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Hardware Design and implementation of IP-over-1394 Protocol Stack 

and Its Evaluation 

Mono YUSAIRI BIN ABU HASSANt and Wm- 'ABET 

This paper deacribes a hardware design of ',subset of the Internet protocol IF over IEU11394 
interface (IP over 1391 ) and its implementation on an FPGA. It evaluates the deaign by 
counting the hardware coats 'Nuked for the implemeritation, It hi intended for vete in such 
applications as IsOlne networks, where tralieferring and processing digital AV data at low costa 
and by low power conerumption 15 desirable. Using w system clock of 49.152M1-1E, we rerLiled 
that packets sent from en application on top of the protocol stack were correctly received by 
the other protocol stack vie IEEE1394 port at at transfer rate of 400 Mbps- We also verified 
communication behaviors of the design with an isachronous selfsame manager to reserve 
Chlanaci prior to data tranamisaions. The hardware met of the IP layer is 8496 of the link 
layer's Wei, meaning that the IP-over-1394 protocol stack can be realised by hardware by 
spending an extra cast lees [ban that of the bask hardware which already exists. 

1. Introduction 

It in now popular to camect multiple PCs and 
peripherals' by means of networks at home. De-
mands on dealing with audio/video (AV) data 
through the network have also. been increased. 
Networking AV devices with the PCs requires 
processing, transmitting, and receiving the dig-
ital AV data at high speeds, Furthermore for 
home use, it is important to realize the network 
at low costs. The less silicon usage results in the 
less power consumption. 

Due to its distinct features such as high speed 
data transfers at low cost, plug-and-play func-
tions, etc., IEEE1394 interface, also known. as 
FireWire, bas been considered to be a good. can-
didate of a physical link for home networks. A 
standard protocol for the Internet Protocol over 
IEEE1394 interface (IP over 1394) has been 
specified as an RFC2), and souse implementa-
tions of the protocol by software exist44) , 

Software implementations, however, require a. 
platform of PC with high performance to pro-
cess bulk of data flowing through the interface 
at high speed, If a dedicated hardware process-
ing the protocol is realized at low cost, it will 
alleviate the loads from the platform, enabling 
to embed low cost processors with Low power 
consumption in networked devices. We can in-
tegrate the dedicated hardware into a system 
on a chip by spending an extra amount of sil-
icon resource. Thus there is a chance of real-
izing a cost-effective high-speed home networks 

Department of Computer Science 

with less power consumption by implementing 
1P-over-1394 protocol stack in hardware, which 
depends on the cost required for the stack. 

A hardware implementation of IPv4 has been 
reported}, and a reduced set of IPvG has been 
realized also in hardwares). But those works 
are all based G11 Ethernet.. 

This paper examines the feasibility of imple-
mentating IPv4-over-1394 protocol stack from 
transport layer downto data-link layer all in 
hardware and evaluates its hardware costs- We 
adopt an FPGA as the implementation device 
and measure the costs by counting the amount 
of logic elements in the FPGA requited for the 
implementation, 

The FPGA. is useful in that it facilitates pro• 
totyping the design, verifying the operations, 
and evaluating relative costs among protocol 
layers. The link layer at the bottom is nor-
mally implemented in hardware as 1394 con-
troller, whose hardware cast is a good measure 
of dispensable cost value. The FPGA realisa-
tion also gives an lower bound of performance 
of hardware implementation: ASIC realizations 
will yield higher operation speeds and lower 
gate counts. 

In the following we will first overview the 
IEEE1394 features. Then we will describe oper-
ations of IP-over-I394, design of hardware mod-
ules, implementation results, experiments for 
the design verification) and evaluation of the 
results followed 'by conclusions. 

2. Features of IEEE1394 

The IEEE1394 supports higll data transfers 
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with 100Mbps to 400Mbps. (lEEE13041) en-
ables transfers at a rate of 3.2Gbpe7).) The 
speeds are enough for transferring large and fast 
packets of such as audio/video data. With the 
feature of isochronous transfer ability, it sup-
porta stream data transfers with real time gu-
rantee at constant. transfer rates. 

The IEEE 1.394 is a bus architecture and 
not I/O interface like Ethernet. It means that 
IEEE1394 is a collision free medium managed 
by a full arbiter. The 1EEE1394 arbiter realizes 
a fairness protocol, which prevents the bus from 
being monopolized by the fastest node. There-
fore, all nodes have equal opportunity to send. 

With plug-and-play functions, IEBEI3a4 
supports automatic configuration which allows 
a new device to be attached or removed from 
the bus without needs to set or reset the node 
11) and addresses, a feature different from USH 
or Ethernet. 

3. Operations of IEEE1394 

In this section we overview the transactions 
handled by of IEEE1394 and the operations 
performed by the link layer (LLC) and physical 
layer (PITY) for executing the transactions. 

3.1 Transactions 
For transmitting or receiving 1EEE1394 pack-

ets, two types of data transfer services are 
supported: inchronous and asynchronous data 
transfers. A set of transactions are provided 
far the services, Most transactions are classified 
into request and response types_ A bode makes 
a request to the other node and will receive 
a response from the node. When recieving a 
packet, the receiver node will send an acknowl-
edge packet to tell the sender that the packet 
has been received with or without errors. 

bachronous Data Transfer 
This type of transaction transfers data via a 

channel with a reserved bus bandwidth. Nei-
ther acknowledge nor response packets are nec-
essary for this type of transaction. 

3.1.2 Asynchronous Data Transfer 
An asynchronous transaction called asyn-

chronous stream packet transfers data via a 
channel and has the same packet format as 
the isochoronous transaction except that it does 
not require bus bandwith. The asynchrounous 
stream packet also known as Global Asyn-
chronous Stream Packet (GASP)8} is used in 
IP-over-1394 data transfer. 

