediately. The following data flits just 

follow the connection that was set up by the header flit. Finally, when tail flit arrives at the node 

the connection is released for use by another packet.  A benefit of wormhole routing compared to 

cut-through routing is a far more efficient use of buffer space. Cut-through flow control requires 

several packet lengths of buffer space. However, wormhole routing may block other channels, 

leading to a potential decrease in throughput. 

C
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nn
el

C
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nn
el

 
(a) without contention                  (b) with contention  

Figure 5: Space-time diagram for wormhole routing. 
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2.4 Code Division Multiple Access (CDMA) 
 

In a Time Division Multiple Access (TDMA) system, a source transmits its data at a specific 

time and a destination distinguishes its data in the same way. In a Frequency Division Multiple 

Access (FDMA) system, the source and destination use frequency as a medium of distinction for 

their data. However, in a CDMA system, an orthogonal spreading code is used for the insertion of 

data at the source and the extraction of the data at the destination. Orthogonal codewords have the 

following properties: 

1

1 0
n

i i
i

A B A B
n =

• = =∑                                                            (2) 

1

1 0
n

i i
i

A B A B
n =

• = − =∑                                                          (3) 

1

1 1
n

i i
i

A A A A
n =

• = =∑                                                             (4) 

1

1 1
n

i i
i

A A A A
n =

• = − = −∑                                                          (5) 

where A  and B represent different orthogonal codewords, A  and B  are the negation of  A  

and B , respectively, and n  is the length of the codeword. Therefore, by assigning a unique 

orthogonal codeword to each source and assigning the same codeword to its intended destination, 

we can transfer data from a source to its destination. Bipolar forms of orthogonal codewords are 

used in the wireless CDMA; however, the bipolar forms are converted to binary forms when used 

in an on-chip network. 

3 Contributions of the Thesis 
 

This thesis addresses the design of an efficient on-chip network architecture for multi-core VLSI 

systems. The specific contributions of this dissertation are as follows: 

 

Chapter 2:  Novel multicasting and bandwidth reallocation techniques for flexible on-chip 

CDMA networks are introduced. A flexible codeword assignment technique for a CDMA switch 

is used to reallocate bandwidth between different PEs on an as-needed basis and also to 

efficiently support multicasting so that a higher aggregate communication bandwidth can be 

supported in practical applications.  The efficacy of these techniques is demonstrated using an 
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NoC design example containing 20 PEs. We have synthesized and compared the two main blocks, 

namely the code adder and the demodulator, of a conventional CDMA switch and the proposed 

switch. We also present the detailed design and synthesis results for 4-bit codeword and 8-bit 

codeword versions of the proposed switch. The simulation results show an improvement in 

performance in terms of both throughput and latency. The switch system has been implemented 

with VHDL and has been successfully synthesized using a 0.13 ㎛ high speed technology library. 

 

Chapter 3: We have developed a multicasting CDMA switch for a novel hybrid 2D-mesh and 

star topology network. The 2D-mesh topology is one of the most frequently considered NoC 

topologies because of its direct mapping and layout onto a chip. However, applying the 

multicasting concept in a 2D-mesh topology poses difficulties such as large multicasting hop 

counts, asynchronous delivery of a multicasting packet at the destinations and a hot spot problem 

at the center of the network. The results show that these limitations are improved using the 

proposed mesh-star hybrid NoC architecture. 

 

Chapter 4: Flexible codeword assignment in a CDMA switch leads to benefits such as 

bandwidth reallocation and multicasting. However, frequent insertion of small-size packets can 

reduce the performance of the network since a codeword must be assigned and subsequently 

returned to the codeword pool for each such packet. To alleviate this drawback, a novel semi-

distributed scheduling technique is proposed which improves the performance of a CDMA NoC 

by minimizing the number of required accesses of the codeword pool.  

 

Chapter 5: Scaled semiconductor technology may make a system more susceptible to various 

noise sources. Therefore, designing an error-robust system becomes an essential issue for the 

DSM technology era. In this chapter, we propose novel error management strategies for CDMA 

on-chip switches. We provide MATLAB simulation results as well as a synthesized area cost 

comparison for each of the proposed strategies.  

 

Chapter 6: Recently, Software Defined Radio (SDR) has attracted a great deal of attention due to 

its inherent flexibility and ease of adaptation for multi-function and multi-protocol systems. In 

this chapter, an SDR baseband platform is designed using two different types of on-chip networks, 

a multicasting CDMA-based network and a conventional 2D-mesh network. We demonstrate that 

an SDR baseband architecture can be effectively combined with a multicasting CDMA-based star 
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topology NoC to implement a flexible Multiple Input Multiple Output Orthogonal Frequency 

Division Multiplexing (MIMO-OFDM) system. 

 

Chapter 7: We present our conclusions from this research on flexible on-chip network 

architectures for multi-core VLSI systems.  Suggestions for future work are also presented in this 

chapter. 
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Chapter 2 

Multicasting and Bandwidth 
Reallocation in a CDMA Network-on-
Chip 
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1 Introduction 
 

Continued scaling of semiconductor technologies will enable an ever greater number of cores 

or processing elements (PEs) to be placed onto a chip.  As a result, effective communication 

between large numbers of PEs is becoming a major design issue. New on-chip interconnection 

methods which can handle a large numbers of PEs are required since typical bus-based 

interconnection approaches do not scale well. The Network-on-Chip (NoC) model [12] is 

emerging as a solution which can provide a scalable communication platform. In an NoC, a 

variety of processing cores, such as CPUs, memories, specialized processing engines and I/O 

units are interconnected by switches using a range of possible topologies.   

Recently, many researchers have proposed a variety of different NoC structures (e.g., [31] – 

[43]), and a prototype chip having 80 Processing Elements (PEs) in a 65 nm CMOS technology 

has been developed [44].   A CDMA-based NoC uses the orthogonality property of Walsh 

codewords to distinguish traffic destined for different PEs [45, 46, 47, 48].   One Walsh codeword 

is pre-assigned to each PE. When a PE has data to send, it modulates the data using the Walsh 

codeword that is assigned to the intended destination PE.  In the case when a PE has no data to 

send, it inserts the all-zero Walsh codeword which is not assigned to any PE [45, 46]. Therefore, 

minimizing the use of the all-zero codeword will lead to a higher overall bandwidth efficiency. 

The best case situation is the one in which all PEs constantly generate and transmit traffic at the 

same rate. However in actual practice, the PEs have different bandwidth requirements, so a 

uniform traffic assumption is not realistic. Also, many applications can benefit from the efficient 

support of multicasting, such as sending a global command message to a group of processing 

elements or implementing a cache coherency protocol.  

The novel contributions of this chapter are: (1) a comprehensive technique for reallocating 

bandwidth between different PEs on an as-needed basis so that a higher aggregate communication 

bandwidth can be supported in practical applications; and (2) a low-overhead multicasting 

technique for CDMA switches. The efficacy of these techniques is demonstrated using an NoC 

design example containing 20 PEs.  A brief summary of bandwidth reallocation for a CDMA 

switch was given in [49], and a brief description of a simplified multicasting concept for a 

CDMA switch was given in [50].  

The remainder of this chapter is organized as follows:  Previous work is reviewed in Section 

II and the proposed switch architecture is presented in Section 3.  Section 4 describes the 
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structure of an example 20-core NoC design, and our simulation and synthesis results are given in 

Section 5.  Finally, our conclusions are presented in Section 6. 

2 Previous Work 
 

Several high performance buses have been developed [51, 52] and an on-chip bus which uses 

the concept of code division multiplexing was introduced in [53].  However, as noted in the 

previous section, a shared bus cannot adequately handle the throughput requirements of future 

SoCs containing hundreds or thousands of PEs.  
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Figure 1:  Concept of a conventional CDMA switch. 

 

 

The conceptual diagram of a conventional CDMA switch for an on-chip network is shown on 

Figure 1 [45, 46]. Here we assume that there are n+1 Walsh codewords, W0 through Wn, and n 

modulator/demodulator pairs are connected through an adder block. S1 through Sn represent 

active input signals and N represents a case where no input is received from the attached PE. An 

8-bit Walsh codeword set and corresponding Binary Codeword Number (BCN) values are shown 

in Table 1. In any Walsh codeword set, there always exists an all-zero codeword, W0. In the 

conventional CDMA switch, a codeword other than W0 is assigned to each demodulator. Once a 

packet is received at an input port of the switch, the packet is modulated using the codeword 

which is assigned to the destination demodulator of the input packet. The all-zero codeword is 

reserved for use by modulators that are connected to idle PEs which do not have any data to send 

to the switch.  (W0 and can be assigned to multiple modulators, if required.) Thus, only n 

demodulators can be attached even though there are n+1 codewords. As an example, if we 

assume that 8-bit Walsh codewords are used in a conventional CDMA switch then we can 
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connect a maximum of 7 PEs to the switch. To distinguish between these 7 different PEs, 3-bit 

source and destination address fields are required.  Additional bits can be used to provide for the 

hierarchical scaling of a network, such as for a group or global address field. In that case, three 

address fields (i.e., group, source and destination) and a payload field make up the packet format 

for the conventional CDMA switch. These address fields are transmitted in every clock cycle 

along with the payload.  This leads to a wide link width and results in additional hardware 

overhead in the modulator, adder and demodulator blocks. 

 

BCN Walsh Codeword 

000 00000000 
001 01010101 
010 00110011 
011 01100110 
100 00001111 
101 01011010 
110 00111100 
111 01101001 

Table 1: BCN to Walsh Codeword Mapping. 
 
 

 
Figure 2: Modulated data and code adder in a conventional CDMA switch. 

 

The summation of the modulated data by the code adder is shown in Figure 2.  Each row of 

binary numbers represents the modulated input data from a modulator. A 4-bit adder unit adds 

one column of the modulated data bits from the 7 modulators and sends the sum value to the 

demodulators. Therefore, a total of 8 adder units are required to calculate all 8 modulated data 

bits from the 7 modulators. Each demodulator in the conventional CDMA switch is always active 

and determines if it is receiving a ‘1’, ‘0’, or no data. Thus, each demodulator has to operate and 

consume power continuously even if no data is being sent to it. 



 16

Multicast communication for multi-computer networks has been studied extensively, 

including the use of multicast routing algorithms and protocols [54, 55]. Recently, multicasting 

methods, strategies and a multicast-supporting switch architecture for an NoC has been discussed 

in the literature [34, 35, 43]. However, those works were not directed at the CDMA-based NoC 

approach considered here.  The application of a multicasting CDMA switch to a Software 

Defined Radio architecture is presented in [56]. 

 

3 Proposed CDMA Switch Architecture 
 

In this section, we present the concepts and architecture of the proposed CDMA switch and 

analyze its operational properties.  
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(b) Bandwidth reallocation 

Figure 3: Concept of multicasting and bandwidth reallocation. 
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(a) Local switch (8-bit codeword) 

 
(b) Central switch (4-bit codeword) 

Figure 4: Block diagrams of the proposed CDMA local and global switches. 
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The incorporation of multicasting and bandwidth reallocation features into a CDMA switch is 

shown in Figure 3. In contrast to previous designs, a given codeword is no longer fixed to a 

specific modulator or demodulator. Rather, a codeword is dynamically assigned to a modulator 

and one or more demodulators when an incoming packet is received.  By assigning the codeword 

to one modulator and multiple demodulators, we can support multicasting. In Figure 3(a), input 

data from PE1 is multicast to demodulators 1, 2 and n.  Codeword W0 is assigned as the idle 

input codeword. 

For bandwidth reallocation, a higher bandwidth PE and a lower bandwidth PE are paired up 

as a group.  In Figure 3(b), PE1 and PE3 are assumed to be higher bandwidth PEs. PE1 is 

transmitting data to PE3 by using the resources of its lower-bandwidth partner, PE2, as long as 

PE2 is idle. In order to accomplish this, two codewords, W2 and Wn, are assigned to this double-

bandwidth communication. Moreover, through the reuse of the all-zero codeword, the proposed 

switch allows up to n+1 modulators to transmit data at the same time, where the switch uses 

(n+1)-bit codewords. 

A hierarchy of switches may be utilized to expand the network in order to handle a large 

number of PEs.  For example, the Local Switch shown in Figure 4(a) is connected to 7 PEs and to 

a Central Switch and uses 8-bit codewords; the Central Switch, in Figure 4(b), connects four 

Local Switches together and uses 4-bit codewords.  We assume that the PEs have been assigned 

to Local Switches according to their dominant communication characteristics. In other words, 

PEs attached to the same Local Switch communicate more frequently with each other than with 

PEs which are connected to different Local Switches.  Both types of switches use the same packet 

format. 

3.1 Packet Format 
 

The basic datagrams used in this NoC are 18-bit flits (flow control units) of which there are 

three types, namely header, data and tail flits.  A packet is composed of one header flit, some 

number of data flits and one tail flit. Wormhole routing is applied [57]. The data paths within the 

switches are also 18 bits wide, so that a flit can be transferred between registers in one clock 

cycle. 

