1. Introduction to the project

It was quite common to implement physical-layer and data-link layer protocols in hardware. For example, Ethernet chips have been available for a long time for use in network interface (NIC) cards. Chips are also available to perform Ethernet switching. The common characteristic of these applications is that the packets being processed by hardware have a fixed format.

Moving up the protocol stack, network-layer protocols are now being implemented in hardware. First, chipsets were created for ATM header processing as well as ATM switching. ATM is the network-layer protocol of a packet-switched Connection-Oriented (CO) network. The reason ATM was chosen to be the first hardware-implement network layer protocol is that ATM defines a fixed 53 bytes packet, called cell. Cell has a well-defined 5 bytes cell header. It is easy for hardware to handle this kind of packets. By implementing network layer protocol in hardware, ATM was well known for its broadband capability and throughput. Also, the latency incurred per packet, which includes queuing and processing delays at each switch, is reduced. Thus there are many advantages to hardware implementations. Loss of flexibility as protocols are upgraded is cited as the main drawback of hardware implementations. However, now with re-configurable hardware, this drawback should no longer be a serious concern. It is also feasible to use hardware only for the basic operations of the protocol and relegate more complex and infrequent operations (for example, processing of option fields, maintaining routing table, and handling exception situation) to software. This is the way we choose for our project.

All of the protocol discussed above are used to carry user data, and are hence referred to as “user-plane” protocols. Our interest is in applying this same technique of improving performance through hardware implementations to “control-plane” protocols. Signaling protocols are control-plane protocols used to set up and release connections. These protocols are only needed in CO network. CO networks are either circuit-switched or packet-switched. Current implementations of signaling protocols for both circuit-switched and packet-switched CO networks are done in software. Call setup signaling messages are queued at processors associated with switches and handled typically on a first-come-first-serve basis. Queuing delays are incurred under moderate and heavy load conditions. These delays add up across the switches domination propagation delays and causing end-to-end call setup delays to be significant. Also, the processors handling signaling messages often become bottlenecks. Hardware implementations of signaling protocols will greatly help improve both call setup delays and call handling capacities.

There are many challenges to implementing signaling protocols in hardware that have not been encountered in hardware implementations of user-plane protocols. The main difference is that in handling signaling protocols, the hardware needs to maintain state information for connections, whereas all the user-plane protocols implemented in hardware are stateless. Ethernet frames, ATM cells and IP datagrams are simply forwarded without any state being maintained for each packet or “flow”.

In this project, we propose starting with a hardware implementation of a signaling protocol for the simplest possible case, i.e., for TDM circuit-switched networks, after obtaining enough understanding and simulation results, we hope the implementation can be extended to subsequent projects. This project can be served as a stepping stone for hardware implementations of signaling protocols for packet-switched CO networks. We have a secondary motivation for this project. Circuit-switched networks have been shown to have lower response times for large data transfers than packet-switched networks. Since transferring a large stored file from one computer to another has no intrinsic burst associated with it, the per-packet header and acknowledgment overhead in packet-switched networks is greater than the call setup overhead in circuit-switched networks. We would like to demonstrate the use of high-bandwidth on-demand circuits for large bulk-data transfer from applications, such as web access, file transfers and electronic mail.

Network view:

The end goal of the signaling protocol is to be able to set up circuit switched connections on demand. Before the design of the protocol can be looked at, one first has to take care of the delivery of the signaling messages. Ideally the signaling messages should traverse the same type of network in which the connection is being set up. For example, in Fig.1 when end host A requests a connection to end host B, it should send its first signaling message (SETUP) to its ingress switch. Being a circuit switched network, this means that there has to be a connection between end host A and its ingress switch. Also, for the signaling messages to traverse the network to the destination host (end host B), there has to be a dedicated signaling channel between all the switches and end hosts. To reserve such a channel for signaling results in a waste of valuable bandwidth.