3.1...3 Other Transactions 
Since IP over 1394 uses the asynchronous 

stream packet format, a channel must be re-
served in advanced. Allocating channels to 
nodes requesting data transfers must. be man-
aged by a central node in an IEEE1394 net-
work. The function is called isochronous re-
source manager (IRM) and the node equipped 
with the function is called IRM node_ 

To reserve a channel the following transac-
times are used: 

• Cycle Start 
A packet called 'cycle start' is broadcast by 
a node taking a role of 1R.M. From the node 
ID specified in the packet the IRM node is 
known. 

• Read Requestillasponse Data Quadlet 
These transactions are used to obtain avail-
able channel numbers within an address lo-
cation in the IRM node. 'Read response 
data quad let' is a response to 'read request 
data quadlet." 

• Lock Request/Response 
In order to reserve a channel, the node must 
gain a. preemptive access to the HIM node. 
These transactions provide the mechanism 
to enable such an access. 

3.2 Operations by LLC and PHY 
The IEEE1394 interface consists of link and 

physical layers which are usually called LLC 
and PHY, respectively, Fig.1 shows the inter-
face between PHY and LLC. 

Two terminals COD and CID forming a bidi-
rectional control bus control the flows of data 
between PHY and LLC_ A bidirectional control 
bus D[7:0] transfers data. 1EEE1394 supports 
5100 (100Mbps) using D{1:01, 5200 (200Mbps) 
using D[3:0], and 5400 (400Mbps) using D[7:0] 
terminals. The Lreq terminal controlled by 
FLG sends serial service requests to PHY for 
taking the access of the seria]-bus for packet 
transmiasion 

3.2.1 Transmit Operation 
Pig.2 shows the timing required for transmit 

operation. In the figure THY' and 'LI,C' in-
dicate the periods when PIN and LLC control 
the terminals, respectively. To send a packet 
data, a 'Buil request' must be performed by 
LLC to PITY through the Lreq terminal by a 
request with high priority specifying a trans-

Link 
Layer 

Controller 
PHY 

Fig.' PHY-LLC interface 
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fez speed for transmission_ After LLC sends 
the bus request, it must wait for a grant by 
watching both CJtlO and CM going to high be-
fore sending the packet using D[7:0] terminals, 
While transtriiting the packet, COD and Ctll 
inust be set high and low, respectively. 

3.2,2 Receive Operation 
Fig.3 shows the timing required for receiving 

operation_ 'When receiving packets, all bidirec-
tional terminals are controltedl try I-311Y, Incom-
ing packets should start with ID:KFFs followed by 
speed code (SP) and data. The value of SP and 
the number of data. terminals used depend on 
the packet transfer rate. 

4, IP-over.1394 Protocol 

Networking protocole are neurally struc-
tured in a layered sta.c10). The protocol stack 
we are going to implement is shown in Fig-4 to-
gether with data encapsulation and decapeule-
tion. As 3.1iown in the figure, the stack includes 
1)DP (user datagram. protocol) at the transport 
layer, 1P (Internet Protocol) at network layer, 
and IEEE1394 at data-link layer, the latter two 
constitute the IP-over-LEE21394. The current 
version of the implementation does not include 
some protocols such as IChIP, ARP and RARP. 

4.1 Tramp:1.rib Layer 
Fur the transport layer UDP is employed in-

stead of reliable protocol such as TCP. • Al-
thouth IJI)P provides no reliahlity, it requires 
minimum resources and 'overheads for realizing 
the transport layer. 

A. kind of reliable data transmission ie guar-
anteed by the rnechaniern of IEEE.139.1 link 
layer, where a channel between nodes is re-
served before transmiggion. Retry protocols are 

brim, 
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also provided within 13911 specifications2) . Bar 
more sophisticated reliabilities or flow control 
neceary far each application, we rely on fun 
Lions to be supplied by the application itself. 

4+2 1,4eitwork Layer 
The networ k layer protocol ie used to set an 

IF address where the packet must he trans-
mitted for all types of network. We adopt 
TinyIPIn9, a reduced set of IP veysian 4, for the 
network layer. Ti riyIP is suitable for our pur pee 
in that it provides an end host with IP function's 
required for home networking with minimum 
costs. 

4,3 Data Link Layer 
We w the JEEE1304 for this layer. It is 

reasonahie to assume a node taking a role of 
a gateway to the Internet in an IP-over-1394 
home network. The node would usually be a 
PC. We rely on such a PC for the 1111.1 function, 
and do not include the function into the current 
implementation of the IF-over-1394 module. 

When using lEEE1894 link header for send-
ing iP datagrarns, it is specified to transmit 
them via asynchronous stream packets. The 
asynchronous Atteara packets m118t, conform to 
the GASP format. IP datagrams arc prefixed 
by an encapsulation header containing type 
field identifying datagrurns IPv4, ARP, etc. 

5. Design of IP-over-1394 Module 

A hardware module realizing the function of 
the protocol suite listed in Tab.! has been de-
signed. We call the module "fuelP." 

The block diagram of girelP is shown in 
Fig.5_ It consists of t ire--trams and fix-Q.-rim 
for transmit and receive operations, respec-
tively, and control for establishing connection 

Table 1 Protexcascomtituting the fixer!), 

.a.jecr ION 

Ti.. wt. UDF 
et. 1.4 ay 

1E13E1394 
P 
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between nodes, 
The module lire-trans for transmitting 

data consists of net-trans and link_trana. 
The module net_traas processes the trans-
port and network layer protocols for data to be 
transmitted and hands the results to the mod-
ule link_trans for the link layer protocol. The 
module iire.ren for receiving data consists- of 
nitric for the transport and network layers 
and link_rec for the link layer. 

5.1 LLC PHY interface 
l irst we describe sonic modules controlling 

the interface between the link and PRY layers. 
a fit o: This module is used as a buffer to 

retain data in the module before trartferring 
them to other modules. 