Figure 5 shows the three different flit formats. The two MSBs comprise the Header-Data-Tail 

(HDT) field, which may contain “01”, “11” or “10” for a header, data or tail flit, respectively. A 
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value of “00” in this field indicates that the flit does not contain valid data. The DS and DLD 

fields represent the destination switch and destination local demodulator address, respectively. 

The DS field is used in the central switch to define which local switch is to receive the packet, 

while the DLD field is used in the local switch to determine the destination demodulator for the 

packet. Each individual bit in the DS and DLD fields represents a destination switch or a 

destination demodulator, respectively. Therefore, multiple settings of these bits are allowed and 

will enable multicasting. This architecture can support a variable packet length and the D-length 

field is an optional pointer field to indicate the end of the valid data in the tail flit. 

 

 
 

Figure 5: The 3 types of flit formats. 

 

3.2 Selector and FIFO 
 

The purpose of the network adapter (NA) is to provide a simple interface between a PE and 

the network.  We assume that the NAs of the higher and lower bandwidth PEs within a pair have 

monitoring signals which check if the lower-speed PE has data to send or not. This can be easily 

implemented using two signals, i.e. ‘reserve-your-bandwidth’ (RYB) and ‘have-data’ (HD). If the 

HD signal from the lower-bandwidth NA is negated and the higher-bandwidth PE has data to 

send then the NA for the higher-bandwidth PE asserts RYB to the lower-bandwidth PE and the 

selector. It then starts to transmit data with increased (i.e., doubled) bandwidth until the lower-

bandwidth NA asserts the HD signal.  The selector decides the connection between the input ports 

and the FIFOs based on the RYB signal. Insertion of the selector benefits flexibility; however, 

increases the path length compare to the conventional CDMA switch. The lower-bandwidth NA 

has an 18-bit (2-bit HDT and 16-bit Data) interface to the selector. However, the higher-

bandwidth PE has two 18-bit connections; one of them is connected to the selector while the other 

is directly connected to the dedicated FIFO. 
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The FIFOs which are connected to the central switch have a width of 18 bits and a depth of 6 

flits and they provide empty and full signals. When the empty signal is negated, the modulator 

asserts the FIFO-read signal to access the FIFO. The FIFO-full signal is used as a backpressure 

signal to the NA to inhibit it from sending additional data. Once a header flit is buffered in a 

FIFO, it then checks the DS field of the input header flit.  If the bit matches with its own Local 

Switch address bit, then it sends the packet to the local modulator. If the DS field bit for the local 

switch is not set then it sends the flits to the arbiter block in order to transfer the flits to the 

Central Switch. 

 

3.3 Arbiter (ARB) 
 

The arbiter block provides the interface between a Local Switch and the Central Switch. 

When the FIFO buffer receives a header flit that is destined for a different Local Switch, the 

packet is routed to the arbiter. Then, the arbiter provides a path to the Central Switch. The arbiter 

block determines the outgoing data through a request-based round robin algorithm.  

 

3.4 Modulator 
The modulator reads data from the FIFO (if it is not empty) and checks the HDT field of the 

flit. If the flit is a header then it request a Binary Codeword Number (BCN) assignment from the 

scheduler and waits until a BCN has been assigned to it. Once that occurs, it starts to modulate 

the input data based on the BCN and transmits the flits to adder.  The BCN and codeword 

mappings are the ones shown in Table 1 and the modulation algorithm is specified in Table 2.  

When a tail flit is received, the modulator asserts ‘codeword-return-request’ (CRR) to the 

scheduler to return that BCN back to BCN pool. 
 

Input Data Bit Modulated Data 

0 Codeword itself 

1 Inverted codeword 

No Data All-Zero Codeword 

 
Table 2: Modulation Algorithm. 
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Figure 6: (a) Architecture of the scheduler and the BCN Pool. (b) Flow chart illustrating connection setup and clear. 
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3.5 Scheduler and Binary Codeword Number Pool 
 

The proposed Local Switch shown in Figure 4(a) contains 8 modulators and 10 demodulators.   

PEs 1, 3 and 5 (i.e., the high-bandwidth PEs) can each utilize a pair of demodulators, while PEs 2, 

4, 6 and 7 (i.e., the low-bandwidth PEs) can access only one demodulator.  (In the figure, the 

demodulator pairs are shown as two boxes, which are offset and placed on top of one another.) 

The BCN pool has a FIFO structure and stores seven 3-bit BCNs.  Figure 6(a) shows the 

structure of the Scheduler and the BCN Pool.  Simultaneous read and write operations in the BCN 

Pool are allowed. The BCN Pool provides BCN empty signals to the scheduler. When all seven 

non-zero BCNs have been assigned and an eighth CAR request is received then BCN0, which is 

mapped to the all-zero codeword, is assigned as the eighth codeword. 

The scheduler is composed of four main blocks: the BCN Assignment Engine (BCNAE), the 

BCN Return Engine (BCNRE), the Input Table and the Output Table.  The BCNAE and BCNRE 

units operate independently. The V bits in Output Table represent the valid bits and they are set 

based on the DLDR of the Input Table. 

The connection setup and clear mechanisms are illustrated in Figure 6(b).  Once a header flit 

is received, the BCNAE checks the V-bit of the Output Table to see if a BCN has already been 

assigned to the destination demodulator.  Then, if the BCN pool is not empty, it assigns a 

codeword from the BCN pool to the BCN field of the related input port and copies the DLD field 

of the header flit to the DLDR field of the Input Table. Also, the same BCN is copied to the 

related BCN field(s) of the Output Table and the V bit(s) is/are set to ‘1’. However, if the BCN 

pool is empty then it assigns BCN0 to set up the 8th connection and sets the BCN0 pointer with 

the input port number. When a tail flit is received and a codeword return is requested then the 

BCNRE checks if the BCN0 pointer is cleared to 0 or not.  If it is, then the BCN is returned to the 

BCN Pool and the DLDR of the related connection is cleared. On the other hand, if the BCN0 

pointer is set then the BCNRE compares the pointer value and the port number that received the 

tail flit. If they are equal then the port is using BCN0. In this case, the DLDR field for the 

connection is cleared and BCN0 starts to operate as an idle input case. However, when the values 

are not equal, the BCN is replaced with the value that is pointed to by BCN0 and it is used to 

transfer data and clear the BCN0 pointer. Therefore, if the 8th connection is required then BCN0 

is used to transfer data. However, if 7 or fewer connections exist then BCN0 reverts back to its 

default role, i.e. it is assigned to any idle input ports. 
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3.6 Code Adder 
 

 
Figure 7: Modulated data and code adder in the proposed switch. 

 

The code adder sums the modulated data from the eight modulators and sends the result to the 

ten demodulators. The adder unit for the proposed switch is shown in Figure 7. Compared to the 

adder used in the conventional 8-bit codeword CDMA switch, three additional half adders are 

required due to the need to add the values from 8 (rather than 7) modulators. However, in the 

conventional switch, 9 bits of address fields (i.e., group, destination and source address) are 

required along with the 16-bit payload field, giving a total flit width of 25 bits.  In contrast to this, 

the flit size used in the proposed switch is only 18 bits (2 bits for HDT and 16 bits for payload), 

which leads to a smaller overall adder cell area.  The area cost of the adder blocks for 

conventional and proposed codeword adders are compared in Table 3. The 8 MSBs of the outputs 

of the adder units, which calculate other columns of the same modulated data, are ORed and sent 

to demodulators. These ORed signals are used to minimize the size of the demodulator. 
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Cell area for the 
conventional 

codeword adder 

Cell area for the proposed 
adder for 8-bit codewords 

35,283 μm2 30,618 μm2 

Table 3: Area Comparison for Codeword Adder. 
 

3.7 Demodulator 
 

The original data is recovered from the summed data at each demodulator. The decision 

factor λ is used for the purpose of extracting the original data, as described in [45]. The 

demodulation equations, included here for completeness, are: 
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where: 

L is the codeword length, 

S[i] is the sum value at bit position i, and 

D[i] is the decision variable at bit position i. 

 

In the conventional CDMA switch, a demodulator always calculates λ to check if the 

demodulator is receiving a data bit even if no data is being sent to it, which wastes power.  In the 

case of the proposed switch, instead of always calculating λ, a demodulator checks the valid bit in 

the Output Table which is connected to the demodulator. If the valid bit is set to ‘1’ then the 

demodulator starts to calculate λ to determine the received data; otherwise, the demodulator is in 

a standby mode and holds its output lines at zero to minimize switching power. 

As can be seen in Figure 3, for the conventional switch, 7 bits from 7 modulated input data 

streams are summed at the adder units and their outputs are always 3-bit quantities. However, for 

the proposed switch there exist 8 cases, as shown in Figure 8, which require a 4 bit value to 

represent a sum value of 8. In each case, all 8 codewords are assigned for data transfers, of which 

four ports are receiving 1 and the other four ports are receiving 0 from their source PEs. If we 

used all four bits of the output of the adders then the size of a demodulator would increase 

significantly. So, instead of calculating λ values with all output bits, we propose to calculate λ 
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values using the low-order 3 bits and then to conditionally invert the demodulation decision based 

on the OR of the MSBs, as shown in Figure 7. The demodulation algorithm is shown in Table 4. 

An area comparison of 3 types of demodulators is given in Table 5. 

 

 
Figure 8: Cases where the sum of the modulated data requires a 4th bit position. 

 

 

V-bit λ value Inv_Result Demodulated data bit 

1 +L 0 1 
1 0 

-L 0 0 
1 1 

0 - - 0 
λ = decision factor 

Table 4: Demodulation Algorithm. 
 

 

Cell area for the 
conventional 
demodulator 

Cell area for the bit-
extended demodulator for 8-

bit codewords 

Cell area for the proposed 
demodulator for 8-bit 

codewords 

39,411 μm2 31,641 μm2 27,997 μm2 

 
Table 5: Area Comparison for Demodulator. 

 

Two demodulators, a “main demodulator” and a “sub-demodulator,” are allocated to each of 

the higher-bandwidth PEs (PEs 1, 3 and 5). When they operate with lower bandwidth, the 
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scheduler will not set the valid bits of the sub-demodulators and the demodulators are in their 

standby mode. If a higher-speed source PE wishes to send data using the extended bandwidth 

mode then both demodulators (i.e., main and sub) for the destination PE are activated and used. 

While the demodulators are inactivated, they output zeros to their associated PEs. 

4 Twenty Core Hierarchical Network 
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Figure 9: Traffic example in a 20-core CDMA network. 

 

 

Num. in 
Figure 8 

Local/ 
Global 

Source 
PE Transfer type 

(1) Local PE2 Multicasting to PE1, PE5 and 
PE7 

(2) Local PE4 Unicasting to PE6 
(3) Local PE5 Unicasting to PE3 with DBW 
(4) Global PE9 Unicasting  through C-SW to PE4 
(5) Global PE19 Broadcasting to SW3 

Table 6: Routing Methods in Figure 9. 
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Various data transfer examples for a hierarchical 20 core network are indicated in Figure 9. 

Several different varieties of CDMA switches are utilized in order to demonstrate the flexibility 

of the approach. The network has two local 8-bit codeword switches (Local CDMA Switches 1 

and 3) and three 4-bit codeword switches (Local CDMA switches 2 and 4, and the Central 

CDMA switch).  Seven PEs are connected to each of the two local 8-bit codeword switches, and 

three PEs are connected to each of the two local 4-bit codeword switches. The Central Switch 

connects the 4 Local Switches together. It uses the same flit format as the Local Switches; 

however, the Central Switch transfers packets based on the DS field of the header flit. Five 

different types of routing methods, which are indicated in Figure 9, are described in Table 6.  If a 

packet has a source and a destination within the same Local Switch then we distinguish it as a 

local switching scenario; however, if a packet must travel through the Central Switch then it is a 

global switching scenario. Each of the 8-bit codeword CDMA switches supports the bandwidth 

reallocation function described in the previous section.  However, the 4-bit codeword switches do 

not implement this feature in order to simplify the overall system design. 