The proposed solution is to use another network as depicted in Fig.2. We propose carrying signaling messages directly on IP as out-of-band messages. Thus, when end host A wants to set up a connection to end host B, it sends a SETUP message to its ingress switch via its closest IP router. This has the consequence that routes and end hosts are identified by their IP addresses in signaling messages. The SETUP message sent from switch a to switch b in Fig.2 carries the source and destination addresses of end host A and B as parameters of the message, but carries the addresses of switch a and b in the IP header source and destination address fields. Each transit node needs to store the IP address of the previous node to use for the reverse SETUP SUCCESS message (actually, after the connection was established, the node needs to store the IP addresses of both previous and next node to provide a bi-directional link. This is required to support arbitrary caller of RELEASE message).


Figure 1. Ideal network in which signaling protocol will be used


                            Figure 2. Typical network in which signaling protocol will be used

Our project focused on a network architect similar as Fig.2. The circuit switch will be SONET/SDH nodes in existing TDM circuit-switched networks. The target application is bulk-data transfer. For such transfers, we need much higher data rates than the DS0 rate. As we know, existing TDM support the Plesiochronous Digital Hierarchy (PDH) up to T3 rate (45Mbps) and SONET/SDH for higher rates up to OC768 (40Gbps). Currently, switched (on-demand) circuits can only be obtained at the DS0 rate (64Kbps), and the only application that uses switched circuits is telephony. All higher rate circuits are used in provisioned mode. Since any end host can download files from any server, a switched mode of operation is necessary. To cater to this application and possibly new ones, our signaling protocol is designed to allow an application to request a circuit at any rate from T1 (1.5Mbps) to OC192.

           Fig.3 shows an example network for use of our signaling protocol. The rates noted for each switch in Fig. 4 are the switch cross-connect rates. Different switches operate at different cross-connect rates, ranging from T1 to OC12 rates. Line cards of a switch could be at any rate higher than the switch cross-connect rate. For example, a switch that cross connects at OC1 rate cannot have line cards at any rate lower than the OC1 rate. But is could have an OC3, OC12, OC48 or OC192 rate line card with de-multiplexes that de-multiples these high bandwidth trunks to the OC1 rate before cross-connect. Hosts can have network interface cards at different rates, T1, T3, OC1, OC3, etc.

Figure 3. An example circuit-switched network with switches operating at different rates







Figure 4. Generic switch model

Switch view:

            Fig.4 shows a generic view for the switches shown in Fig 3. The switch controller handles signaling protocol messages and programs the switch fabric. The controller consists of multiple signaling link termination boards as shown in Fig. 4, which process the data-link-layer and network-layer protocols on which signaling messages are carried. The payload is passed to signaling protocol processing boards. The switch fabric consists of de-multiplexes, a space switch and multiplexes. Interface to the switch could be at PDH rates, T1, T3, or SONET/SDH rates, OC1, OC3, OC12, OC48, OC192. The switch cross connect rate is the rate to which all the signals on the incoming interfaces are de-multiplexed. The input and outputs to the space switch are called ports. Essentially, a port is a combination of interface number and time-slot number. Signals on output ports of the space switch are multiplexed up to the higher rate of the switch interfaces for transmission to the next node.

2. Signaling protocol and message types

The signaling protocol defines the state transition of call states. There are six states defined for this protocol. They are:

1   Closed No connection exists

2
  Setup received This state exists in a succeeding side after it has received a SETUP message from the preceding side, but has not yet responded.
3 Setup sent This state exists in a preceding side after it has sent a SETUP message to the succeeding side, but not yet received a response.
4 Established This state exists when a connection has been established.
5 Release sent This state exists when a node has sent a request to the next node in the connection to release the connection and is waiting for a response.
6 Release received This state exists when a node has received a request from the previous node in the connection to release the connection, but has not yet responded.
On receipt of a SETUP message by the preceding side, a node shall enter the Setup received state and execute all connection admission procedures. If there are not enough resources available for the connection, connection clearing procedure will be initiated by sending the message RELEASE CONFIRM to the node it received the SETUP message from with error bandwidth unavailable, the node shall also return to the Closed state. If enough resources are available the node shall perform channel selection and configure the switch fabric, then the connection establishment shall continue.