• sec: This module calculates the CRC 
(Cyclic Redundant Check) value while 

transmitting and receiving packets. In re-
ceiving, the calculated value is compared 
with the received CRC. In transmitting, 
the calculated value is attached to the 
packet. 

• lreq: This module issues a bus request 
through the Lreq terminal to get a permis-
sion for using the bus from PHY. 

a trans: This module controls the use of 
data_out[7:0] according to the speed re-
quest. It also controls the transmission 
timing. The trans module starts transmit-
ing link packets after receiving the grant 
signal from PHY. When transmiting data 
to PHY, trans asserts ctIO-out terminal to 

dal4POUt 
cillLout 
ctil_out 
lreq 

request PHY that the data be transmitted. 
• rec: The FEY hands a received packet to 

the module rec by asserting ctl(Lin termi-

nal. Terminals of data_in[7:0] used by the 
module to receive the packet depend on the 
transmission speed. The roc module then 
puts the packet into a fifo and asserts a sig-
nal to link_rec to inform of the reception. 

5.2 Link Layer 
The modules for the link layer protocol 

deal with two type of asynchronous packet, 
The asynchronous stream packet is handled by 
atraait_trans anti stream rec. Other asyn-
chronous packets are handled by asyn_trana 
and asyn_rec modules. 

• etream_trans: After receiving the sig-
nal lion ip..trans to start transmission, 

streara_trans generates a link header, at-
taches it to IP data, and puts the data into 
a fifo of trans module. The header includes 
GASP and encapsulation headers. CRC is 
calculated twice: once for header and the 
other time for data. When the packet is 
ready to he transmitted, a signal is asserted 
to inform trans mod ilk. that IF data has 
been put into the fifo and ready to trans-
mit. 

• acreaisjec: On detecting the signal from 
roe, streesi_rec takes the data from the 
fifo and checks the link header. If the tram-
action code is equal to 1-.1:tA of the GASP 
type, streEuzsec will start the header 
check process. Otherwise, the packet will 
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be ignored. The header check process 
checks header and data CRCs and the type 
field value. If both of the CRCs are correct 
and the type field equals to 0x0800 (IPv4) 
the packet is accepted and handed to the 
ip_rec._ Otherwise, the packet is discarded 
and stearm_rec clears the fifo in rec. 

• asyn_trans: This module includes two 
modules asyn_req and asyn_res for gen-
erating asynchronous request and response 
packets, respectively. 

▪ arrynareqz This module acts as an asyn-
clinanoue request packet generator to make 
request to another node, 

• asyn_res: This module is used to make re-
sponse to a request to its own node. 

• asyn_rec: When receiving a packet which 
contains a transaction code other than OxA 
of stream packet transmission, asyn—rea 
will process the packet and inform the 
control what to do with the packet. 

5.3 Network Layer 
The network layer consist of two module 

ip_trans and ip_rec for transmitting and re-
ceiving the 1P datagram, respectively. 

• ip_trairs: This module starts its process 
on receiving a signal from the transport 
layer by generating its own IP address and 
providing other header fields including IP 
checksum. When the data is ready, it is 
put into a fifo of streara.trans. Then 
Ip..trans sends a signal to stream_trans 
to inform that a data is ready. 

• ip_r•c: This module reads its life when 
it detects the ready signal asserted by 
streals_ree, It also checks the destination 
address, If the address matches with its 
own TP address, it will accept the packet 
and calculates the IP checksum. If the 
calculated value equals to the received IP 
checksum, ip,rec asserts a signal to its 
tra.msport layer's module to inform of the 
packet arrival. 

5.4 Transport Layer 
The modules for the transport layer processes 

data requested by the application to transmit 
and data received from the network layer. For 
the transmission and reception, udp_treaia and 
udp_rec modules are used, respectively. 
• udp,trana: Data generated by an applica-

tion is put into a fifo of udp_traas mod-
ule, where a UDI! header is attached to 
the data. The. UDP header includes des-
tination and source ports, data length, and 

UDP checksum. When data with the UDP 
header is ready, udpatrans sends a signal 
to ipatrans to inform that the UDP data 
is ready. 

a nalp_rec: This module checks length, 
header checksum, port etc. If matched, 
the packet is accepted and udp_t ec asserts 
a. signal to inform the application of the 
packet reception. 

6. Implementation Method and Re-
sults 

The Verilog-RDL code of about 4,500 lines 
in total was developed for the design above de-
scribed. 

A SRAM based FPGA chip APEX20K.-
400EBC652-1X11) by Altera has been chOsen 
for implementing the design. The FPGA is ca-
pable of realizing 400,000 gate logic circuits us-
ing Logic Elements (LEs) and 29 KB memory 
using Embedded System Blocks (ES138). An 
EDA tool of Quaatus ver.2.0 provided by the 
FPGA vendor and a lOgic synthesis tool Syn-
plify Pro7.11711 by Synplicity have been used 
throughout the implementation. 

The Verilog-IIDL descriptions have been syn-
thesized and converted to netlists using Syn-
plify, which have been fitted to FPGA cells us-
ing Quartus. The compilation results are shown 
in Tab.2, where the numbers of f..E's and ESB's 
required for realizing each component module 
of the tireIP and the maximum operating fre-
quencies (f-max) of the compiled modules are 
Listed. Relative numbers of LB's and ESP.'S 
used for each module per total LEs (16,040) 
and ESBs (212,9'02) available in the FPCA are 
also shown in percentage. 

As shown in Tab.2, the maximum frequency 
of iireIP is 56.41 MHz. Because IEEE1394 is 
specified to operate at 49.152MIls, we can say 
that the design hasan enough speed to operate. 
The module t ireIP requires 22% of the 400,000 
gates and uses 19% of ESE bits hr the FPCA, 

7. Design Verification Experiments 

In order to verify the design, two sets of ex-
periments (1) and (2) have been performed. In 
this section we describe the experimental envi-
ronment, operations to be verified, and results 
of the verifications for each experiment. 