Src
PE In D Input Table Dst 

PE DDM Output 
Table λ OD 

1 N/N 0000000000 000 1 0 1 000 -8 0 
2 0 1001000001 100 1 0 xxx x N 
3 N/N 0000000000 000 2 2 0 xxx x N 
4 1 0100000000 001 3 3 1 010 8 1 
5 1/0 0000001000 010 4 1 011 -8 0 
6 N 0000010000 011 4 5 1 101 -8 0 
7 N 0000000000 000 5 6 1 000 -8 0 

CS 0 0000100000 101 7 0 xxx x N 
 6 8 1 001 8 1 

7 9 1 000 -8 0 
S[i] = 23214341 

(a) Local CDMA Switch 1 

Src
PE In D Input Table Dst 

PE DDM Output 
Table λ OD 

11 N/N 0000000000 000 11 0 1 001 8 1 
12 N 0000000000 000 1 0 xxx x N 
13 N/N 0000000000 000 12 2 1 001 8 1 
14 N 0000000000 000 13 3 1 001 8 1 
15 N/N 0000000000 000 4 0 xxx x N 
16 N 0000000000 000 14 5 1 001 8 1 
17 N 0000000000 000 15 6 1 001 8 1 
CS 1 1101101101 001 7 0 xxx x N 

 16 8 1 001 8 1 
17 9 1 001 8 1 

S[i] = 10101010 

(b) Local CDMA Switch 3 

Table 7: Example Computation at Local CDMA NoC. 
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Table 7 shows the calculations corresponding to the traffic example of Figure 9. As can be 

seen from Table 7(a), PE2 which is connected to the Local Switch 1, is multicasting data to PEs 1, 

5 and 7; thus, the corresponding three bits of the DLDR field in the Input Table are set to ‘1’.  

PE1 is not sending data. Therefore, the DLDR and BCN fields of the Input Table contain all zeros.  

PE4 is unicasting data to PE6; thus, BCN ‘001’ is assigned to the Output Table for destination 

demodulator 8 and the valid bit is set to ‘1’.  PE5 is transmitting data with double bandwidth by 

using the resource of PE6 during the time while PE6 is idle. The values ‘010’ and ‘011’ are 

assigned to the BCN for PE5 and PE6 and also for the BCNs of demodulator 3 and 4 which are 

connected to PE3. The calculated λ values for destination demodulators 3 and 4 are ‘8’ and ‘-8’ 

respectively, which means that the transmitted data ‘1’ and ‘0’ are received correctly at the 

demodulators and transmitted to destination PE3. 

Table 7(b) gives the values for broadcasting within Local Switch 3. This is a special case of 

multicasting in which an input packet is delivered to all of the PEs attached to the switch. In this 

case, the packet from PE19 through the Central Switch is delivered to all PEs that are connected 

to Local Switch 3. The DLD field of the Central Switch interface port is set to assign BCN “001” 

to all destination demodulators except for DDMs 1, 4 and 7, the standby demodulators. 

 

5 Simulation and Synthesis Results 
 

This section gives performance results for multicasting vs. unicasting and for bandwidth 

reallocation vs. fixed bandwidth, as well as synthesized area results for the example network. 

 

5.1 Multicasting vs. Unicasting 
 

Figure 10 shows the performance comparison between multicasting and unicasting in the 20 

core network of Figure 9. Six-flit packets are used to measure the network throughput in Figure 

10(a).   For simplicity, each source PE chooses its destination port with the same probability. For 

example, in the case of Local Switch 1, a unicast packet sourced from PE1 will be sent to PEs 2, 

3, 4, 5, 6 and 7 or to the Central Switch with an equal probability of 1/7.   To demonstrate local 

multicasting, a source PE sends a packet to all of the PEs which are connected to the same local 

switch except for the source PE itself.  For example, PE1 send a multicast packet to PEs 2, 3, 4, 5, 
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6 and 7, all within Local Switch 1.  To demonstrate global multicasting, a source PE sends a 

packet through the Global Switch to all PEs that are connected to a different local switch. For 

example, PE1 sends a packet through the Global Switch to all of the PEs attached to Local Switch 

3, i.e. PEs 11, 12, 13, 14, 15, 16 and 17. As can be seen from the figure, the throughput of the 

multicasting case is more than four times as high as that of the unicasting case before the 

multicasting throughput reaches saturation. The worst case for unicasting occurs when all PEs 

send a packet to a destination node.  The worst-case for multicasting occurs when all PEs transmit 

packets to Local Switch 2 or 4.  The best case for the unicasting happens when the traffic is 

ideally balanced and no contention occurs. For multicasting, the best case happens when all data 

traffic is global traffic since a global multicast is delivered to either 3 or 7 PEs at a time, while 

local multicasting is only delivered to 2 or 6 PEs at a time. To measure the average throughput for 

each unicasting and multicasting case, we generated sets of traffic samples by increasing the 

injection rate from 0.1 through 1 packet/cycle/node, in steps of 0.1. For each value of the 

injection rate, we performed 20 random traffic simulations.  We observe in Figure 10(a) that the 

throughput increases linearly with the injection rate until a saturation point is reached.  In some of 

these throughput curves, the behavior in the saturation region is not entirely flat or monotonic, as 

would be expected.  This can be attributed to the fact that a relatively small number of 

simulations (i.e., 20) were performed to obtain each data point. 

The message latencies for multicasting and unicasting are compared in Figure 10(b).  A one-

packet message from PE1 was delivered to the 6 other PEs which are connected to Local Switch 

1 and the local message latency was measured. In the same manner, we measured the global 

message latency from PE1 to all the PEs that are connected to Local Switch 2. For the 

multicasting case, the source PE can transmit the message to all destinations at the same time. 

However, for the unicasting case, the source PE needs to send the same message to each 

destination PE repeatedly. For the case of a 4-filt size packet, the local and global multicasting 

latency is 21% and 31% of that of the unicasting latency, respectively. When the message length 

is increased to 9 flits, then the latencies are 19% and 25%, respectively. Therefore, the latency 

gap between multicasting and unicasting increases with increasing message size. Contention at 

the destination is ignored in this latency experiment. If contention is present, there will be an even 

greater gap between the two latencies. This is because multicasting is a single transmission of the 

message to the entire set of destinations at one time; on the other hand, for unicasting, each time 

the source transmits the message to a destination there exists a possibility of having contention. 
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(a) Worst-case (wc), average (av) and best-case (bc) throughput for unicasting (uni) 

and multicasting (mult). 

 

 

 
(b) Latencies for local (l) and global (g) unicasting and multicasting. 

 

Figure 10: Performance comparison of multicasting vs. unicasting. 
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5.2 Bandwidth Reallocation vs. Fixed Bandwidth 
 

Figure 11(a) compares the throughput of bandwidth reallocation vs. a fixed bandwidth 

scheme. Here, we assume that PEs 2, 4, 6, 12, 14 and 16 require only 20% of the bandwidth 

allocated to each of those PEs. The remaining 80% of their bandwidth capability is then 

reallocated to their higher-bandwidth partner PEs, i.e., to PEs 1, 3, 5, 11, 13 and 15, respectively. 

The figure shows that the total average throughput is increased by up to 14% by reusing the 

bandwidth in this way. 

Message latencies are compared in Figure 11(b).  Three cases are considered, namely a fixed 

bandwidth scheme, bandwidth reallocation in which the lower-bandwidth PE in each pair uses 

20% of its allocated bandwidth and bandwidth reallocation in which the lower-bandwidth PE in 

each pair uses 40% of its allocated bandwidth. A ten-packet message is generated at a higher-

bandwidth source PE and the message latency is measured. As can be seen in the figure, the 

efficiency of bandwidth reallocation (i.e., the size of the gap between fixed bandwidth and 

bandwidth reallocation schemes) increases with increasing packet size.  In addition, the efficiency 

of bandwidth reallocation also improves when the low-bandwidth PEs utilize a smaller fraction of 

their allocated bandwidth. 

 

 
(a) Throughput of fixed and bandwidth-reuseable (bw-re) schemes. 
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(b) Latency of fixed and bandwidth-reuseable schemes in which the lower bandwidth 

PE utilizes 20% or 40% of its allocated bandwidth. 

 

Figure 11: Performance comparison of fixed bandwidth vs. bandwidth reallocation. 

 

 

5.3 Area Results 
 

The synthesis results for the proposed 4-bit and 8-bit switches are displayed in Table 8. A 

0.13 ㎛ high-speed CMOS ASIC library was used to perform the synthesis. 

 

 

Cell area for 8-bit codeword switch Cell area for 4-bit codeword switch 

473,548 μm2 85,848 μm2 

 
Table 8: Synthesis Results for 8-bit and 4-bit Codeword Switch. 
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6 Conclusions 
 

In this chapter, we have presented a novel and practical technique for reusing idle bandwidth 

and for multicasting within an NoC. We take advantage of the flexibility in codeword assignment 

that is possible within the CDMA NoC approach.  PEs are paired together in such a way that they 

can reallocate their available bandwidth among themselves.  If one PE has no data to send at a 

particular time, the other PE within the pair can utilize that bandwidth so that the total system 

performance is increased. In addition, wormhole routing is used to reduce the required hardware 

size as well as to facilitate the effective assignment of codewords dynamically on an as-needed 

basis. 

The major blocks of the conventional and proposed CDMA switches have been synthesized 

and compared. The proposed switch achieves about a 14% or 33% increase in maximum 

bandwidth for 8-bit or 4-bit codeword CDMA switches, respectively.  The simulation results also 

demonstrate that multicasting reduces point-to-multipoint communication latency and data traffic 

in the network.  Finally, the area cost is improved through the use of the proposed demodulation 

technique. 
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Chapter 3 
Mesh-Star Hybrid NoC Architecture 
with CDMA Switch 
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1 Introduction 
 

As ITRS reported, gate delay is decreasing as technology scales but global wire delay is 

increasing exponentially [58]. Network-on-Chip (NoC) concepts have emerged to resolve the 

limitations of conventional bus-based systems in terms of scalability and high throughput 

requirements. Recently, many researchers have proposed a variety of NoC structures [31, 33, 59]. 

In NoCs, processing elements (PEs) such as CPU, DSP, I/Os, ASICs and memories are 

interconnected by switches based on specific topologies and communicate by routing packets. 

In spite of the disadvantages of buses, they do provide for multicasting in a natural way. 

Many applications require support for multicasting, such as sending a global command message 

to a group of processing elements or implementing a cache coherency protocol.  

The 2D-mesh topology is one of the most frequently considered NoC topologies because of 

its direct mapping and layout onto a chip [44]. However, applying multicasting concepts to a 2D-

mesh network poses challenges. Researchers have proposed multicasting methods for a 2D-mesh 

network but with the primary focus being the avoidance of deadlock [60]. Also, Code Division 

Multiple Access (CDMA)-based NoC techniques have been introduced but the conventional 

CDMA switch does not support multicasting and cannot be directly connected to a 2D mesh 

network [45]. 

In this chapter, we propose a novel multicastable CDMA switch and an efficient mesh-star 

hybrid architecture for NoCs. 
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2 A Conventional Multicasting Concept in 2D-
Mesh Network 

 

B

C

A

D E

 
(a) without grouping 

 

E

C D

B

A

 
(b) with grouping 

Figure 1: Example of basic multicasting on a 2D-mesh NoC. 
 

 

Figure 1 (a) shows the basic concept of multicasting in a 5x5 2D-mesh network. Assume that 

PE A has a packet to be delivered to PEs B, C, D and E. Without the support of multicasting, PE 

A must unicast the same packet to each destination four times. This series unicasting of the same 

packet will increase both network traffic and the chances of contention. A basic multicasting 
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method shown in Figure 1 (a) is for PE A to first transmit a packet to PE B. Once the packet is 

received by PE B then PE B retransmits the packet to PE C. Continuing in this fashion, the packet 

is delivered to PE D and finally to PE E. Compared to series unicasting, this method will reduce 

network traffic. However, the packet still has a long distance to travel from the source PE to the 

final destination PE. Of course, an appropriate routing algorithm has to be applied to prevent 

deadlock and to increase the efficiency of the network. Another, problem is that the packet is not 

delivered to all destinations at the same time. If the packet is real-time data and requires time-

sensitive processing then these different arrival times could pose a significant difficulty at the 

system level. 

Figure 1 (b) illustrates that PEs B, C, D and E are placed closer together at the center of the 

network and PE A is multicasting a packet to the group of PEs. As can be seen from Figure 1, we 

can reduce the total multicasting hop count by placing the multicasting destinations closer. 

Therefore, if frequent multicasting to a group is required then it is better to place the PEs in the 

group closer to each other. Also, in many applications, we may have several PEs which 

communicate with each other more frequently than with other PEs, such as a processor and cache 

memories. Therefore, if there is a higher probability of communication between some specific 

PEs, we can reduce network traffic by placing those PEs closer to each other. However, if we 

place the frequently communicating group at the center of the network then their frequent 

communication would increase the chances for contention because the traffic load at the center of 

an ordinary mesh network is much higher than average. If we place the group at the corner of the 

2D-mesh network then we would reduce this problem. However, in that case the hop count to the 

farthest PE will increase. 
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3 Implementation of the Proposed Switch 
 

FIFO

FIFO

FIFO

MOD0

DE

MOD0

FIFO

DEMOD3

MOD3

FIFO

DE

MOD2

MOD2

FIFO

 
Figure 2: Block diagram of the proposed switch. 

 
The proposed switch uses CDMA techniques rather then conventional MUX-based switches. 

