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Four classes of services are provided. The article presents both a single service
 level router and a multi-service level router. The NoC uses both source and
 wormhole routing.


Chain (Chip Area Interconnect) is an asynchronous BE NoC developed at the
University of Manchester. Chain uses delay-insensitive 1-of-4 for data encoding
and a separate wire is used to signal the end of a packet. The packets in the
network are source routed.



Chapter 4



Asynchronous Network-on-Chip Design


This chapter will present the design of the asynchronous NoC developed in the
 project. Section 4.1 will explain the general design decisions for the developed
 NoC. In section 4.2 the design of the router is presented and the NA design is
 presented in section 4.3. Finally in section 4.4 a simple traffic generator for the
 NoC is presented.



4.1 General Network Design


Implementation of asynchronous systems on FPGAs are experimental therefore
only a simple BE NoC has been designed. In general the focus has been on
simplicity, while performance have had low priority. The available logic resources
on the FPGA is limited so keeping the area low have also had priority. The
following sections will explain the design decisions made for the general NoC
design.
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4.1.1 Topology


When choosing the topology a topology that maps well onto the structure of the
 FPGA should be selected. The complexity of the topology should also be low.


Ak-ary 2-cube mesh or torus with unidirectional links are good candidates. A
 k-ary 2-cube mesh topology with bidirectional links is chosen for the NoC. The
 main reason for this is that it is easier to guarantee deadlock freedom in the
 network due to the increased number of links compared to a torus. Combined
 withxy-routing deadlock freedom can be guaranteed without implementing 
 vir-tual channels. The 2-dimensional structure of the topology maps well onto the
 structure of the FPGA.


Ak-ary 2-cube mesh topology adds the following requirements to the interface
 of the router: four ports for network connections, one port for a core connection,
 and ports must be bidirectional.



4.1.2 Routing


When choosing the routing strategy emphasis has been on simplicity and 
 re-duced area utilization.


To reduce the buffer requirements wormhole routing is used. Hence, each router
 is only required to buffer a single flit. Consequently packets are allowed to 
 con-tain an arbitrary number of flits. Wormhole routing also benefits from reduced
 packet latency.


To reduce the complexity of the routers a source-routed scheme has been used.


Thus the problem of determining the next hop is moved away from the routers to
 the NAs. With source-routing the routers will support any routing algorithm in
 which the source is able to determine the complete routing path to the receiver,
 but to ensure deadlock freedom it is restricted to use thexy-routing algorithm.


The network does not allow a packet to be routed back in the same direction
 as it come from. For the mesh topology that leaves an incoming packet at the
 router with four possible routing directions. Therefore only two bits are needed
 to encode the routing direction for each hop.


The implementation of virtual channels requires added buffer capacity and
 added control circuitry and thereby increases the complexity of the router.


Adding virtual circuits to a BE NoC is done for mainly two reasons: deadlock
avoidance and to increase performance. Deadlock freedom is already 
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teed by the chosen routing algorithm and performance does not have priority.


Therefore virtual channels have not been implemented.



4.1.3 Handshake Channel


The 4-phase bundled data handshake protocol is used. The handshake protocol
 is extended with two additional request signals which are used for encoding of
 the flit type. This is explained in detail in the next section. All handshake
 channels are push channels, hence it is always the sender that initiates the
 transaction.



4.1.4 Flit format


A packet consists of several flits. To identify the beginning and the end of a
 packet three types of flits are required:


• Aheader flit indicates the start of a packet and carries the routing 
 infor-mation.


• Anend flit indicates the end of a packet.


• Intermediate flits are all the flits in between the header flit and the end
 flit.


The header flit holds the routing path and the subsequent flits holds the packet
 data. Each packet consists of exactly one header flit and one end flit. In between
 zero or more intermediate flits are allowed. Thus a packet can consist of any
 arbitrary number of flits.


The flit type must be encoded into the flit. The conventional way to encode
 the flit type is to append the type as extra data bits. This is the approach
 used in MANGO [5] and QNoC [23]. In MANGO the BE router uses a single
 end-of-packet bit to indicate the flit type. The header flit is identified as the
 first flit to arrive after an end-of-packet flit. In QNoC they have three flit types
 similar to the types explained above and they are encoded in two bits.