7.1 Experiment (1) 
The purpose of this experiment is to ver-

ify the proper communications between two 
I ireIP modules. 
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Table 2 Comp reEruite. 

Module LEE!' ERIN" troror 

11.re_irp 3,861 (22.%) 40,950717 56,41 

fire_trarai 1,394 (8%) 16,384(7%) 71.49 

Ir.TEJEC 2,171. (13%) 24,576(11%) 55,49 

net.trant 945 (5%) 3192(3%) 71,35 
nap.t.r4t44 510 (3%) 0(0%) 73.09 
ridp_carn 361 (2%) 0(0%) 58,84 

ip.trart9 303 (1%) 0(0%) 73.89 

ip,-,c$m 2-55 (1%) 0(0%) 111.1.98 

net._ree 1,017 (8%) 8192(3%) 56.60 
eap_rec 5'16 (3%) 8192(3%) 57.90 

ip_rec 460 (2%) 0(0%) 70.04 

link_FrMU 1.] 66 (7%) 16,3941M) 6041 
etteero_r..ralF 40.1 (2%) 6.192(3%) 106.12 

asynAraris 5  (1%) 0(0%) B1.1i) 

es y_req an (1%) 31(0%) 176.44 
asy.r.e9 169 (1%) 0(0%) 194.25 

trans 150 (1%) 8192(3%) 123.23 

lreq 25 (1%) C1(0% 263,71 

linfExc 1,200 (7%) 16,384(7 .59.35 

asyrr.rOe 5.31 (3%) 0.(0%). 73.45 

TOL 39T (2%) .6,192(3%) 111.57 

CPC 191 (1%1 0(0%) -
filo 39 V 1%) 8192(3%) 186.78 

'Total numbers of the available LEe sad KSBe are 
16,640 and 212,992, reepectively. 

sOK 
Hoerr] A 

SITU,
Board. B 

lionimeesgor 

ayae1 

PC 

IEEE 

riFk. 6 System used for experiment (1). 

7.1.1 Experimental Environment 
The experiment lime been performed using a 

system shown in Fig.6. It consists of two boards 
called SOPC boards A and B and a PC (Win-
dows 2000 running on PenEium4 1_7Glis) for 
monitoring, the behavior of the implementation 
using Siguarrap function") provided by Quax-
tus with ESBs. The PC is also used for compil-
ing the design and configuring the FPGAs. 

Each of the boards equips with the FPGA 
and an 1EEE1394 PRY chip TSB41LV0314) by 
Texas Instruments. A bin-to-6pin IEEEI3E14 
cable and two cables called /vlasterBisstera are 
also used. The latter cables are used for config-
uring the FPGAs. 

An IP address was allocatated to each board: 
192,168,0,1 for SOPC board A and 192.108.0.2 
fa]. SOPC board B-

Canerel 811ral Gram Signal &cm 141V 
4 

• ▪ WIND 
A. 4

Trammel-6rd Iteiree Trraermaied ha.111. 

rig."' Waveform observed at SOP° board A in 

experiment (1). 

. P•=I I... 

11,A 

:a 
a 
a 

▪ —Er .:- a 
./.1 

• 

ertfroad Tdgrt-r It.con.d Patio 

• 

Apparala tel. 

Pig. S Waveform obstrfecl. at SOPC board B In 
experiment (1). 

7.1.2 Operations to Be Verified 
• Trariamiting packets: A shnple module 

has been designed to provide the applica-
tion data and addresses for triggering the 
transmission of packet. Thc application 
module on the SOPC board A generates 
data (0x610A) and SOPC board B's IP 
address, and passes it to lireIP module 
where the data is encapsulated and trans-
mitted to Ehe SOPC board B. An outgoing 
packet is analysed on the board A using 
SignalTap-

• Receiving packets: The SOPC board B 
waits for the incoming packet. The received 
packet is analysed on the hoard B using 
Signal Tap. Received packets decapsulatcd 
by fireIP are compared with the transmit-
ted data for verification, 

A 49.152 MTh clock has been used for 
lEEE1394 system clock and the transfer rate 
of 400Mbps was employed. Note that the max-
imum frequency of firelPs is high enough for the 
dock rate. 

7.1.3 Results of Verifications 
Figs.7 and 8 show a transmitted packet ob-

served at the SOPC board A and a received 
packet observed at the SOPC board B. As 
shown in the figures the waveforms observed 
are as expected: the data 0x610A reached at 
the application layer have been checked to be 
the same as that transmitted by the sender's 
application layer. Values of CRC, IP and 
UDP checkeuins are calculated correctly at 
both sides, and the address check functions of 
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each module also work well. 
7.2 Experiment (2) 
As explained previous/y, IP-over-1394 packets 

nee the GASP format, where a channel number 
renewed for communication between nodes ie 
specified, Before transmitting an IP-over-1391 
packet, /iron' needs to reserve a channel horn 
an IR( node. The purpose of this experiment 
is to verify f irelP to be able to reserve a chan-
nel by communicating with the IRIVI node, 

72.1 Exporimental. Environnuemt 
A set of sub-experiments have been per-

formed wing the system shown IlL Fig-9 It -
consists of a PC (WindoweXP) taking a role 
of 1KM node and an SOPC board implement-
ing the firsIP module. A software tool, BIM 
Hound 4:013), is used at. the PO for monitoring 
1394 packets, 

7.2.2 Operations to Be Verified 
Here we verify the following operations: 

• Obtaining HIM node identifier: AN 
described in. IS ed101111 4.3, the IRM func-
tion which manages the channel allocation 
iN assumed to be implemented on a gate-
way, which ie the pc in this experiment. 
The atm node will broadcast a cycle start 
packet, By receiving the packet, fireIP 
detects the identifier of the 1.11M node_ 

• obtaining valid channel numbers: BY 
sending a read request data. quadlet packet 
to an address location of the IRM node, 
valid channel numbers are obtained. 