Figure 2 shows the block diagram of the proposed switch. Eight modulator and demodulator sets 

are connected through the code adder. Four modulators and demodulators are connected to each 

other through conventional 2D-mesh switches. The other four modulators and demodulators are 

connected to four PEs. A packet can be delivered to one PE or to multiple PEs which are 

connected to this switch. Any PEs which are directly linked by this switch can unicast or 

multicast a packet to each other. Binary Walsh codes are used for this switch. 

 

3.1 Packet Format 
 

In the network, we apply the wormhole concept and design the proposed switch with a 16-bit 

data field which is extendable, if needed. Wormhole routing splits a packet into smaller units 

which are called flits. Figure 3 shows the flit formats. A two-bit Header-Data-Tail (HDT) field 

within each flit represents the type of the flit: “01” for header flit, “11” for data flit, “10” for tail 

flit, and “00” for idle. The XY routing algorithm is applied for the 2D-mesh part of the network, 
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where XA and YA represent the X-Address and Y-Address, respectively. Each switch in the 

network has its own XA and YA. For example, the switch which is located at the top-left of a 5x5 

2D-mesh has (1, 1) for its address, whereas (5, 5) is the address of the switch at the bottom right. 

For the conventional 2D-mesh switch which is connected in the network, a packet is delivered to 

the next switch based on the values of XA and YA. If XA and YA match those for the switch 

then the packet is sent to the PE which is connected to the switch. The DLD field represents the 

destination-local-demodulator address which is used in the proposed CDMA switch. If a packet is 

received by the switch and the XA and YA match those of the switch then the received packet is 

delivered to a PE or PEs based on the DLD field of the header flit. If the header flit of a packet is 

received then a codeword is assigned by the scheduler. The data flits all use the same assigned 

codeword; once the tail flit has been received then the scheduler will return that codeword to the 

codeword pool. The D-Length field in the tail flit is an optional field which points to the last 

effective data bit in the tail flit. 

 

 
Figure 3: Flit based packet format for the network. 

 

 

3.2 Scheduling 
00000000
01010101
00110011
01100110
00001111
01011010
00111100
01101001

Codeword

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥= ⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

Figure 4: Walsh codewords. 
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Once a modulator receives a header flit then it requests codeword assignment from the 

scheduler block. The codewords in Figure 4 are stored in the codeword pool which has a FIFO-

like structure.  A codeword is assigned by the following process. 

 

- Check the XA, YA and DLD fields of the received header. 

- Check for contention. 

- Read a codeword from the codeword pool. 

- Set Input Codeword Assignment Table (ICWAT). 

- Based on ICWAT, set Output Codeword Assignment Table (OCWAT). 

 

If XA and YA match those of the switch, the DLD field of the received header is stored to the 

Destination Local Demodulator Register (DLDR) in the ICWAT if no contention exists. Each bit 

of DLDR represents a destination demodulator. Therefore, if the DLDR for modulator 0 

(DLDR0) is “00000010” then PE1 is transmitting a packet to PE2. Similarly, “00001110” would 

be placed in DLDR0 when PE1 is multicasting a packet to PE2, PE3 and PE4. If XA or YA of the 

received packet is not same as that of the switch it means that the packet needs to be sent to 

another switch. In such a case, the scheduler sets DLDR based on Table 1. 

 

 

Address Comparison DLDR value in ICWAT 

S_XA > RH_XA “100000000” (To West) 

S_XA < RH_XA “01000000” (To East) 

S_YA > RH_YA “00010000” (To North) 

S_YA < RH_YA “00100000” (To South) 

S_XA = RH_XA 
S_YA = RH_YA 

Based on DLD field of the 
received header flit 

Note 1: S_XA, S_YA: XA, YA are those assigned to the switch. 

Note 2: RH_XA, RH_YA: XA, YA are those of received header flit 

 

Table 1: DLDR Mapping. 
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MOD 
Num 

ICWAT OCWAT DMOD 
Num DLDR Codeword V Codeword 

0 00001100 01010101 1 00110011 0 

1 00000000 00000000 1 00110011 1 

2 00000000 00000000 1 01010101 2 

3 00000000 00000000 1 01010101 3 

4 00000011 00110011 0 - 4 

5 00000000 00000000 1 01100110 5 

6 00000000 00000000 0 - 6 

7 00100000 01100110 0 - 7 

 

Table 2: Example Setting of ICWAT and OCWAT. 
 

Table 2 shows an example setting of the ICWAT and OCWAT. PE1 is multicasting data to 

PE3 and PE4 using codeword “01010101”. A packet from the north port is multicast to PE1 

and PE2. A packet from the west port is delivered to the south port. The valid (V) bit in 

OCWAT is set based on the DLDR of ICWAT. Demodulators are in the idle mode until this 

bit is set to ‘1’. The same codeword is assigned for the source modulator and destination 

demodulator. Therefore, the codeword that is assigned to modulator 4, which is connected to 

the north port, is the same as the codeword that is assigned to demodulators 0 and 1, which 

are connected to PE1 and PE2, respectively. 

The DLDR and V-bit are cleared and the assigned codeword is returned to the codeword pool 

when the tail flit is received. 

 

3.3 Modulation and Demodulation 
 

Input bit of a packet Modulated data 

0 Codeword itself 

1 Inverted codeword 

 

Table 3: Modulation Algorithm. 
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Once a header flit is received and the codeword is assigned then the modulator modulates 

each data bit of the packet based on the algorithm of Table 3. 

The modulated data from each modulator are sent to the code adder block where they are 

summed. The summed data are sent to all of the demodulators. The equations for the decision 

factor λ, which is calculated at each demodulator, are: 

 

(2 [ ] ) if codeword[i] is 0
[ ]

( 2 [ ]) if codeword[i] is 1
S i L

D i
L S i

−⎧
= ⎨ −⎩

                                           (1) 

∑
−

=

=
1

0

][L

i L
iDλ                                                                             (2) 

where L is the codeword length, S[i] is the sum of the modu-lated values at codeword bit 

position i, D[i] is the decision variable at codeword bit position i and is the decision factor. 

If the V-bit is set to ‘1’ then the demodulator is activated and calculates the λ value based on 

the assigned codeword in the OCWAT. Otherwise, the demodulator is in an idle mode so as to 

save power. The demodulator extracts the original data based on the λ value, as shown in Table 

IV. 

V-bit λ Value Demodulated data bit 

1 +1 1 

1 -1 0 

0 - No received data 

 

Table 4: Demodulation Algorithm. 
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4 Mesh-Star Hybrid NoC 
 

B

A

C D

E

 
 

Figure 5: 5x5 2D mesh-star hybrid NoC. 
 

Figure 5 illustrates a multicasting example in the mesh-star hybrid NoC. We placed the 

CDMA switch inside of the dashed circle. Four PEs, B, C, D and E, are directly connected by the 

switch. Also, four conventional 2D-mesh switches are linked through the switch. One benefit of 

this architecture is that links are not utilized when PEs that are directly connected to the switch 

are communicating with each other, freeing them up for other traffic.  This can lessen the hot spot 

problem at the center of the network. Another benefit is that it can reduce the multicasting hop 

count. Comparing Figure 1 (b) and Figure 5, we can see that the PEs in gray are at the same 

positions. However, the PEs in Figure 5 have a reduced multicasting hop count, which increases 

network efficiency. Also, the multicasting data is delivered at the same time at the destinations, 

which is important in real-time or time-sensitive applications. 
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5 Results 
 

5.1 Comparison Results 
 

 2D Mesh 2D Mesh-Star 
Hybrid % improved 

Min hop in group 2 1 50 % 

Max hop in group 3 1 67 % 

Min hop to the most far PE from the group 7 5 29 % 

Min total hop for multicasting from the 
most close PE which is located out of the 

group 
5 2 60 % 

Min total hop for multicasting from the 
most far PE which is located out of the 

group 
8 5 38 % 

Occupy link during the communication 
within group Yes No - 

Multicasting data arrive at the same time to 
the group No Yes - 

 

Table 5: Comparison Between 2D-Mesh and Hybrid NoC. 
 

 

Table 5 compares Figure 1 (b) with Figure 5. As can be seen from the table, we can minimize 

the hop count and reduce network traffic by using the proposed switch. Here we use only one 

CDMA switch; however, if it is required, we can include several CDMA switches in an NoC. 

Also, we can increase or decrease the number of PEs which are directly connected to the switch 

based on the requirements of an application. 

 

 

 

5.2 Synthesis Results 
 

A UMC   CMOS technology high-speed ASIC library was used for logic synthesis. The 

synthesis results for our proposed switch are presented in Table 6. 
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Slack met for 500 MHz Clock 

Combinational area 261,392 ㎛² 

Non-combinational area 68,595 ㎛² 

Total cell area 329,987 ㎛² 

Total dynamic power 78.2 mW 

Cell leakage power 78.3 μW 

 

Table 6: Synthesis Results. 
 

 

6 Conclusions 
 

In this chapter, we have presented a novel multicastable CDMA-based switch and associated 

hybrid NoC based on the 2D-mesh and star topologies. The proposed switch connects 4 PEs and 

4 links. The switch can unicast and multicast data between the PEs which are directly connected 

to it. Also, the switch can unicast and multicast packets from other conventional 2D-mesh 

switches into the group. This approach can mitigate the hot spot problem of the network and 

increase network efficiency. The switch has been designed and synthesized using a high-speed 

ASIC technology library. 
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Chapter 4 

Semi-distributed Scheduling for 
Flexible Codeword Assignment in a 
CDMA Network-on-Chip 
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1 Introduction 
 

System-on-Chip (SoC) applications can utilize a large number of processing elements (PEs), 

such as processor cores, DSP cores, memory units, mixed signal units, dedicated hardware units 

and/or programmable hardware units. The conventional bus-based SoC architectures may use 

high performance buses such as ARM’s open standard on-chip bus AMBA [52, 61], IBM’s 

CoreConnect [62], STMicroelectronic’s STBus [63], etc.  However, there is a need for more 

powerful and effective communication techniques to link large numbers of core units since the 

traditional bus-based architecture may not meet the requirements of future SoC designs in terms 

of scalability, higher throughput and reliability. 

The Network on Chip (NoC) [24, 64] has emerged as a promising solution for future multi-

processor SoC (MP-SoC) designs to address the interconnect complexity challenges.  An NoC is 

a packet-switching network in which the data is packetized and routed to its destination [65].  The 

performance of a network is measured by parameters such as throughput and latency. In this 

chapter, we concentrate on reducing latency in such a network.  The latency is determined as 

follows: 

 

  Latency packet transmission delay=                                            (1) 

EtoE switch linkL L L= +∑ ∑                                                    (2) 

 

In Eq. (2), EtoEL  , switchL  and linkL  are the end-to-end latency, switch latency and link latency, 

respectively. The link latency is a technology-specific parameter which is determined by an RC 

time constant of the semiconductor process which is used. On the other hand, the switch latency 

is the delay caused by the switches in the network and includes queuing delay, arbitration delay 

and contention delay. Therefore, a designer can minimize the switch latency by appropriately 

reducing these delays. 

Year 2009 2010 2011 2012 2013 2014 

switchL [ps] 485 398 340 299 261 211 

linkL [ps] 797 984 1246 1334 1596 2085 

 
Table 1: Switch and Link Latency Estimation Based on Technology Requirement Report of 

ITRS. 



 48

Table 1 shows the estimated switch latency and link latency based on the ITRS report of 2006 

[58]. Here, we assume that the switch latency requires 6 clock cycles and that the link length is 1 

mm. As can be seen in the table, link latency increases significantly with the scaling of 

technology. To minimize it, we need to shorten the link length, which means that a shared bus 

architecture will not be appropriate for future global on-chip interconnects. On the other hand, the 

switch latency decreases because the clock speed is increased by technology scaling. We can also 

obtain better end-to-end latency by reducing the latency within each switch. 

Many researchers have proposed various NoC architectures [66, 67] and a multicasting 

CDMA switch using flexible codeword assignment has been proposed [49, 50].  In a CDMA 

switch, an orthogonal spreading code is used to extract the original data from the modulated data.  

In this chapter, we propose a novel scheduling technique to reduce the switch latency for a 

CDMA-based switch which uses a flexible codeword assignment scheme. 

 

2 Codeword Assignment Technique 
 

A CDMA switch uses an orthogonal spreading code to deliver the source data to its intended 

destination. In this section, we will discuss three different codeword assignment strategies for use 

with such switches. 