Connection establishment is initiated by the preceding node by sending a SETUP message to the next node which is determined by a route table lookup. After sending the SETUP message, the preceding node enters state Setup sent. If, after a certain timeout, there has been no response to the SETUP message, the message may be retransmitted. After the second expiration, the preceding side enters state Closed and sends the message RELEASE CONFIRM to the node it received the SETUP message from with error timer expired.

On receipt of the SETUP message, the succeeding side shall enter the Setup received state, and the above procedures are repeated.

If, on receipt of a SETUP message, the preceding node decrements the TTL and the value results in 1, it shall enter the Closed state and send a RELEASE CONFIRM message to the node it received the SETUP message from.

As we analyze the six states, we find it can be reduced to four states when implemented in hardware. Since the state of each connection is stored in the memory, we actually implement the state transition by reading and writing to the memory. Each connection has an entry in memory associated with it. The state field in the entry indicates which state the connection is in. Four states are defined in Fig.5. Closed, Setup received and Release received is not necessary to implement. It makes sense since for a non-exist connection there is no memory location associated with it. Setup received is only an interim state between Closed and Setup sent. If a setup message is correctly processed, the new setup message will be sent out and the state changes to Setup send. Therefore, Setup received is a state just in case exceptional error happens. Same reason for Release received. We eliminate this state by defining enough error flag bits in hardware.

	Bits pattern
	State

	0001
	Setup sent

	0010
	Release sent

	0011
	Established


    

Figure 5. State types

We propose 4 messages in this protocol. They are SETUP, SETUP_SUCCESS, RELEASE and RELEASE_CONFIRM. Note, in order to simplify hardware circuit, the messages are word align. We will see below that this help the FPGA design. The format of four messages are shown in Fig.6 below. The value assign to these four messages are shown in the figure, too. Also, there are 3 fields are identical and fixed-position for all the four messages. They are message length field, Msg type field and checksum field. Message length is defined as byte number. When hardware receives message, this will be converted to word number. Msg type indicates the type of the message. 

SETUP

                               16
                12                 8                                     0

	     Message length
	 TTL (time to live)

	Msg type
	    Connection reference #

	             Destination address (hi 16)

	             Destination address (low 16)

	                Source address (hi 16)

	                Source address (low 16)

	Minimum bandwidth
	Maximum bandwidth

	Time slot #
	Interface #

	                           Checksum


SETUP SUCCESS

	Message length
	Bandwidth

	Msg type
	Connection reference # (sender)

	0000
	Connection reference # (receiver)

	Checksum


                          RELEASE

	Message length
	Cause

	 Msg type
	Connection reference # (sender)

	    0000
	Connection reference # (receiver)

	                             Checksum


                 RELEASE CONFIRM

	Message length
	Cause

	Msg type
	Connection reference # (receiver)

	Checksum





Message type

	Msg type field
	Type of message

	0001
	SETUP

	0010
	SETUP SUCCESS

	0011
	RELEASE

	0100
	RELEASE CONFIRM




Figure 6. Message type and value

3. Board level design

According to the discussion above, our goal is to build a switch which can be hardware controlled dynamically setup a connection link or release a connection based on the signaling message. The switch has an IP router integrated in to carry signaling message. The signaling message are processed in hardware, programming switch fabric also implemented in hardware. However, the routing and exception handle is done in software. That is, the IP router is responsible for exchanging and collecting routing information from its neighbor nodes, as well as maintaining the routing table. Fortunately, this can be done concurrently in background and will not degrade the performance of the hardware implementation. The board level view of the switch is shown in Fig.7.


Figure 7. Block Diagram of the Switch Board

From the diagram above, we see the core chip of the switch is a versatile IC from Lucent Technologies. The TADM is a single-chip SONET/SDH switch device. It supports 155/622/2488 Mbits/s SONET/SDH interface. It has a STS-1 granularity cross connect capability between receive ports. It supports STS-48/STM-16, quad STD-12/STM-4 and quad STS-3/STM-1 interface rates. The concatenation levels supported by this device are STS-1, STS-3c, STS-6c, STS-9c, STS12c, STS-15c…, STS45c, STS-48c. Communication with the TADM chip is accomplished through a generic microprocessor interface. The switch can be configured through the local data bus by either microprocessor or signaling chip. Normally the microprocessor only read the internal register of TADM for traffic monitoring and network management. It is the signaling chip that writes to the register to configure the switch fabric. By writing to the internal control registers of the TADM chip, we can dynamically change the configuration of the switch fabric.