• Reserving a channel: A channel num-
ber must be locked to reserve, The lock 
operation starts by sending a. 10-c1F, request 
packet to the iktM node. If a lock response 
packet is responded with no error, the lock 
operation ends auecn

7,2.3 Results of Verifications 
Fi.g,10 shows the waveforms observed in the 

experiments, At the bottom we EEC that the 
lock Gperktion ends successful]y by receiving a 
lock response packet properly. A cycle start 
packet from the IRA( node notifies. the IR.M 

poele Surl Valhi 
I 1Pqr.rift • • ar. • .4.-; 

•••';• 

10•111 

rjne 

'es 

mipxd waixi rAla_rolfal -a I 

0...M1ei 116.A Mues! hrda.1

1 1.

• rpri. 

• 110 

ri
. • . 

koll '  P.Pial ppsiva ACK pia .  Pram PC 
Latuatioalswouilzda 

W pr iiNg ) ..2, 44 . •.AE--.6 -prn.as. f 

Fig, 1 
1/..* req.-11 ikAIL reLpEILII 

'Narerorrin Observed. at SO-PC bond in 
corwrirecra (2). 

node identifier- A channel selected from valid 
apse indicated in the quadlet data responded 
to the read request packet was found to be re-
served by lock request/reply transactions, We 
therefore verified all the operations required for 
reserving a channel greed for transmitting IP-
over-134 packets. 

8. Evaluation and Discussion 

As shown in Tab.2, the maximum. frequencey 
finsar of tir•IP in faster than 49:152 PifFla 
which corresponds to 400 laps, the upper limit 
of 1394'a throughput. Thus the processing 
speed of the module ie faster than the communi-
cation speed of the 1394 medium, meaning that 
the performance of the implementation meets 
the requirements. 

The hardware coat ie terms of number of 
PPGA. iogic denim-L.1i of the IEBE1304 link 
layer is 2,360, while total costs of network. 
transport, and application layers are 1,99'2. 
Thin means that the upper laYere Ca ex arc 84% 
of the /ink layer's, That is, when implementing 
TP over 1394 by hardware, the coat does not ex-
ceed twice the cost of the IEEE1,594 link layer 
which in normally realized by hardware and its 
cost can be mgarded dispensable. 
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As for the absolute Vail1ff of the costs, the 
TY Lac protocol stack of 1P over 1394 is found to 
use 22% of 41:149 Kgates FPGA, which of 
Pentium 4 processor Dequiring12,1:00131 Kgatesi4f) . 

In this paper the descriptions of the hardware 
design have been synthesized and mapped onto 
au FPGA. They can easily be retargetted to 
an. ASIC. The recent progress in semiconductor 
technotogy enables larger number of sates to 
be fabricated on a chip. In such circumstances 
the IP-overcl-.1394 stack can be embedded tis a 
functional module in a system-on-a-chip. Be.-
cause the area east required for the stack is neg-
ligible compared to that of ]sigh performance 

processors, spending a little extra cost leads Eo 

improving performance largely. The improve-
ments will be significant when 'transmitting and 
processing AV data occurs frequently. 

We measured the hardware cost by the 
a.rnount of the teciuired logic elements in the 
FPC.A. The FPGA is suitable for prototyping 
a deisign but the design. realized on an FT GA is 
generally slower and tn tiger than that realized 
on an AMC. An ASIC version of the current 
IP•over-1394 design. will yield an inipinnbenta-
tierl with higer speed and lower gate counts_ 
Recently the MEE...1,304 serial bus has bee re-
vised to support 3.20bps73 . It is possible to 
obtain a chip operating at this speed if the de-
sign described in this paper is realized as an 
A SIG. 

9. Conclusions 

A hardware design of 1Pv.1-over-1394 stack 
and its implementation on FPGA have been 
described_ The protocol stack includes MDT, 
TinyIP, IEEE1394 as transport, network, and 
link layers, respectively. 

Using a system clod-. of 4g.152MEIB, we ver-
ified that packets sent from an application, on 
top of the protocol stack were correctly received 
by the other protocol stack via IEEE1394 port 
at a transfer rate of CO tid bps. We also verified 
communication behaviors of the design with as 
isochtonous ti ourre manager to mere e a c ha a-
nti prior to data trillsnliSSiOnS• The 13Srrlwalle 
cost of the IP layer is 84% of the link layer's 
cost, meaning that the IP-otter-1394 protocol 
stack can be realized by hardware by spending 
an extra cost less than that of the basic hard-
ware which already exists. 

Communications with 9.0f0.W8re versions of 
IP-over-13H have not been confirmed yet. Soft-
ware implementations of [P-over-13D4 are dif-

ferent among operating systerris21).d]. That int. 
plie.a the standardization of the protocol should 
yet be scrutinized. Because all the needed 
transactions have been weriked,. it would be easy 
to verify for our implementation to communi-
cate with available 1P-over-1394 software imple-
mentations if their implementation-dependent 
parts are identified. 

Acknowledgments We would like to ex-
press oar thanks to Dr_ Tvlasa.chika Karada and 
Dr- Atstishi Takegami with Texas Instruments 
Japan Ltd., who provided us with valuable in-
forinatiou. We also would like to thank Dr. 
Takainichi rralecata with the Departiitient of 
Computer Science at the University of Electro-. 

Conanannications for his important suggestions 
and discussions. 

References 

1) IEEE Shea-Aar& Board. "InE Standard for 
High Perrnrrneinee 'i.P.) Bus,' IEEE Si 1394-

, 
2] ),Baybilascin, 'TP1:4 over IF.E.En121.1,." RFC21.14, 

1999. 
.11 Open Source Development Pkiwoulr, p://Yurvix. 

lima-139.1.argr 201:12. 
Itfiernaolt Co-, .14tp://www.nlitrooOft-ColTe. 2CCrd • 

5} K. Peirmit.e. anti K. Abe, "ImplenienEation td 
UDP/IP Prokoef.d. 071 FP0A and kr Performance 
E.e.abarion",. Proc. fP9.1 SPscial 5. 
p.13.15.7468. 24:01. 