 

2.1 Receiver-Based Assignment 
 

 
 

Figure 1: Conceptual diagram of receiver-based codeword assignment. 
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Figure 1 shows the conceptual diagram for a receiver-based codeword assignment scheme 

[45]. The solid lines represent the data flow and the dotted lines represent the codeword 

assignment by the scheduler. TxM and RxM represent the transmitter module and receiver 

module, respectively. C0 through Cn are the different codewords in an orthogonal codeword 

group. A Walsh code is used as the spreading code and ‘L’ different codewords exist in a length 

‘L’ Walsh codeword group including the all-zero codeword. C0 represents the all-zero codeword 

in Figure 1. In the receiver-based assignment approach, codewords C1 through Cn are pre-

assigned to each RxM.  Once a packet is received at a TxM, then the scheduler assigns a 

codeword based on the destination of the packet. The TxM modulates its data based on the 

assigned codeword and transmits it to the code adder. If no data is received from the attached PE, 

then the all-zero codeword, C0, is used for the associated TxM. Multiple C0 codewords can be 

assigned to TxMs if several TxMs do not receive data from their associated PEs. The code adder 

sums all modulated data from the TxMs and transmits the summed data to the RxMs. Each RxM 

demodulates the received data based on its pre-assigned codeword and thereby determines if it 

has received a ‘0’, ‘1’ or no data.  As we can see from Figure 1, the maximum number of RxMs is 

limited to ‘L-1’ (= n) since the C0 codeword has been reserved for the no input data case. 

 

2.2 Receiver-Based Assignment 
 

 
Figure 2: Conceptual diagram of transmitter-based codeword assignment. 

 

 

The structure of transmitter-based codeword assignment is shown in Figure 2.  In this case, a 

codeword is pre-assigned to the each TxM. If a packet is received at a TxM then the same 

codeword which is pre-assigned for the TxM is assigned to the RxM based on the destination 
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address from the scheduler. If no packet is received for an RxM, then C0 is assigned for the RxM. 

Since no TxM modulates data with C0, an RxM having C0 knows that no data is received. A 

benefit of this architecture is that multicasting is available by assigning one codeword to multiple 

RxMs as can be seen from Figure 2. However, the maximum numbers of TxMs is still limited to 

‘n’ since the codewords are pre-assigned to the TxMs. 

 

2.3 Flexible Assignment 
 

 
Figure 3: Conceptual diagram of flexible codeword assignment. 

 

A conceptual diagram for the flexible codeword assignment scheme [49, 50] is shown in 

Figure 3.  In this case, codewords are not pre-assigned to either TxMs or RxMs. Instead, the 

codewords are stored in a codeword pool (CW Pool) which has a FIFO-like architecture and 

which assigns codewords to TxMs and RxMs on an as-needed basis. The scheduler maintains two 

codeword assignment tables, namely the input and output codeword assignment tables. An input 

codeword assignment table is mapped onto each TxM and an output codeword assignment table 

is mapped onto each RxM.  In the initial state, C0 is assigned to all TxMs and codewords are not 

assigned to RxMs so that the RxMs are deactivated and hold their output links low.  The 

wormhole concept is also used in this architecture, so when a header flit is received by a TxM 

then a codeword is read from the CW Pool and assigned to the TxM and the related RxM. When a 

codeword is assigned for an RxM(s) then the RxM(s) is (are) activated and begin extracting the 

original data. A sequence of body flits are transmitted using the same codeword assignment as for 

the header flit. When a tail flit is received, the assigned codeword is returned to the CW Pool and 

C0 is assigned for the input TxM. By clearing the codeword in the related output codeword 

assignment table(s), the corresponding RxM(s) is (are) deactivated. 
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One benefit of the flexible codeword assignment scheme is that we can connect more then ‘L-

1’ (= n < m) PEs to the switch.  This is in contrast to the previous two cases, in which codewords 

are pre-assigned to TxMs or RxMs. Each bidirectional link for a PE connection requires at least 

one TxM and RxM set; therefore, the maximum number of PEs that can be connected to the 

switch in those cases is limited to ‘L-1’ when a length ‘L’ codeword group is used. 

Another benefit of using this scheme is that we can increase the switch bandwidth by using 

C0 for data transmission.  In the previous two codeword assignment schemes, C0 must be 

reserved for the case when a TxM does not receive any data from its attached PE. However, in the 

flexible assignment approach, after codewords C1 through Cn have been assigned, we can use C0 

for communication when there is another codeword assignment request. Therefore, a total of ‘L’ 

TxM-RxM sets can communicate at the same time.  In addition, we can perform multicasting. In 

Figure 3, C2 is used for multicasting.  If we assume that ‘m’ PEs are attached to the switch and 

unicasting and multicasting are well distributed, a maximum of ‘L’ (= n+1) source PEs can 

transmit data to the ‘m’ destination PEs. Therefore the best-case bandwidth is increased to 

m*link-width*clk-rate as compared to n*link-width*clk-rate for the previous cases. Also, 

multicasting reduces traffic and message latency since one transmission of a packet is delivered to 

multiple destinations. 

3 Concentrated vs. Distributed Scheduling 
 

We use the term concentrated scheduling to refer to the situation where the central 

scheduling logic controls all connections for a switch. In this case, the scheduling algorithms such 

as contention management are simple because one scheduler performs the connection scheduling 

during each clock cycle. However, if there are multiple connection requests during a clock period 

then only one connection can be processed in each clock cycle and the others must wait. This 

increases the latency of the switch. 

In contrast to this, we use the term distributed scheduling to describe the situation in which 

each input port has its own dedicated scheduler. Since multiple schedulers are used, the 

scheduling itself becomes more complicated compared to concentrated scheduling. However, 

multiple connections can be set up at the same time in this scheme.  

For the three codeword assignment techniques which were discussed in the previous section, 

both receiver-based and transmitter-based assignment can be realized using either the 

concentrated or the distributed scheduling architecture since we know in advance which 
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codeword is to be assigned to the TxM or RxM. However, for the flexible assignment case, when 

a header flit is received then a codeword is assigned from the CW Pool; therefore, if multiple 

codeword assignment requests are requested during the same clock period, only one codeword is 

assigned for a connection and the others are left unassigned and need to wait until codewords can 

be assigned for them. Thus, using distributed scheduling within a flexible codeword assignment 

CDMA switch is not possible. 

 

4 Semi-distributed Scheduling Architecture 
 

Code
Adder

 D-Sched 1TxM 1FIFO 1

ca_req1
ca_ack1

look_ahead

 C-Sched

ca_req1
ca_ack1

m 2 13 Codeword

CW Pool

V Codeword

CW copy logic

ICWAT1

OCWAT1

RxM 1

Data in 1

Data out 1

cr_req1 cr_req1

Scheduler
 

Figure 4: Block diagram of the proposed scheduler. 
 

 

Abbreviations Actual name 

D-Sched 1 Distributed Scheduler 
C-Sched 1 Central Scheduler 
ICWAT 1 Input Codeword Assignment Table 1 
OCWAT 1 Output Codeword Assignment Table 1 
ca_req1 Codeword Assignment Request 1 
ca_ack 1 Codeword Assignment Acknowledgement 1  
cr_req 1 Codeword Return Request 1 

 

Table 2: A Key to Abbreviations for Figure 4. 
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As discussed in the previous section, multiple codeword requests in the same clock cycle lead 

to an increase in switch latency since the codeword assignment process becomes a bottleneck. To 

alleviate this problem, we need to determine the situations in which multiple codeword 

assignments are most likely to occur. High injection rate, small size packet traffic will definitely 

increase the probability of such multiple codeword assignment requests since it is leads to 

multiple arrivals of header flits within the same clock period. We refer to the proposed scheduling 

architecture as semi-distributed since it uses concentrated scheduling when the injection rate of 

the data traffic is low and distributed scheduling when the injection rate is high. 

The block diagram of the proposed semi-distributed scheduling architecture and its associated 

terminology are given in Figure 4 and Table 2, respectively.  In Figure 4, the thick arrows 

represent data signals and the thin arrows represent control signals. Bits ‘1’ through ‘m’ in the 

Input Code Word Assignment Table (ICWAT) represent destination RxMs and they are set based 

on the received header flit. In this case, we assume that we have ‘m’ RxMs. Multiple setting of 

the bits ‘1’ through ‘m’ in a given ICWAT is allowed and will result in multicasting; however, 

multiple setting of the same bits in different ICWATs is not allowed.  If a packet is injected at a 

low rate, no previous connection normally exists in the ICWAT when a header flit is stored in the 

FIFO since the idle time between packets is long. In this case, the distributed schedulers go into a 

transparent mode and bypass the ‘ca_req’ and ‘ca_ack’ signals between TxM and C-Sched.  

However, for high injection rate traffic, packets are injected frequently and we may expect cases 

in which multiple packets exist in the switch (i.e., in the FIFO and TxM) at the same time. In this 

case, the codeword assignment information for the previous packet is still located in the ICWAT 

and the next packet is held in the FIFO.  If we assume that a new header flit arrives at the FIFO, 

then through a header-look-ahead process, D-Sched checks if the destination for the header flit 

has already been reserved or not. If it is not reserved and the tail flit for the previous packet has 

arrived at the TxM (i.e., the tail flit of the previous packet located in front of the header flit of the 

next packet) the codeword return request for the previous packet is asserted based on the arrival 

of tail flit of the previous packet at TxM. In this case, D-Sched ignores the return request and 

updates the destination RxM field of the ICWAT based on the header flit of the next packet. 

Therefore, from the view of the C-Sched, the situation is same as when one long packet occupies 

the codeword and the connection is maintained continuously. In this way, the previously assigned 

codeword is reused for the next connection and codeword assignment requests in the same clock 

period from multiple TxMs are processed simultaneously.  Also, a round robin based equal 
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priority scheme was used to resolve cases of contention.  However, other types of priority 

schemes could alternatively be incorporated into our framework. 

 

5 Experimental Results 
 

5.1 Latency Improvement 
 

 
(a) Concentrated Scheduling                  (b) Semi-distributed scheduling 

 
Figure 5: Timing simulation results for codeword assignment. 

 

The delay between a codeword assignment request and the codeword assignment 

acknowledgement for both concentrated and semi-distributed scheduling is compared in Figure 5. 

Eight TxM and RxM sets and 8-bit Walsh codewords are used; thus we have eight ‘ca_req’ and 

‘ca_ack’ signals. All TxMs receive header flits at the same time and assert ‘ca_req’ at the same 

clock edge, and the destinations do not overlap. For concentrated scheduling, the worst-case 

codeword assignment is delayed by eight clock cycles from the request of the codeword 

assignment.  However, in the semi-distributed scheduling case, all codewords are assigned at the 

next clock after the requests. 

Table 3 compares the switch latencies for the header flits when contention does not occur. 

Latencies are measured from the time when a header flit is stored into a FIFO of a CDMA switch 

until the time it departs from the RxM of the switch. As can be seen from the table, the best-case 

and worst-case latencies for concentrated scheduling varies; however, the latencies for the semi-

distributed scheduling are always the same as the best-case latency of concentrated scheduling. 
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Walsh code length for CDMA 
switches 

Latency for conc. 
sched. [clks] 

Latency for semi-dist. 
sched. [clks] 

Best Worst Best Worst 

4-bit Walsh code switch 5 8 5 5 
8-bit Walsh code switch 5 12 5 5 

16-bit Walsh code switch 5 20 5 5 
32-bit Walsh code switch 5 36 5 5 

 

Table 3: Latency for Multiple Header Reception at the Same Clock. 
 

5.2 Area Cost 
 

Scheduling Method Synthesis area result 

Concentrated 327,425 ㎛² 

Semi-distributed 336,089 ㎛² 

 

Table 4: Area Cost Comparison. 
 

CDMA switches using the concentrated scheduling scheme and the proposed semi-distributed 

scheduling have been synthesized and compared. The two scheduling architectures are mapped 

onto 8-bit Walsh code, 16-bit link width CDMA switches in which eight TxM and RxM sets are 

used. The total switch area is increased by only 2.6% for semi-distributed scheduling compared to 

the design based on concentrated scheduling.  A 0.13 ㎛ CMOS technology high-speed ASIC 

library was used for the logic synthesis. 

 

6 Conclusion 
 

A semi-distributed scheduling architecture for flexible codeword assignment in a CDMA 

switch was proposed and compared with conventional scheduling methods. We have shown that 

the proposed scheduling architecture reduces the latency for small-size, high injection rate packet 

traffic. The synthesis results indicate that this proposed architectural enhancement requires only a 

very small area cost 

 



 56

Chapter 5  

Error Detection and Correction in a 
CDMA Network-on-Chip Switch 
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1 Introduction 
 

With continued scaling of semiconductor technologies, multi-processor System-on-Chips 

(MPSoCs) are creating the need for interconnecting a large number of processing elements (PEs) 

on a single chip.  The Network-on-Chip (NoC) concept [64, 65, 66] has been proposed as a high-

performance communication platform that is flexible and scalable.  Recently, various types of 

NoCs have been proposed [31] – [43], [70, 71] and an 80-core NoC-based floating-point 

multiply-accumulator chip (FPMAC) has been introduced [44]. 