Besides the TADM chip, we also need an IP/Ethernet chip to receive signaling message through IP network. We didn’t specify any vendor’s products by now. However, we do set some assumption for this device.

Now the remaining design is the most challenging part. We need design an FPGA chip which takes signaling messages from the IP/Ethernet chip and processes the signaling protocol, according to the contents of the message, dynamically configure the switch fabric. As we stated before, for signaling processing, the switch must store the state information for each connection link. Our design aimed at a switch that can support 4096 connections simultaneously. Therefore, it is quite a significant amount of memory capacity for holding the routing and state information. FPGA usually doesn’t have that much of memory capacity on chip to meet the requirement. Therefore, we need separate memory chip.

We propose two kinds of memory chips on the switch. The chip used to store state information table of connection is just the regular memory chip. Each connection has an entry associated with it, each entry need 116 bits according to the protocol. Therefore, the capacity of the memory is 116x4k = 464k. The memory need 12 bit address to index total 4096 entries. We propose using the connection reference number for address. Since each connection has a unique number assigned to it. The entry of state information table is shown in Fig. 8.

	Connection                                                              references
	State
	Bandwidth
	Previous-node address
	Next-node address
	Outgoing channel identifiers

	Previous
	Next
	
	
	
	
	Interface
	Timeslot

	12
	12
	4
	8
	32
	

32
	8
	8


Figure 8. State Information table

Note, connection reference has only local significance. In this table, we don’t store the connection reference of this switch, but we do store the connection references of previous and next node. You might ask where is the local connection reference. Here we propose a solution to relegate this task to software. We assume software maintain a connection reference number available table. For each incoming setup call, system will pick an unused connection reference number from the table and assign to this connection, then mark this reference as used. If no free reference available, system just rejects the call. It means the switch has already had 4096 connections established, no more room for extra calls. This connection reference is then served as the memory address to read or write the memory. Therefore, the state information is stored in the memory entry where its address is exactly the connection reference. In our hardware design, we put a con_ref# register in the chip, it is loaded by the software before the message is received. Hence whenever a setup call comes in, a connection reference is there ready for it if the switch has enough resources. For messages other than setup, they will carry the connection reference of this switch, indicate which connection the message belongs to. Therefore, the connection reference can be used to index the state table to get the information of the connection.

Another kind of memory chip is much more interesting and powerful-Content Addressable Memory, CAM. CAM is much more complicated, expensive and powerful than normal memory device. It has a control unit build in the memory. Therefore, in stead of index the contents by address line, we can just tell CAM the bit pattern of the data we are interested in, the bit pattern will be parallel compared with all the entries in the CAM. A match will be find if the data is in CAM, and the data associated with the searching bit is outputted, otherwise it indicate the data is not available. Since the search is done in parallel, the search time is guaranteed in a limited range. This is very useful in implementing the table lookup in hardware.


Figure 9. CAM operation

We use three Motorola MCM69C432 content-addressable-memory as our CAMs. Three CAMs are divided into two groups. CAM1 and CAM2 cascades to serve as the routing table. The entry of the routing table is shown in Fig.10. Note each CAM can contain 16K entries with each entry has 64 bits. This means we can store 16K routing information in the switch table. The width of the match field and the output field are programmable. Here we set they are equally divided, 32 bits used for match and 32 bits for output. The match field we stored the 32-bit Destination IP address. That is exactly what we will search for when we do table look up. Here we assume that the routing algorithm is performed in software and routing information is written to CAM1 and CAM2 by the microprocessor. CAM1 and CAM2 have the same match fields but different output field. They are cascaded together. Therefore, their output combined to provide a 64 bits wide data bus, that is one entire routing table entry. Output of CAM1 is high 32 bits and output of CAM2 is low 32 bits. CAM3 is used to store the connectivity table. The switch maintains its switch fabric configuration information in this table. Each link was recorded as an interface-slot number pair. Since the CAM is 32 bits wide, we still have room for other information associated with the link. It is no harm to put more information in this table.