5) V. Barbara, [C rvklail.e. T. Tahttoka, and K 
nspetineation of TinylPt'S Fro-tocAl Stack for Re. 
mote Control and. Ile In19143MS7411.4tion. on FPGA," 

faterreeJ, V01.44 Naa 1. pp••35-40-3648. 2002-
711 IEEE $earodarda Eaarti,. *IEEE Standard For a 

Hish Performaseee Serial HUI - Amendment 1." 
IEEE SU 0144-2552, 20E12. 

8•11 IEEE Standards Board, 'IEEE Suadarcl 
Mee Performetreee Serial 9trt - Arrbendrotsa 1," 
IEEE Slit J Ife4 a -20.01g, 20120. 

g.) Ftevens. TOP/IP itrvarrof4d, enr 
JP-rtrfaced, Atteliom-111-Wegley, 

113) Talkaralchi Tatacika ar3d Kaki Abe, "Ensign and 
impLenionatian of Tinj-IP: A Reotricted flip'/1P 
Mack tar Educational t.1/4e." Proc.. of kin-AO 
Conf., pp .99-1013. 2 

111 Akers C-o., APEX 2AJV Frivrerrirnotle bofic De-
r' cr klApiiiwww.altem-corrOi tend um/1A-
aps , 2.1302. 

12) syrkpticity S4110111- Pro 7-1 Re ti al 
brrp://www.4.riplicio.rornillieraturehadex.html, 
2002. 

13) Altera Co., sitml.elrap Anarysis in The qua-rIids 
mrPt l'entl,hretpihrwww.allem.c.ainilit•ereru-

Debani.k.nirs.p.:11, 2002_ 
14) Trxas Instruments 7.5.84 I V1103 IEEE 1$6.4a 

'Three Parr Cobh Traiiscefiwykriaer, 
is) peti&yrr, rittp://"..ww periaat.mtitaithouni.l. 
16) Intel Co irrr_irikel,eainitechriolog„v/itj 

/+ 12001  20111. 

-58-

IPR2024-001429
HP – EX1017, Page 12 of 25



Institute of Image Information and 

Television Engineers Technical 

Report 
ITE Technical Report 

© Institute of Image Information and 
Television Engineers 2003 

Institute of Image Information and 
Television Engineers Technical 

Report Vol. 27 No. 18 

Issued on March 4, 2003 

ISSN 1342-6893 

Copyright: © 2003 by the Institute of Image Information and Television Engineers (1TE) 
Issuer 105-0011 3-5-8 Kikaishinko Kaikan, Shiba Park, Minato Ward, Tokyo 

The Institute of Image Information and Television Engineers Secretary General: Yoshihiko Mikuni 
Publisher 3-5-8 Shiba Koen, Minato-ku, Tokyo 105-0011 

The Institute of Image Information and Television Engineers Phone: 03-3432-4677 

Postal transfer account: Tokyo 5- 174482 

The Institute of Image Information and Television Engineers Kikai-Shinko Kaikan, 3-5-8 Shiba koen, 

Minato-ku, Tokyo 105-0011, Japan 

The copyright of all papers published in this technical report belongs to thc Institute of Image Information and Television Engineers. 

Copyright and reproduction permission All right are reserved and no part of this publication may be 
reproduced or transmitted in any form or by any means, electronic or mechanical, including, photocopy, 
recording, or any information storage and retrieval system, without permission in writing from the 

publisher, 
Notwithstanding, instructot s are permitted to photocopy isolated articles for noncommercial classroom 

use without fee. 

To those receiving copies 
If you wish to copy any of the copyrighted material published in this magazine, unless you arc an employee of a 

company that has entered into a comprehensive copying license agreement with the Japan Copyright Center, please 
obtain permission from the following organizations that have been entrusted by thc copyright holders to exercise 
copying rights, etc. For permission other than copying, such as reprinting or translating copyrighted works, please 
contact the Society directly. 

9-6-41 Nogizaka Building, Akasaka, Minato-ku, Tokyo 107-0052 Academic Copyright Association 
TEL: 03-3475-5618 FAX: 03-3475-5619 E-mail: kammori@msh.biglobe.ne.jp 

For copies in thc United States, please contact thc following: 

Copyright Clearance Center, Inc. 
222 Rosewood Drive, Danvers, MA 01923 USA 

Phone: (978) 750-8400 FAX: (978)750-4744 www.copyright.com 

Notice about photocopying 
In order to photocopy any work from this publication, you or yore organization must obtain permission 

from the following organization which has been delegated for copyright for clearance by the copyright 

owner of this publication. 
Except in the USA 

Japan Academic Association for Copyright Clearance (JAACC) 
9-41-6 Akasaka , Minato-Ku, Toyko 107-0052 Japan 
TEL:81-3-3475- 5618 PAX:81-3-3475-5619 E-mail : kammorAmsh.biglobene.jp 

In the USA 
Copyright Clearance Center, be. 
222 Rosewood Drive, Danvers, MA 01923 USA 

Phone:(978) 750-8400 FAX:(978) 750-4744 www.copyright,cotn 

IPR2024-001429
HP – EX1017, Page 13 of 25



Z16-1010 
27(18-25) 

2003.3 

11 II 1 1111111 
*1200300423772* 

VOL. 2 7 

15.04.22 

El Q YAP 

_ ofpflv)-4:57-'74:71-

1117VM ISSN 1342.6893 

2 0 0 3*3)11*12} 

NO. 1 8 
(2003V-3)A 4 EI 

NO. 19 'he4Wy-2. 4.x7°1/-r 
2003 3A7E15t,f-i) 

NO. 2 0 LIIRgit 
(Z003 -3)14E15M-Y.) 