A negative consequence of current and future deep submicron technology is an increase in 

parameter variability as well as a greater sensitivity to noise sources, all of which may impact the 

functionality of the system. Moreover, the continued decrease of inter-wire spacing causes larger 

coupling capacitance between adjacent wires, resulting in increased crosstalk [58, 73]. Thus, 

researchers have been investigating ways in which errors on links can be addressed [74, 75].  In 

an NoC-based system design, errors may also occur in the switches.  Thus, there is a need to 

develop a robust error management strategy for NoCs [72]. 

Errors can be detected or corrected on an end-to-end basis or, alternatively, on each link and 

within each switch. A conventional network-level, end-to-end error control scheme detects errors 

at the final destination node using an error-detecting code; if an error is detected then the 

destination node can request retransmission from the source node. Therefore, this error control 

scheme can detect errors in either the switch or the link. However, this procedure increases both 

message latency and traffic in the network. Link-level switch-to-switch (or switch to processing 

element) and in-switch error control approaches can also handle errors through a detection-and-

retransmission scheme or an error correction scheme using an error-correcting code. In these 

cases, the data retransmission or error correction is performed in the link or switch which 

exhibited the error. Therefore, the retransmission latency and data traffic can be reduced 

compared to that of network-level error management. However, the addition of error detection or 

correction hardware to each switch or link will increase the total system cost. Therefore, the 

development of a cost-effective error-control architecture for an NoC would be beneficial. 
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2 Operation of CDMA Switches 
 

Crossbar, multiplexer and CDMA switches are illustrated in Fig. 1. The cross-points in a 

crossbar switch are connected using tristate buffers so that data from an input port can be 

delivered to the desired output port. In a similar fashion, data in a multiplexer-based switch are 

delivered by controlling a series of multiplexers. However, the data delivery scheme for a CDMA 

switch is fundamentally different from these approaches [17, 45, 46, 47, 48]. In Fig 1 (c), Mod, Σ 

and Demod represent the modulator, code adder and demodulator, respectively. A CDMA switch 

uses modulation and demodulation with a spreading code to route information from source to 

destination. Each modulator modulates its input data using a specific codeword and the code 

adder sums all of the modulated data. The summed data is delivered to the demodulators and each 

demodulator extracts the original data that was destined for it using its specific codeword. 

 
Figure 1: Structures of (a) crossbar, (b) multiplexer and (c) CDMA switches. 

 

2.1 Spreading Code for a CDMA switch 
 

A binary, orthogonal Walsh spreading code is composed of L codewords, each having 

length L, of which one is the all-zero codeword.  The L-1 remaining non-zero codewords 

have a balance property, i.e. the number of 1s and 0s in any non-zero codeword is the 

same.  Different sets of Walsh codewords can be obtained through the iterative process of 
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constructing the Hadamard matrices of various sizes.  The Hadamard matrices are 

defined by: 

 

[ ]1 2 4 2L

0 0 0 0
0 0 0 1 0 1

0 ,  ,  H ,  H
0 1 0 0 1 1

0 1 1 0

L L

L L

H H
H H

H H

⎡ ⎤
⎢ ⎥ ⎡ ⎤⎡ ⎤ ⎢ ⎥= = = = ⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦
⎢ ⎥
⎣ ⎦

                            (2) 

 

Each row of a Hadamard matrix is a Walsh codeword. Walsh codewords of size 2nL =  exist, 

for any non-negative integer n. 

2.2 Modulation and Demodulation 
 

Modulation is performed using the Walsh codeword corresponding to the intended 

destination. The modulation algorithm is as follows [45]:  If a data bit ‘0’ is received from the 

input link then it is replaced by the Walsh codeword.  However, if the input data bit is ‘1’, then it 

is replaced by the one’s complement of the Walsh codeword.  All of the modulated data are then 

added together and the sum is sent to the demodulators. 

The original input data is recovered from the summed data using the demodulation equation 

[45] which is as follows: 

(2 [ ] )         if codeword[i] is 0
[ ]

( 2 [ ])         if codeword[i] is 1
S i L

D i
L S i

−⎧
= ⎨ −⎩

                                (3) 
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i

D iλ
−

=
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where L, S[i], D[i] and λ are the codeword length, the summed value from code adder, the 

decision variable and the decision factor, respectively. The decision factor λ can have two 

possible values, L or –L, based on the original data bit at the source. If λ is L, then the original 

data was a ‘1’; if it is –L then the original data was a ‘0’. 

 

3 Error Detection and Correction Strategies 
 

Error management in conventional crossbar or multiplexer switches would require the 

use of a separate, additional error detection or correction code. However, in a CDMA 
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switch, we can take advantage of the inherent characteristics of the modulation and 

demodulation processes to perform error detection or correction functions. As shown in 

Fig. 2, we propose two strategies for performing error management in a CDMA switch: 

(i) from modulator through demodulator; and (ii) from modulator to code adder. 

 

 
Figure 2: Error management opportunities in a CDMA switch. 

 

3.1 Error Management from Modulator through 
Demodulator 

 

P In D Assigned 
Codeword 

Mod. Data 
Case 1 

Mod Data 
Case 2 

Mod Data 
Case 3 

1 1 01010101 10101010 10101011 10101010 
2 0 00110011 00110011 00110011 00110011 
3 0 01100110 01100110 01100110 01100110 
4 1 00001111 11110000 11110000 11110000 
5 N 00000000 00000000 00000000 00000000 
6 N 00000000 00000000 00000000 00000000 
7 N 00000000 00000000 00000000 00000000 

S[i] 22421131 22421132 22423131 
λ (with 01010101) 8 6 12 
λ (with 00110011) -8 -10 -4 
λ (with 01100110) -8 -6 -4 
λ (with 00001111) 8 6 4 

P = Port number; In D = Input Data bit; Mod. = Modulated; S[i] = Sum of modulated data; λ = Decision factor; Bold italicized values 
indicate the errors. 

 
Table 1: Examples of Error and Decision Factor. 

 

Consider a CDMA switch having seven ports and using 8-bit Walsh codewords. Table 1 

shows three examples of the relationship between errors and the corresponding decision factor 

values. In these examples, ports one through four have data to send while the other ports do not. 

Each column of the modulated data is summed to form the S[i] values, which are then delivered 

to all the demodulators.  Since codewords have been assigned to four demodulators, each of those 
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demodulators calculates the value of its decision factor, which are shown in the last four rows of 

the table. The calculations are performed for 3 different cases.  Case 1 represents a situation in 

which no error occurs. Therefore, the four λ values are calculated correctly as either 8 or -8 (λ = 8 

means that the received data is ‘1’; λ = -8 means its received data is ‘0’).  Case 2 shows an 

example in which there is a single-bit error in the modulated data from Port 1. For case 3, the 

modulated data values are computed properly; however, a single-bit error is exhibited at one of 

the adder outputs so that the demodulators receive an incorrect S[i] value.  (One of the adder 

outputs is 3 = 0112, rather than 1 = 0012.)  As can be seen from Table 1, the λ values for cases 2 

and 3 are different from those obtained in the absence of any errors (λ ≠L, λ ≠-L). 

 

λ value Decision 

= L or -L Normal operation 

≠L or -L Abnormal operation (Error) 

(a) 

λ value Decision 

> 0 Consider the λ value as L 
= 0 Consider the λ value as L or –L 
< 0 Consider the λ value as –L 

(b) 

Table 2: (a) Error Detection Decision; (b) Error Correction Decision. 
 

Based on these observations, we can use the computed λ values to detect errors in the CDMA 

switch. The error detection algorithm is given in Table 2 (a). As can be seen from cases 2 and 3 of 

Table 1, a single error in either the modulated data or in the sum of the modulated data can affect 

all of the decision factor values, leading to error detection at all of the active demodulators.  The 

error correction algorithm is listed in Table 2 (b). With this algorithm, we can correct both cases 2 

and 3 of Table 1. 

We can further enhance the error correction capabilities by taking advantage of side 

information that is available within the system.  Since a scheduler is used to assign codewords to 

the active modulators [50], it knows how many input ports are active at any given time and this 

information can be sent to the code adder and to the demodulators.  The S[i] values are computed 

as the sum of the modulated codewords, and any inactive modulators use the all-0 codeword.  

Therefore, in the absence of any errors, the maximum value in any digit of S[i] is equal to the 

number of active modulators.   If any digit of S[i] has a value greater than this, then its value can 

be revised as a pre-processing step prior to applying the error correction process. 
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Examples of two possible S[i] value revising methods for a seven port switch are shown in 

Table 3.  Value revision can occur for cases in which the number of active modulators is less than 

seven. For a seven-port switch, the maximum possible value of any digit of S[i] is seven, so that 

three bits are used to represent each digit.   The first value revision method uses a bitwise logical 

AND operation to obtain a new digit that is within the allowable range, while the second method 

simply assigns the maximum possible value to the digit. 

Used 
CW # 

Received 
S[i] digit 

value 
Revision 1 of S[i] digit value Revision 2 of S[i] 

digit value 

1 > 1 Logical AND with “001” Set to “001” 
2 > 2 Logical AND with “010” Set to “010” 
3 > 3 Logical AND with “011” Set to “011” 
4 > 4 Logical AND with “011” Set to “100” 
5 > 5 Logical AND with “100” Set to “101” 
6 > 6 Logical AND with “100” Set to “110” 

 
CW# = number of codewords currently assigned by the scheduler. 
 

Table 3: S[i] Value Revising Method for a Seven-Port Switch. 
 

Used 
CW # 

In 
D 

Assigned 
Codeword 

S[i] 
(Correct) S[i] (Error) S[i]  (Error 

Revised) 

1 1 01010101 10101010 14101011 10101010 
λ (01010101) 8 0 8 

2 0 01010101 12011201 12711201 12211201 
1 00110011 
λ (01010101) -8 6 -6 
λ (00110011) 8 -6 6 

 

Table 4: Examples of Applying the S[i] Value Revising Method. 
 

Table 4 shows two error correction examples using the first S[i] value revision method. In the 

first case, the value revision by itself gives the correct results for S[i] and λ, whereas prior to the 

value revision an ambiguous value of λ = 0 was obtained. In the second example, value revision 

followed by the subsequent error correction process will give the correct results for both λ values, 

whereas incorrect results would have been obtained if value revision had not been used. 

3.2 Error Management from Modulator to Code Adder 
 

Errors may occur due to coupling between adjacent wires which connect a modulator to the 

code adder.  Fig. 3 depicts an error detection and retransmission circuit, located at the input of the 

code adder, which can be used to check for this situation. The modulated data sent from 
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modulator 1 is compared with the assigned codeword for that input port, which is obtained from 

the scheduler.  The detection logic shown is such that an error signal will be generated if the 

modulated data from port 1 does not match either the assigned codeword or its one’s complement.  

Any number of errors between 1 and L-1, inclusive, in this part of the switch will be detected by 

this method.  (The case where there are L errors cannot be detected, since it would be interpreted 

as being the transmission of the one’s complement of the codeword.)  If the error signal is one 

(i.e., one or more errors are detected) then a retransmission is requested and the assigned 

codeword is delivered to all digit positions of the corresponding input of the code adder. 

 
Assigned CW
0 1 0 1 0 1 0 1

ReTranReqToMod1

Mod. data-mod1

Mod. data-mod2

Mod. data-mod7

Code adder for digit 0

Sum for digit 0

+

To demodulators

error_bit1–mod1

error_bit9–mod1

Assigned CW
0 1 0 1 0 1 0 1

Mod. data-mod1

Mod. data-mod2

Mod. data-mod7

Code adder for digit 9

Sum for digit 9

+

To demodulators

 
Figure 3: Error detection and retransmission architecture between modulator 1 and the 

code adder. (Mod.data-mod1 = modulated data from modulator 1, etc.) 
 

At the destination demodulator, this insertion of the assigned codeword results in λ = –L 

which produces a demodulated output of ‘0’ at all bit positions of the associated output port. The 

basic datagram in the CDMA switch is one flit, which means that an all-zero flit will be received.  
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The two most significant bits of a flit indicate its type (i.e., header, data or tail flit) or if it is an 

invalid flit, which is encoded as ‘00’.  Therefore, reception of an all-zero flit at the destination 

port will be ignored as being an invalid flit. 

 

Number of ‘1’ received at 
the One’s counter  Decision 

> L/2 Consider as inverted codeword received 
= L/2 Cannot make a decision 
< L/2 Consider as assigned codeword received 

Table 5: Error Correction Strategy for Error Management from Modulator to Code 

Adder. 

The architecture for error correction between a modulator and the code adder is shown in Fig. 

4 and the corresponding decision logic is given in Table 5.  If the modulated data differs from the 

assigned codeword in more than L/2 bit positions, then it is closer to the one’s complement of the 

codeword, so the one’s complement of the codeword is sent to the corresponding input of the 

code adder.  On the other hand, if the modulated data differs from the assigned codeword in fewer 

than L/2 bit positions, then the codeword itself is sent to the code adder.  Finally, in the case 

where the modulated data differs from the assigned code word in exactly L/2 bit positions, then 

no error correction decision can be made.  Therefore, up to (L/2) - 1 bit errors can be corrected 

using this strategy. 