CAM1

       hi 32

	Destination address
	Nest hop address

	32
	32


CAM2

       low 32

	Destination address


	Interface

(next hop)


	Total

bandwidth
	Available bandwidth
	Interface

(this  switch)

	32
	8
	8
	8
	8


                    Figure 10. CAM1 and CAM2 cascade to be routing table

	Reserved
	Time slot

(this switch)
	Interfae(this switch)
	Intface

(neighbor)
	Neighbor node address

	8
	8
	8
	8
	32


The last component is a generic microprocessor. It manages an on-board local bus, which connects to all the devices on board. By reading and writing to the registers of these devices, it provides a channel for the software to communicate and control the hardware. Note, we assume the microprocessor should be able to read the routing information from the IP/Ethernet chip and then update the corresponding entries in CAM for hardware signaling processing use.

4. Signaling FPGA chip design

From the board diagram of the switch, we can define the interface the FPGA chip should have. The chip has four interfaces. They are MCU interface which communicates with microprocessor, message interface which receive and send signaling message from the IP/Ethernet chip, memory interface which exchange information with the memory and the CAM interface. The internal diagram of the signaling chip is shown in Fig.11.

FPGA


                  Figure 11. The internal diagram of signaling chip

The signaling chip consists of two major units and some control and work registers. Below we give a detail description of their function.

The parse unit is responsible for receiving and sending out message. It interfaces to IP/Ethernet chip. Here we assume a simple and clear interface to the IP/Ethernet chip. Only two handshaking signals are used. One from the signaling chip to IP/Ethernet chip indicates whether the chip is busy. Another one from IP/Ethernet chip to the signaling chip, indicates the first word of the message is coming in. The unit is controlled by finite state machine. Actually it has only three states: idle, receiving and sending. Initially the unit is in idle state. As soon as message comes in, it goes to receiving state and stay there until message is over (this is achieved by checking the message length field in the message). The entire message is stored in the Rx_msg registers for further process. Then it asserts a start signal to inform the process unit. From then on, it goes back to idle state. Upon finishing the message processing, the process unit assert a send_msg signal to activate parse unit to begin transmit message. This time the length of message is set by the process and loaded into a register (belong to control registers). During the sending state, the parse unit keeps outputting data until the counter reaches the preset value. The state diagram of parsing unit is shown in Fig.12.




    Figure 12. State transition for parse unit

The core of the signaling chip is the process unit. It maintains a main state machine which controls the parse unit, access to routing table (CAM1 & CAM2), to connectivity table (CAM3), and the connection state table (memory). The state machine of this unit has 20 states. The diagram is shown in Fig.13.


              Figure 13. State Diagram of Main State Machine

State 0. idle state. At this state, the process unit does noting but just waiting for new message (actually the entire signaling chip is idle, parse unit is idle, too).

State 1. receiving message state. The parse unit is receiving message from IP/Ethernet device. Process unit is waiting for the message comes in.

State 2. message decoding state. Parse unit finishes receiving message and puts message in the Rx_msg register. At this state, process unit read message from the register and decode the message type field to begin corresponding signaling process.

State 3, 4, 6, 7, 8, 9, 10. process SETUP message. These states follow the step of processing the SETUP message.

State 3. prepare to start route table lookup. Which is searching in CAM1 and CAM2.

State 4. check TTL field of SETUP message. If TTL = 1, the setup will be terminated. State machine goes to state 5. For TTL > 1, continue the subsequent procedures. TTL field subtract 1 to record this hop.

State 6. waiting for the result of route table lookup. If match successes, the outcome is loaded into working register A for further processing.