NO. 2 1 Of*Agi&D -37 74 
(2003*3)18afW) 

NO. 22 .i.-7.>( ,'/77t 
(2003 31119E1Wri) 

NO. 23 
2003 3P201E1V-i-) 

NO. 24 a3A1-iA 
2003*3) 24E1W--5-) 

NO. 25 

(2003 3)A 28 H Wi ) 

IPR2024-001429
HP – EX1017, Page 14 of 25



WIWIOR VOL.27, NO.18 

ISSN 1342-6893 

I FR )4 5-'4 7" ifi 

Uri 

2003 3 

ftihiR )4 52 4 7r2/1-. 

IPR2024-001429
HP – EX1017, Page 15 of 25



20 

liAfttil*K) 7 -,%,-#-AffiSPA' 

3)14 El (9.) 

CE2003- 5 --pYREtkVizA-i < 

llin_ma • gMitii, ( HA), Agg141-(11At t7 V91 

CE2003- 6 -'-PkI*,v1,9 — -1 - 4,v1-rfOMUtzMt0) ,v1 • 9 1- 

1-11aill( H*5-1/ )--- 5 

CE2003- 7 -2----lfaVARSA/M0:4-i < Apwa,•tgvfieg 

VtpKR- • 0111# .1 • .4t75, -3 h • fk.11M*( )--- 9 

CE2003- 8 SmartTermi nal 414A0Dtr..NbODIVAW140) 

h • FNAr4:- • MEM* (M)--- 15 

CE2003- 9 174 VA %17,•—.A .?Z :in ›ong 

CE2003- 10 

CE2003- 11 gLANga74riv.i. 

# likA•N R•Ug* (A-".)--- 21 

EMS • 'Ma* • *IiiiViVa±AND--- 25 

"NW- • th n AA • 41-4 ,0-acv- .-)--- 29 

CE2003- 12 .44,415--J )1,1 3X /.x 

  1,1% T• pim4--m#w-m.**Afi-g#tyc. 
1. 1-061i • •f** • %IQ Aq-

CE20M-13 : .-2-. 77171-ty#C110 1-9—MenZ97 -(A2J,A7 W 

---- M3)16-- 111 X • 4-4, FliAa • 4 -44 I)] • 1 ,4- t<6. • mnsialn(EiA)--- 39 

CE2003- 14 '3-"-(771J-tv-1)-. 0-Zi RriStVloprAAC 

,,n4t • VAgifiti • 111 Q  El A)--- 45 

CE2003- 15 Hardware Design and Implementation of IP-over-1394 Protocol Stack and Its Evaluation 

MOHD YUSAIRI BIN. ABU HASSAN .KOKI ABE ORiUQ--- 51 

0 SORMINT-A-IVVID >"h-3:f5'-u )t/--7° 

IPR2024-001429
HP – EX1017, Page 16 of 25



A H (!.1:2)2 0 0 3 If 3 

ITE Technical Report Vol.27,No.18,PP.51 "-58 
CE2003-15(MAr. 9003) w-buAittawi 5--f 

Hardware Design and Implementation of IP-over-1394 Protocol Stack 
and Its Evaluation 

MOHD YUSAIRI BIN ABU HASSANt and KOKi 'ABEt 

This paper describes a hardware design of a subset of the Internet protocol IP over IEEEl394 
interface (IP over 1394) and its implementation on an FPGA. It evaluates the design by 
counting the hardware costs required for the implementation. It is intended for use in such 
applications as home networks, where transferring and processing digital AV data'at low costs 
and by low power consumption is desirable. Using a system clock of 49.152MHz, we verified 
that packets sent from an application on top of the protocol stack were correctly received by 
the other protocol stack via IEEE1394 port at a transfer rate of 400 Mbps. We also verified 
communication behaviors of the design with an isochronous resource manager to reserve a 
channel prior to data transmissions. The hardware cost of the IP layer is 84% of the link 
layer's cost, meaning that the IP-over-1394 protocol stack can be realized by: hardware by 
spending an extra cost less than that of the basic hardware which already exists. 

1. Introduction 

It is now popular to connect multiple PCs and 
peripherals by means of networks at home. De-
mands on dealing with audio/video (AV) data 
through the network have also been increased. 
Networking AV devices with the PCs requires 
processing, transmitting, and receiving the dig- 
ital AV data at high speeds. Furthermore for 
home use, it is important to realize the network 
at low costs. The less silicon usage results in the 
less power consumption. 

Due to its distinct features such as high speed 
data transfers at low cost, plug-and-play func-
tions, etc., IEEE1394 interface0, also known as 
FireWite, has been considered to be a good can-
didate of a physical link for home networks. A 
standard protocol for the Internet Protocol over 
IEEEl394 interface (IP over 1394) has been 
specified as an RFC2), and some implementa-
tions of the protocol by software exist3),4). 

Software implementations, however, require a 
platform of PC with high performance to pro-
cess bulk of data flowing through the interface 
at high speed. If a dedicated hardware process-
ing the protocol is realized at low cost, it will 
alleviate the loads from the platform, enabling 
to embed low cost processors with low power 
consumption in networked devices. We can in-
tegrate the dedicated hardware.into a system 
on a chip by spending an extra amount of sil-
icon resource. Thus there is a chance of real-
izing a cost-effective high-speed home networks 

I. Department of Computer Science 

with less power consumption by implementing 
IP-over-1394 protocol stack in hardware, which 
depends on the cost required for the stack. 

A hardware implementation of IPA has been 
reported'), and a reduced set of IPv6 has been 
realized also in hardWare6). But those works 
are all based on Ethernet. - 

This paper examines the feasibility of imPle-
mentating IPv4-over-1394 protocol stack from 
transport layer downto data-link layer all in 
hardware and evaluates its hardware costs. We 
adopt an FPGA as the implementation device 
and 'measure the costs by counting the amount 
of logic elements in the FPGA required for the 
implementation. 