 

 
Figure 4: Architecture for error correction from a modulator to the code adder. 
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4 Simulation Results 
 

 
(a) 1-bit error detection                                (d) 1-bit error correction 

 
(b) 2-bit error detection                                (e) 2-bit error correction 

 
(c) 3-bit error detection                                (f) 3-bit error correction 

Figure 5: Error detection and correction rates for S[i] value errors in an 8-bit codeword 
CDMA switch. (w. rev. = with S[i] value revising; wo. rev. = without S[i] value revising). 
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We have simulated the modulator through demodulator error management strategies of 

Section III-A for 8-bit Walsh codewords to determine their error detection and correction rates for 

1-bit through 3-bit errors in the S[i] value, and the results are shown in Fig. 5. All possible single-

bit or multiple-bit errors for each case were included in the simulations.  Use of either of the two 

S[i] value revision methods for error detection means that if an individual S[i] value is larger than 

the number of assigned codewords then it is considered to be an error (without calculation of the 

λ value), and retransmission is requested.  If each individual S[i] value is less than or equal to the 

number of assigned codewords then the demodulator calculates λ and a decision is made based on 

the error detection procedure given in Table 2 (a).  A single-bit error in S[i] is detected in 100% 

of the cases with or without the use of S[i] value revising. In all other cases, the use of value 

revision improves the error detection or correction performance, and value revision 1 method 

leads to the highest error correction rates.  The detection rate of 3-bit errors is higher than for 2-

bit errors for each possible value of the number of codewords used.  Also, except for the case of 

1-bit error detection which has a 100% detection rate for all cases, the performance for both 

detection and correction is better when a smaller number of codewords are used. 

Synthesis has been performed using a 0.13 ㎛ technology library, and the area report and 

latency comparison for a CDMA switch using a 10-bit link width (and a corresponding 10-bit flit 

width) are recorded in Table 6. In order to perform detection-and-retransmission, a modulator 

must store a flit for one or two clock cycles after sending it to the code adder to handle the 

retransmission request if an error is detected. Therefore, the area of the modulator is higher for 

error detection-and-retransmission than for error correction. Retransmission between modulator 

and demodulator or between modulator and code adder increases latency by two clock cycles or 

one clock cycle, respectively. 

Error detection 
or correction 

location 
Detect/Correct S[i] 

Rev 

Area cost [㎛²] Latency increase 
[clock cycle] Modulator Det/Cor logic at 

adder (per port) Demodulator 

Conventional 
switch 

- - 3,014 - 29,500 0 

Modulator -> 
Demodulator 

Detection & 
Retransmission 

no 3,735 - 30,191 +2 
yes 3,735 - 33,990 +2 

Correction no 3,014 - 29,935 0 
yes 3,014 - 35,543 0 

Modulator-
>Adder 

Detection 
&Ret 

- 3,525 2,517 29,500 +1 

Correction - 3,014 4,432 29,500 0 

Det/Cor = Detection or Correction 
 

Table 6: Area and Latency Comparison for an 8-bit Codeword, 10-bit Link Width 

CDMA Switch Using Various Error Management Strategies. 
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5 Conclusion 
 

In this chapter, we have proposed error management strategies for CDMA switches.  Methods 

for implementing both error detection-and-retransmission and error correction were presented, 

and their performance and synthesis results were given. The inherent characteristics of CDMA 

switching are utilized to detect or correct errors and to minimize the required hardware size. 

Detection or correction can be performed at either the output of the demodulator or at the input of 

the code adder. 

The results for the modulator through demodulator error management schemes show that 

error detection and correction rates vary with the number of assigned codewords.  An average of 

100%, 91.6% and 94.9% of 1-bit, 2-bit and 3-bit errors, respectively, at the input of the 

demodulator are detected using S[i] value revision, where the average is over the results for each 

of the 7 possible numbers of assigned codewords. If the S[i] value revision method is not used, 

100%, 82.9% and 88.4% of the 1-bit, 2-bit and 3-bit errors are detected, respectively. For error 

correction, an average of 96.3%, 91.7% and 87.8% of the errors are corrected using the S[i] value 

revision 1 method, which was found to be the better performing of the two proposed value 

revision methods; without using value revision, an average of 90.6%, 82% and 77.4% of the 1-bit 

through 3-bit errors in the S[i] value are corrected, respectively. 

Up to L-1 bit errors in the modulated data can be detected at the input of the code adder by 

including the proposed error detection logic, while up to (L/2) - 1 bit errors at the input of the 

code adder can be corrected with additional hardware. 

Finally, hardware modules for each method have been synthesized and compared using a 0.13 

㎛ high-speed ASIC library. 
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Chapter 6  

Software Defined Radio Architecture 
Using a Multicasting Network-on-
Chip 
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1 Introduction 
 

In recent years, the wireless communication industry has grown rapidly due to the 

development of a wide variety of services such as voice, email, streaming video and wireless 

internet. Each application has evolved within a specialized wireless communications standard and, 

even within the same category of a service, a number of options exist. Moreover, the rapid 

evolution of wireless communications requires the coexistence of multiple generations of 

communication systems. This rapid expansion has often forced consumers to use multiple devices.  

Therefore, the ability to enjoy a variety of services without having to change devices becomes a 

natural requirement of users. Recently, Software Defined Radio (SDR) [76-78] has attracted a 

great deal of attention due to its inherent flexibility and ease of adaptation for multi-function and 

multi-protocol systems. The SDR Forum specifies that an SDR is a “radio in which some or all of 

the physical layer functions are software defined” [79]. Thus, the basic idea of SDR is to replace 

specific hardware devices with a system to reprogrammable, software-based devices to provide 

benefits such as cross-functionality and flexibility. 

Recently developed multi-core processors contain billions of transistors and continuous 

scaling of technology will keep increasing the number [5]. With the technology scaling, gate 

delay is decreasing but global wire delay is increasing rapidly, as the International Technology 

Roadmap for Semiconductor (ITRS) has reported [80]. Network-on-Chip (NoC) concepts [64] 

have emerged to resolve conventional interconnect problems in terms of scalability and high-

throughput requirements. Some SDR applications have utilized an NoC; however, they are based 

on a conventional 2D mesh topology [81, 82].  Other designs have been based on an FPGA [83, 

84]. 

In this chapter, we study the performance and area cost of NoCs for an SDR baseband 

platform implementation. In particular, we choose the target SDR platform to be a reconfigurable 

baseband architecture [85] and we apply a recently proposed multicasting NoC architecture that is 

based on CDMA techniques [49, 50]. The functional blocks for the SDR application are mapped 

onto a star topology based CDMA NoC with the inter-block bandwidths modeled using the prior 

baseband platform. In addition, the performance and area overhead of our system are compared 

with a more conventional 2D mesh NoC. 

The remainder of this chapter is organized as follows. In Section 2, we overview the SDR 

baseband platform and its interconnect architecture. Section 3 gives the structures used in our 

multicasting CDMA NoC. In Section 4, we discuss the mapping methods for both the CDMA and 
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2D mesh NoCs. The comparison results for performance and area cost are given in Section 5, and 

the scalability of the approach is shown in Section 6.  Section 7 presents our conclusions. 

 

2 SDR Baseband Platform Architecture 
 

The baseband algorithms of a communication system can be mapped into a sequence of basic 

operations. Based on this observation, a reconfigurable platform for SDR communication systems 

has been proposed [85]. In particular, three different multi-mode implementation examples were 

mapped onto that architecture. Here, we will focus on implementing a flexible Multiple Input 

Multiple Output Orthogonal Frequency Division Multiplexing (MIMO-OFDM) system, which 

will allow the different network-on-chip architectures to be compared and evaluated. 

 

 
Figure 1: The reconfigurable baseband platform. 

 

Figure 1 shows the block diagram of the reconfigurable baseband platform [85]. The 

Reconfigurable Execution Core has multiple copies of Reconfigurable Execution Units (RCEUs) 

which operate as basic functional units for wireless communication systems; a baseband 

algorithm can be mapped onto one RCEU or, if the algorithm is complex, then it can be mapped 

onto several RCEUs. The configuration information is stored in the Configuration Memory. The 

Engine controls the operation of the RCEUs. In the previous implementation, the RCEUs and 

Data Memory communicate with each other through the global interconnect structure shown in 

Figure 2 [85]. 
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Figure 2: The global interconnect architecture. 

 

The global interconnect architecture of Figure 2 is similar to a multiplexer-based bus 

architecture. The multiplexer and demultiplexer are controlled by external logic according to the 

requirements of the data traffic. Since the output bandwidths of each RCEU are different from 

their input bandwidths, a barrel shifter is used to account for any mismatch between input and 

output ports. Also, the path to the RCEUs and data memory are separated to improve efficiency 

and throughput. To configure the platform as a MIMO-OFDM system, a Reconfigurable 

Arithmetic Unit (RAU), Reconfigurable Logic Unit (RLU), Bit Serial Unit (BSU) and an 

Addition Array Unit (AAU) are utilized as the RECUs. Table 1 shows the maximum required 

bandwidth for each of the RCEUs. This interconnect architecture has a reasonable area cost since 

there are only four RCEUs in the system. However, this type of interconnect lacks scalability and 

throughput in situations when more complicated functions or a larger channel size is required. 

 

Unit Name Max Input Bandwidth Max Output Bandwidth 

RAU 1024 * 100 Mbit/s 1024 * 100 Mbit/s 

RLU 1024 * 100 Mbit/s 256 * 100 Mbit/s 

AAU 1024 * 100 Mbit/s 256 * 100 Mbit/s 

BSU 1024 * 100 Mbit/s 32 * 100 Mbit/s 

 
Table 1: RECUs and Their Required Bandwidth. 
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3 CDMA Based Switch with Star Topology 
 

In a multicasting CDMA-based switch, a spreading code which has an orthogonality property 

is used to deliver the input data to the appropriate destination. In particular, a Walsh code is used 

as the orthogonal spreading code. If a length-L Walsh code set is used, we can connect more than 

L Transmitter Modules (TxMs) and more than L Receiver Modules (RxMs); however, the 

maximum number of the TxM-RxM pairs which can perform concurrent communication is 

limited to L. 

 

 
(a) Block diagram 

 

 
(b) Packet format 

 

Figure 3: The block diagram and packet format. 
 

Implementing a packet-based network on a VLSI chip benefits the system in terms of 

structure, performance and modularity [65]. The block diagram and packet structure of the 

CDMA switch are illustrated in Figure 3. To minimize hardware size, the wormhole concept is 

applied and a packet is divided into flits; the flit types are header, data and tail. The two-bit 

Header-Data-Tail (HDT) field indicates if the flit is a header, data, tail or invalid flit. The Local 

Destination RxM address is not limited to point to only one destination. In addition, global 

destination switch addresses are organized based on the network hierarchy. Therefore, if the 

network has several hierarchical levels, additional global address fields are required. In wormhole 
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routing, a header flit sets up the connection and multiple data flits follow the header flit based on 

this connection. Receipt of a tail flit means that the connection is no longer needed and can 

therefore be released. 

In contrast to other switching approaches, a CDMA switch transfers data using the concepts 

of modulation and demodulation. When a header flit is stored into a buffer, the related TxM reads 

the flit and asks the scheduler to assign a codeword. Then, the scheduler assigns a codeword to a 

TxM and an RxM, or to a TxM and multiple RxMs, based on the address information in the 

header flit. The former case results in unicasting and the latter case results in multicasting. Once a 

codeword is assigned to a TxM, the input data bits are spread using the assigned codeword or the 

one’s complement of the assigned codeword depending on whether the input bit is ‘0’ or ‘1’, 

respectively We refer to this process as modulation. All modulated data from each TxM are 

summed together at the adder and the results are sent to the RxMs. Each RxM recovers the 

intended data based on its assigned codeword, and we refer to this process as demodulation. 

When a tail flit is received, the codeword that had been assigned to that TxM-RxM set is returned 

to the Codeword Pool (CW Pool) which has a FIFO-like structure and stores the currently unused 

codewords. 

 

4 NoC Based SDR Platforms 
 

In this section, we apply two types of NoC architectures to the reconfigurable wireless 

baseband SDR platform and compare their cost/performance in a MIMO-OFDM application. 

4.1 Conventional Multiplexer Based Interconnect 
 

RCEU 1

RCEU 2

RCEU n

Data 
Mem

RCEU 1

RCEU 2

RCEU n

Data 
Mem  

 
Figure 4: Bandwidth expansion for the conventional interconnect. 
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As can be seen from Table 1, the four RCEUs (RAU, RLU, AAU and BSU) share the 

maximum bandwidth, 1024 * 100 Mbit/s. Therefore, the maximum interconnect width is 1024 

bits (128 bytes) and a 100 MHz clock is used to transfer data. If it is required to extend the 

bandwidth, we would need to insert another interconnect block, as shown in Figure 4. This type 

of application-specific interconnects shows good area efficiency. However, it lacks flexibility and 

scalability since we need to reconfigure the interconnect based on the requirements of the 

application. Also, the multiplexer, demultiplexer and barrel shifter are controlled by an external 

arbitrator. Thus, as the system scales, larger and more complicated arbitration logic is required. 