State 7. check bandwidth request of the call. We assume in routing table stores routing information for each registered destination address. The maximum and available bandwidth is also stored with the routing information. Hardware checks if the link has enough resources for the request bandwidth. If it is true, goes to next state to further processing message. Otherwise, call setup is terminated, state machine goes to state 5.

State 8. message process is almost done. Routing table is modified to reflect the change of the routing information, including TTL value, bandwidth, previous node address, etc.

State 9. reading connectivity table to find out the interface number and time slot number of next hop. This is for forwarding the SETUP message to subsequent nodes. This is done by searching CAM3. Upon obtain all the information of this connection, working register B is loaded. The content of this register is to be written to connection state table in memory.

State 10. write register B to memory. Form a new SETUP message for subsequent node. The message is loaded to Tx_msgreg registers for transmitting. Set the tx_cnt to the length of SETUP message. Therefore, the SETUP message is finished. The connection is put to setup sent. Process unit assert the sent_msg signal to activate the parse unit begin sending out the new SETUP message to next hop. The main state machine goes back to idle state waiting for next message.

State 11-13. SETUP SUCCESS message process.

State 11. upon receiving SETUP SUCCESS message, the process unit extract its own connection reference from the receiving message. This reference is used to obtain the corresponding connection state table entry in memory. Memory entry is read into working register B.

State 12. check if the connection is in Setup sent state and waiting for a SETUP SUCCESS response. If it is true, the connection state is changed to Established state and goes to next state for further process. Otherwise, set error flags and goes to state 5 to release the call.

State 13. connection state is modified to Established and the entire information is written back to memory. Form a new SETUP SUCCESS message for the previous node, load the tx_cnt register to the value of length of SETUP SUCCESS message, assert sent_msg signal to activate parse unit for sending new SETUP SUCCESS message to previous node. Therefore, the SETUP SUCCESS message is done and main state machine goes back to idle state.

State 14-17. RELEASE message process

State 14. this state is the same as state 11. Again read the connection state information from memory.

State 15. check if the connection is in Established state. If it is true, this is the normal release request. Changes connection state to Release sent, goes to next state to further the procedure. Otherwise, set error flag and goes to state 5.

State 16. store connection state information back to memory. Form a new RELEASE message for previous node. Set tx_cnt to the value of RELEASE message length. Call parse unit to send the message out.

State 17. for interim nodes, this is not the entire story. The node have to response the RELEASE message besides forward the message to previous node. Therefore, process unit form another message: RELEASE CONFIRM. After parse unit finish sending out the previous RELEASE message, call for continuing to send the RELEASE CONFIRM message. Until now, the RELEASE message is done. Main state machine goes back to idle.

State 18-20. RELEASE CONFIRM message process.

State 18. again read the connection state information from memory. This is the same as state 11, 13.

State 19. if the connection is in Setup state, then this switch is the edge switch that connect directly to the end host. This is the end host call to release the connection. Then process unit change connection state to Release sent, form a new RELEASE message for the previous node. load tx_cnt to the value of RELEASE message length. Call parse unit to send out message. However, if the connection is already in Release sent state while get a RELEASE CONFIRM message, this is the normal response to its previous RELEASE request. No more message needs to send out, the connection is said terminates gracefully. We just delete the entry for this connection and acclaim its connection reference to free list. We delegate this function to software. Main state machine goes back to idle.

State 20. store the connection state information back to memory. Call parse unit. Then main state machine goes back to idle.

5. Simulation results

The simulation is modeled after a network topology shown in Fig.14.


Figure 14. Network topology for simulation

We made some assumption as below:

Node 1 sent the SETUP message to node 3. The path will be 1-2-3, node 4 will not choose according to the routing algorithm. (not shown in the simulation).