In this NoC a different approach is used. In Chain [4] a 1-to-4 encoding of
the data is used and a separate wire is used to indicate end-of-packet. In this
project a similar approach is used to encode the flit type. Instead of appending
the flit type to the flit data, the handshake channel is used to encode the flit
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header req


ack


data header-flit data intermediate-flit data end-flit data
 intermediate req


end req


Figure 4.1: The handshake channel used in the NoC.


type. The conventional 4-phase bundled-data handshake channel presented in
 section 2.2.1 has one request signal and one acknowledge signal. By adding
 another two request signals, the flit type can be encoded into the handshake
 channel. Figure 4.1 shows a scenario where a 3-flit packet is transmitted on the
 handshake channel using this approach. The flit type is identified by one of the
 three request types: header request,intermediate request, andend request.


By encoding the flit type using request signals the complexity of the routers
 are further reduced. The control circuits in the router are simplified, since the
 flit type does not have to be extracted from the data channel. The latency
 through the router is also reduced because the flit type is known immediately,
 so it is not necessary to wait for the identification of the flit type. The width of
 the handshake channel is not affected because the extra request signal should
 have been routed as data signals anyway. Therefore, no additional signals are
 needed in the handshake channel. However the complexity of the ordinary
 handshake components increases due to the additional request signals. Another
 disadvantage is that three delay elements is needed when a channel is delay
 matched.



4.1.5 Core Interface


The interface by which the cores connects to the NA is called the Core Interface
 (CI).


Two different core interfaces have been considered: Open Cores Protocol (OCP)
[16] and WISHBONE [28]. The WISHBONE protocol is an open specification
provided by OpenCores [19]. OpenCores is an open source community for IP
cores. OCP is specified by the OCP International Partnership that has members
from a number of large electronics companies. The two specifications are very
similar and they both fits the purpose of the project. The OCP protocol has
been chosen due to prior use in earlier projects developed at IMM,DTU. This
will allow reuse of components developed in the previous projects.
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Name Width Driver Function


Clk 1 OCP clock


MCmd 3 master Transfer command


MAddr configurable(32) master Transfer address
 MData configurable(32) master Write data


SCmdAccept 1 slave slave accepts transfer


SResp 2 slave Transfer response


SData configurable(32) slave Read data
 Table 4.1: Required OCP signals.


For the purpose of this project only a small subset of the features in the OCP
 specification is needed. Only the features required to connect with the cores
 used in the multi-processor SoC system presented in chapter 7 is implemented.


Thus the NA does not support all the required features to be OCP compliant.


The following OCP commands specified in the OCP specification must be 
 sup-ported by the NA:


Simple write and read transfer Read and write requests sent by the master
 are accepted by the slave in the same clock cycle. The read response is
 sent in the immediately following clock cycle.


Write with request handshake The slave is allowed to delay the acceptance
 of the write requests by an arbitrary number of clock cycles.


Read with request handshake and separate response The slave is allowed
 to delay the acceptance of the read request by an arbitrary number of clock
 cycles and the slave is also allowed to delay the read response by an 
 arbi-trary number of clock cycles.


The OCP signals required to implement the required commands are listed in
table 4.1. The width of the address and data signals are 32 bit because the
target CPU has an address and data width of 32.
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4.1.6 Packet Format


To support the required OCP commands, three packet types are


• Write Request packet.


• Read Request packet.


• Read Response packet.


The write request and read request packets are sent from the master cores to
the slave cores and the read response packet is sent from the slave cores to
the master cores. The flit size is set to 32 bits since it is the width of the
address and data signals of the OCP interface. If a smaller flit size is selected
more flits is required to send a packet and therefore the packet latency will be
increased. However, the routing complexity of the routers will be reduced due to
the narrower data signals. The routing information for the next hop is stored in
two bits as the two MSBs of the header flit. Table 4.2 shows the packet formats
for the three packet types.
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Flit Name Flit Type Width Description
 header flit header 32 Routing information
 control flit immediate 7 MCmd and MByteEn


addr flit immediate 32 MAddr


data flit end 32 MData


(a) Write request packet


Flit Name Flit Type Width Description
 header flit header 32 Routing information
 control flit immediate 7 MCmd and MByteEn


addr flit immediate 32 MAddr


data flit end 32 Return routing path


(b) Read request packet


Flit Name Flit Type Width Description
 header flit header 32 Routing information
 control flit immediate 2 SResp


data flit end 32 SData


(c) Read response packet


Table 4.2: Specification of the packet formats. (a) is the write request packet,
(b) is the read request packet, and (c) is the read response packet.
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Figure 4.2: The router.
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