 

4.2 Mapping on to CDMA NoC 
 

 
(a) CDMA-based NoC with star topology. 

 

 
(b) 2D-mesh NoC topology. 

 

Figure 5: SDR application based on two types of NoC. 
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Figure 5 (a) is the proposed implementation of the MIMO-OFDM system onto a CDMA-

based NoC architecture. The blocks labeled as C-MEM and D-MEM in the figure represent 

configuration memory and data memory, respectively. The Network Interface (NI) operates as a 

socket between the network and a Processing Element (PE). Everything except for the network 

elements are considered as PEs, including memory, and each PE is plugged into the network 

through an NI. Therefore, an NI adjusts the difference in link width between a PE and the 

network and/or generates control signals for a PE. For instance, if the PE is a memory block then 

the NI that is connected to the memory generates address and read/write signals for the memory 

based on the received packet. Thus, in the case of the NoC architecture, PE replacement is 

straightforward: By simply modifying the PE interface in the NI, we can easily replace the PE.  

Moreover, this concept works well with the reconfigurable baseband structure because both the 

PE interface and the RCEU are reconfigurable through the network. 

 

4.3 Mapping on to 2D-Mesh NoC 
 

To compare our CDMA-based star topology network with another NoC, a conventional 

crossbar-based 2D-mesh topology NoC was designed and tested, as shown in Fig 5 (b). The 

network uses the same eight PEs and the same link width. We use a 4-by-2 mesh topology to 

implement this application, and the XY routing algorithm was adopted as the packet routing 

algorithm for this network. 

 

5 Simulation and Synthesis Results 
 

5.1 Bandwidth Comparison 
 

The maximum bandwidth requirement for the multi-channel MIMO-OFDM system is 12,800 

Mbytes/sec (i.e., 128-byte link width operating at a 100 MHz clock) and this bandwidth is shared 

amongst the RCEUs using the conventional interconnect architecture.  

The total maximum bandwidth when a 100 MHz clock is used to evaluate four interconnect 

implementations (i.e., conventional multiplexer based interconnect, 2D-mesh NoC, 4-bit Walsh 
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code CDMA NoC and 8-bit Walsh code CDMA NoC), which are compared in Table 2. In the 

case of unicasting, the 2D-mesh NoC and the 8-bit codeword CDMA NoC allow simultaneous 

communication between eight PEs with a 128 byte link width. However, only four PEs can 

communicate at the same time in the case of the 4-bit CDMA NoC since it only uses four 

different codewords. However, for the multicasting case the bandwidth can be increased to 

102,400 Mbytes/s and that bandwidth can be achieved if a maximum of four source PEs multicast 

data to the eight possible destination PEs. 

 
Interconnect 

Type 
Total Max Unicasting 
Bandwidth (Mbytes/s) 

Total Max Multicasting 
Bandwidth(Mbytes/s) 

Conventioanl 
Interconnect 12,800 Mbytes/s - 

2D-mesh 
NoC 102,400 Mbytes/s - 

CDMA 4-bit 51,200 Mbytes/s 102,400 Mbytes/s 

CDMA 8-bit 102,400 Mbytes/s 102,400 Mbytes/s 

 

Table 2: Total Maximum Bandwidth for The Interconnects Using a 100 MHz Clock. 
 

5.2 Area Overhead 
 

The synthesized area results are listed in Table 3, which includes the total cell area for both 

combinational and non-combinational logic. Based on our synthesis results for the 4-bit and 8-bit 

CDMA-based NoCs, we find that they can be operated at a clock rate of 400 MHz. Therefore, in 

those cases, the link width can be reduced to 32-bytes (i.e., one fourth of its original width) since 

the network is four times faster than the original design. 

 

2D-mesh NoC (128 byte/link) 6,630,980 ㎛²  

CDMA 4-bit (128 byte/link) 6,591,931 ㎛² 

CDMA 4-bit (32 byte/link) 1,838,620 ㎛² 

CDMA 8-bit (128 byte/link) 10,018,132 ㎛² 

CDMA 8-bit (32 byte/link) 2,768,241 ㎛² 

 

Table 3: Synthesis Results for Area. 
 

In Table 3, we provide the synthesis results for both cases, i.e. a 100 MHz clock (with a 128 

byte link width) and a 400 MHz clock (with a 32 byte link width) for the 4-bit and 8-bit Walsh 
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code CDMA NoCs. The synthesis area result for the 128 byte link width 2D-Mesh NoC is also 

provided. All of the implementations have been synthesized using a 0.13 ㎛ CMOS technology 

library. 

 

5.3 Latency Constraint 
 

The meaning of latency here is packet transmission delay based on time (i.e., clock cycle) and 

is expressed as: 

 

tail flit departed from NW header flit arrived to NW = Latency T T−                                        (1) 

    tail flit departed from NW header flit arrived to NW

1

( ) ( )
  = 

N

N

t

T t T t
Average Latency

=

−
∑                             (2) 

The latency is measured for the architectures when the total network throughput reaches 20% 

of the total throughput. The packet insertion ratio of the four RCEUs and data memory is set to 

32:8:8:1:4 for RAU:RLU:AAU:BSU:D-MEM. The packet size is set at six flits. The unicasting 

latency measurement is started when the header flit of a packet arrives and finishes when the tail 

flit of the packet departs to a single destination from the network. We assume that the CPU needs 

to transfer the same command packet to RAU1 and RAU2 while the other PEs communicate with 

each other. Multicasting latency for the CDMA is measured in the same way as in the unicasting 

case. However, the CPU in the 2D-mesh NoC needs to transmit the same packet twice to RAU1 

and RAU2, since that NoC does not support multicasting.  Here, the latency is measured from the 

arrival of the header flit of the first packet to the time when the tail flit of the second packet 

departs the last switch. Table 4 shows the results of the measured average latency for unicasting 

and multicasting from the CPU to the RAU block. During this time, the number of multicasting 

destinations is two; however, with an increase in the destination number and/or packet length, the 

multicasting latency for the 2D-mesh NoC will increase since it is required to transfer the same 

packet to all of the destinations. 

Latency Type CDMA star NoC 2D-mesh NoC 

Unicasting 16 cycles 92 cycles 

Multicasting 
CPU -> RAU 16 cycles 103 cycles 

 

Table 4: Average Latency 
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6 Scalability Examples 
 

Figure 6 illustrates the scalability property with the multicasting CDMA NoC for an SDR 

application having a larger numbers of RCEUs. Since other types of functional units besides 

RCEUs, such as CPU, DSP or memory, may be connected to the network, for generality we label 

each block as a PE (Processing Element), with the understanding that a large number of PEs will 

be RCEUs. Figure 6 shows a 56-PE star topology network. As is evident from the figure, this 

network topology has a maximum hop count of three. Another characteristic of this architecture is 

that a multicast packet can be delivered at the same time to multiple destinations that are 

connected to the same CDMA switch. Therefore, if synchronized packet delivery at multiple 

RCEUs is needed by an application, this topology can support that requirement. 

 

 
 

Figure 6: Scalability example for a reconfigurable SDR application having a larger number 
of PEs using a Star topology. 

 

Another scalable implementation example is shown in Figure 7, which shows a 36-core 

Mesh-Star hybrid topology NoC [50]. The PEs in the dotted circles are connected to CDMA 

switches which also support XY routing for the 2D-mesh network. This hybrid architecture can 

benefit a system that requires a shorter multicasting hop count, a smaller latency and/or 
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synchronous multicasting, compared to a standard 2D-mesh topology network. Also, this 

architecture can alleviate the hotspot problem of a conventional 2D-mesh network. 

 

PE1 PE2 PE3 PE4

PE7 PE8

C

PE9 PE10

NI NI NI NI

NI NI NI NI

PE5 PE6

PE11 PE12

NI NI

NI NI

PE13 PE14 PE15 PE16

PE19 PE20 PE21 PE22

C

NI

NI NI

NI

NI NI NI NI

PE17 PE18

PE23 PE24

NI NI

NI NI

PE25 PE26 PE27 PE28

PE31 PE32 PE33 PE34

NI NI NI

NI

NI NI NI NI

PE29 PE30

PE35 PE36

NI

NI

NI NI

 
 

Figure 7: Example of a larger number PEs using a Mesh-Star hybrid topology. 

 

7 Conclusion 
 

We have shown that an SDR baseband architecture can be effectively combined with a 

multicasting CDMA-based star topology NoC to implement a flexible MIMO-OFDM system. 

Performance and area results for this system are compared with those using a conventional 2D-

mesh NoC implementation. The synthesis and timing simulations were performed using a 0.13 ㎛ 

high speed CMOS technology library. Finally, two types of scalability methods for implementing 

more complex SDR architectures have been presented. 
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Chapter 7 
Conclusions and Future Work  
 

 

1 Conclusions 
 

In the DSM technology era, large numbers of PEs can be contained within a single 

semiconductor chip but conventional bus-based interconnect architectures have difficulty in 

adequately supporting a large number of such cores. As a result, network-based interconnect 

architectures have been introduced to overcome these limitations. However, constructing an 

efficient and flexible large-scale network for an MP-SoC poses several challenges in terms of 

network topology, multicast communication, flexible bandwidth reuse, error management, etc. In 

this dissertation, a novel multicasting NoC based on CDMA techniques has been introduced. Also, 

a new bandwidth reallocation technique for CDMA NoCs has been presented. A 20-core NoC 

demonstration system has been designed using the proposed techniques and the performance 

results for multicasting and bandwidth reallocation have been evaluated and compared with 

previous designs.  All proposed designs in this thesis have been modeled in VHDL and 

synthesized using a 0.13 ㎛ high-speed cell library. 

The 2D-mesh topology is one of the most frequently considered NoC topologies because of 

its direct mapping and layout onto a chip. However, it suffers from a hotspot problem and also 

has difficulty in supporting multicasting.  We introduced a Mesh-Star hybrid topology with a 

multicasting CDMA switch to overcome these limitations while still retaining the other benefits 

of the mesh topology. 

In the proposed flexible codeword assignment technique, the available orthogonal codewords 

are stored in codeword pool and are assigned on an as-needed basis. However, if multiple 

codeword assignments are requested at the same time, this will cause a performance degradation 

in the switch since the codewords are assigned one-by-one from the codeword pool. Traffic 

consisting of high injection rate, small-size packets will increase the occurrence of such multiple, 

simultaneous codeword assignment requests due to multiple arrivals of header flits within the 
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same clock period. We have proposed a semi-distributed scheduling technique in order to 

improve the performance in this situation.  

Through the scaling of technology, SoCs are becoming more susceptible to noise.  Therefore, 

having effective error management techniques for an on-chip network is essential. We have 

proposed several error management strategies for a CDMA switch and compared their 

performance and cost metrics. These methods are effective for a CDMA switch because they take 

advantage of the inherent characteristics of the orthogonal codewords which are used. 

Choosing an effective topology and network architecture for a specific target application is 

one of the most important issues in successfully applying an NoC to an actual application. An 

SDR is a good target application for an NoC since it uses a large number of cores to support a 

wide variety of wireless communications standards. We have shown that an SDR baseband 

architecture can be effectively combined with a multicasting CDMA-based star topology NoC to 

implement a flexible baseband processing platform for MIMO-OFDM systems. 

 

 

2 Future Work 
 

Major chip companies such as Intel, AMD, IBM and Sun Microsystems have introduced their 

own versions of multi-core processors to achieve better performance, and the number of cores in 

such chips will continue to increase over time. Previously, high performance on-chip SoC bus 

architectures have generally been used in these chips.  However, with the scaling of technology, 

multi-core chips will likely migrate to the use of NoCs. However, many issues remain in order to 

effectively apply NoCs to a variety of MP-SoC applications. 

For the proposed CDMA switch, multicasting reduces power since multicasting enables the 

delivery of a packet to all destinations in a single transmission.  Power was also saved by 

disabling the operation of a demodulator while it is idle.  However, since power minimization is 

one of the most important issues in current and future chip designs, additional power 

minimization techniques should be explored and developed. 

Error management is another increasingly important issue for an NoC. We have proposed 

several error control strategies for a CDMA switch.  However, additional error management 

strategies could also be investigated, such as those based on other types of orthogonal codes. 
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Also, cache coherency is an important area which can benefit from multicasting in an MP-

SoC design.  In particular, the joint design of cache coherency protocols together with 

multicasting NoC switches and topologies should be investigated. 

Finally, for packet-based networks such as an NoC, data packetization and depacketization 

are important issues since those procedures may cause a bottleneck within the network. Therefore, 

effective network interface (NI) design is another area that could benefit from further research. 
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