Node 1.: address: 

128.248.3.21 => 80F8 0316 (source address)

TTL  = 

0Ah

Message type : 

SETUP (0001h)

Message length: 

18 bytes (12h)

Connection reference: 
0CE

Minimum bandwidth:  
02

Maximum bandwidth: 
04

Interface number: 

AB

Time slot number:

CD

Node 2: address: 

128.238.3.15 => 80EE 0315

Connection reference: 
0CF

Interface number:

03

Time slot number: 

55

Total bandwidth:

09

Available bandwidth:
05

Node 3. address:

128.248.3.20 => 80F8 0315 (destination address)

Connection reference:
0AA

Negotiated bandwidth: 
03 (assumption, set by subsequent nodes).

Therefore, according to our assumption above, the SETUP message generated by node 1 and destinated to node 3 is an 18 bytes packet. It looks like:

0         1            2
   3           4          5           6           7            8

	120A
	10CE
	80F8
	0315
	80F8
	0316
	0204
	ABCD
	EFEF


The SETUP SUCCESS message from node 3 to node 2 is an 8-byte packet. Note, bandwidth is set to 3. This is negotiated final result. Node 1 requested a bandwidth with minimum value 02 and maximum value 04. Not bad! Also pay attention to connection reference carried in this message, which is 0CF, that is the reference number for this connection in node 2.

                             0             1            2
     3

	0803
	20AA
	00CF
	EFEF


The RELEASE message from node 3 to node 2 is shown below. The cause field indicates the reason for the release call. We put a value CA, for the reason well known in this signaling protocol(.

                             0              1             2
     3

	08CA
	30AA
	00CF
	EFEF


Below is the snapshot of the simulation result. We show several simulation results of the signaling chip. Fig. 15 is receiving the SETUP message. Fig.16 is processing SETUP message. Fig.17 is about receiving and processing SETUP SUCCESS message. Fig.18 is an overall simulation result, we give an estimated processing time result based on the simulation.
[image: image1.png]MAX+plus Il - e:\myfile\elIxxproj\sigchip - [si ‘Waveform Editor] MEIE
©'Q MAXspusll Fle Edt View Node Assign Uiiis Oplions Window Help 18| x|
Dlﬂé R RN aEEERE EEE Eee EEEE B E
T [67.5ns [€I3] Time: [168.3ns Intenval: [100.8ns ﬂ

87 s
Name. Value. 100,00 2000ns 3000ns 4000ns 500.0ns
Je— rst o T
- ci NipipininipigipinipininiEnl
_ te oy o T [
o Id 1 L
6= msgi H D000 | 0000} 120A Y10CE )(BOFS {0315 ) B0F8 ){ 0316 0204 ABCD){EFEF 0000
ay state Ho [ 1 [
ay count Ho [ T2 N3 4 )5 {6 )7 yB )o [
1 chksum Hoooo 0000 oo1c fo1Fa fo272 osea foanz §oa16 Yoso1 f{oess §orr7
a n_ent Ho [ 9
> regrdy 0 I
a st Hoo (i 01 02
leo— start 0 [ ]
a bw Hoo o0

e smt 1

lgm— met 0

lzm— mst 0

ﬁlcarmaddv - 00000000 e
< 5

R Start | B el doo (Recovered) - Mi. || @ MAXplus I - e-\myfil





Figure.15 Simulation result for receiving SETUP message
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Figure 16. Simulation result for processing SETUP message
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Figure 17. Simulation result for receiving and processing SETUP SUCCESS message





[image: image4.png]MAXsplus Il

e:\myfile\el9xxproj!

scf - Waveform Edi

igct Jl MEIE
©Q M&Xsplusll File Edt View Node Assign Utiies Options Window Help JRETES]
NEEEEERREEEEEEEE R EEE R R E E )
o] Ref [1953us [€I3] Time: [417.0n5 Interval: [1.536us ii
o
Name. Value. 2000ns 4000ns BOOOns BOOOns 10us  12us  1dus  16us  18us 20
oo rst o
e clk 1
_ te oy 0
14 U
l69= msgi Hooo0 [ 0000
Y count Ho [0 [ 0
55 chiksum ro777 [aooo Y0000 0777
a et He [0 E
e regrdy 1 L
o state Ho [0 1 0 2 0
o st Hoo [o0 ] % 09 A 0
a5 start 0 [
a bw HO4 [
@ sentmsgQ | O
& msgo Ho777 0000
smi 1 1
lgm— mc1 0

‘

SR Start [ MAR+plus 11 e-vmpfl. B)Document] - Miciosolt Word







Figure 18. Time required for SETUP message processing


The SETUP message is the longest message in this protocol. Now we evaluate the time of this procedure. This will give us a quantity measure of performance.


The process time consists of three components. Time spend on receiving message, time for processing message and time for forwarding the SETUP message. In our simulation, the clock frequency is 25Mhz. We can measure the ticks of clock included in the three periods to evaluate the time.


Receiving time 
= 9 clock


Processing time 
= 25 clock


Sending time

= 9 clock


Note, the processing time is under some assumption. Here we assume CAM1 and CAM2 have a match time 5 clocks while CAM3 is 3 clocks. Therefore, an average match time of 4 clocks for match. This is reasonable because Motorola guarantee their CAM has at most 8 clocks match time. Since CAM1 and CAM2 cascade together, it should be take a little bit longer to execute the match. Also, we note that there is one dead clock between receiving period and processing period. This dead clock can be found between processing period and sending period, too.


After accommodating these overhead, the total number of clocks need for processing SETUP call message is 9+ 25 + 9 +1 + 1 = 45. For 25Mhz clock signal, this is about 45/(25x1000000) = 1.8 us.


For other type of message, the result can be further reduced, for they have a shorter message length and less process procedure. A good estimate is about 15 clocks. Based on 25Mhz simulation, it is about 0.6us.


This is a pretty good result. Actually we can expect a better performance by increasing the clock frequency of simulation. It is not uncommon for a commercial FPGA running at 40-50 Mhz. As a comparison, if the signaling protocol is done in software, it might need 1-2ms. By implementing the protocol in hardware, we have a improvement of about 1000 times.

6. Future work

This design is intended to speedup the processing of call setup (connection-oriented) as well as call release by doing it in hardware. We divided all the events in signaling handle to two groups: real time and non-real time. The signaling message processing, routing table lookup, state update and switch fabric configuring are considered to be time critical and implemented in hardware. While routing information collection and routing algorithm implementation as well as error and exception handle are considered non-real time events. They are delegated to software. This arrangement benefit from the low latency of hardware and high flexibility of software.

This is the first try of the challenging project. We made our lives easy by focusing on the design of the FPGA signaling chip. The interfaces of this chip to other chips in the switch are greatly simplified. By define some clean and simple interfaces of the chip, we can focus on the internal message process design. The chip is supposed to be a generic network signaling chip and can be interface to any switching device by slightly modify its interface. 

In our design, the system allow up to 4096 connections maximum, a combination of 256 interfaces (max) with 256 timeslots (max). The routing table has 16K entries which means the total number of addressable end host (or switch nodes) is 16K.

With this design, the multi-path feature has not been implemented. Also, we didn’t implement microprocessor interface. Since it is somehow less relative to the performance evaluation. However, the microprocessor interface is an important port which is the bridge between hardware and software. Software should be able communicate with internal registers of the chip. As a result, we only store the switch fabric information in the signaling chip, no real configuration to the switching device. Another feature didn’t implemented in the design is the timers. This is for retransmission and error situation handle. Some ports are defined as uni-direction. This shoud be changed to bi-direction pins in the future. In the future work, we hope all this features can be added to the design. In addition, some enhancements can be made for better performance. Such as provide more flag register to help software monitoring and managing the system. Some overhead dead clock can be removed from the state machine transition. And more challenging and interesting work to do, by duplicating some registers and data path, we hope the chip can pipeline several message simultaneously, it will result in a much high throughput and a big jump in performance.

The project is done on my Pentium III 450 IBM PC with 64MB memory. It is compiled and synthesized with Altera Maxplus II 8.3 FPGA design tools. The result is fit in an Altera FLEX 10K100GC503-3 FPGA device. The resource utilization is about 60%. The compilation, synthesize and assembler takes more than one hour due to the shabby memory capacity. This greatly prohibits my further improvement of the design(. 
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