The FPGA is useful in that . it facilitates pro-
totyping the design, verifying the operations, 
and evaluating relative costs athong protocol • 
layers. The link layer at the bottom is nor-
mally implemented in hardware as 1394 con-
troller, whose hardware cost is a good measure 
of dispensable cost value. The FPGA realiza-
tion also gives an lower bound of performance 
of hardware implementation: ASIC realizations 
will yield higher operation' speeds and lower 
gate counts. 

In the folloWing we will first overview the 
IEEE1394 features. Then we will desCribe oper-
ations of IP-over-1394, design of hardware mod-
ules, implementation results, experiments for 
the design verification, and evaluation of the 
results followed by conclusions. 

2. Features of IEEE1394 

The IEEE1394 supports high data transfers 
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with 100Mbps to 400Mbps. (IEEE1394b en-
ables transfers at a rate of 3.2Gbps7).) The 
speeds are enough for transferring large and fast 
packets of such as audio/video data. With the 
feature of isochronous transfer ability, it sup-
ports stream data transfers with real time go-
rantee at constant transfer rates. 

The IEEE 1394 is a bus architecture and 
not I/O interface like Ethernet. It means that 
IEEE1394 is a collision free medium managed 
by a full arbiter. The IEEE1394 arbiter realizes 
a fairness protocol, which prevents the bus from 
being monopolized by the fastest node. There-
fore, all nodes have equal opportunity to send. 

With plug-and-play functions, IEEE1394 
supports automatic configuration which allows 
a new device to be attached or removed from 
the bus without needs to set or reset the node 
ID and addresses, a feature different from USB 
or Ethernet. 

3. Operations of IEEE1394 

In this section we overview the transactions 
handled by of IEEE1394 and the operations 
performed by the link layer (LLC) and physical 
layer (PHY) for executing the transactions. 

3.1 Transactions 
For transmitting or receiving IEEE1394 pack-

ets, two types of data transfer services are 
supported: isochronous and asynchronous data 
transfers. A set of transactions are provided 
for the servises. Most transactions are classified 
into request and response types. A node makes 
a request to the other node and will receive 
a response from the node. When recieving a 
packet, the receiver node will send an acknowl-
edge packet to tell the sender that the packet 
has been received with or without errors. 

3.1.1 Isochronous Data Transfer 
This type of transaction transfers data via a 

channel with a reserved bus bandwidth. Nei-
ther acknowledge nor response packets are nec-
essary for this type of transaction. 

3.1.2 Asynchronous Data Transfer 
An asynchronous transaction called asyn-

chronous stream packet transfers data via a 
channel and has the same packet format as 
the isochoronous transaction except that it does 
not require bus bandwith. The asynchrounous 
stream packet also known as Global Asyn-
chronous Stream Packet (GASP)8) is used in 
IP-over-1394 data transfer. 

3.1.3 Other Transactions 
Since IP over 1394 uses the asynchronous 

stream packet format, a channel must be re-
served in advanced. Allocating channels to 
nodes requesting data transfers must be man-
aged by a central node in an IEEE1394 net-
work. The function is called isochronous re-
source manager (IRM) and the node equipped 
with the function is called IRM node. 

To reserve a channel the following transac-
tions are used: 

o Cycle Start 
A packet called `cycle start' is broadcast by 
a node taking a role of IRM. From the node 
ID specified in the packet the IRM node is 
known. 

o Read Request/Response Data Quadlet 
These transactions are used to obtain avail-
able channel numbers within an address lo-
cation in the IRM node. 'Read response 
data quadlet' is a response to 'read request 
data quadlet.' 

o Lock Request/Response 
In order to reserve a channel, the node must 
gain a preemptive access to the IRM node. 
These transactions provide the mechanism 
to enable such an access. 

3.2 Operations by LLC and PHY 
The IEEE1394 interface consists of link and 

physical layers which are usually called LLC 
and PHY, respectively. Fig.1 shows the inter-
face between PHY and LLC. 

Two terminals Ct10 and CUL forming a bidi-
rectional control bus control the flows of data 
between PHY and LLC. A bidirectional control 
bus D[7:0] transfers data. IEEE1394 supports 
S100 (100Mbps) using D[1:0], 5200 (200Mbps) 
using D[3:0], and 5400 (400Mbps) using D[7:0] 
terminals. The Lreq terminal controlled by 
LLC sends serial service requests to PHY for 
taking the access of the serial-bus for packet 
transmission. 

3.2.1 Transmit Operation 
Fig.2 shows the timing required for transmit 

operation. In the figure THY' and 'LLC' in-
dicate the periods when PHY and LLC control 
the terminals, respectively. To send a packet 
data, a 'Bus request' must be performed by 
LLC to PITY through the Lreq terminal by a 
request with high priority specifying a trans-

Link 
Layer 

Controller 

Clk 

CIII 
1)17:(1) 
Lreq

PHY 

Fig. 1 PHY-LLC interface 
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Fig. 3 Receive operation. 

DATA 

fer speed for transmission. After LLC sends 
the bus request, it must wait for a grant by 
watching both Ct10 and Ctll going to high be-
fore sending the packet using D[7:0] terminals. 
While transmiting the packet, CtlO and CtIl 
must be set high and low, respectively. 

3.2.2 Receive Operation 
Fig.3 shows the timing required for receiving 

operation. When receiving packets, all bidirec-
tional terminals are controlled by PHY. Incom-
ing packets should start with OxFFs followed by 
speed code (SP) and data. The value of SP and 
the number of data terminals used depend on 
the packet transfer rate. 

4. IP-over-1394 Protocol 

Networking protocols are normally struc-
tured in a layered stacks). The protocol stack 
we are going to implement is shown in Fig.4 to-
gether with data encapsulation and decapsula.-
tion. As shown in the figure, the stack includes 
UDP (user datagram protocol) at the transport 
layer, IP (Internet Protocol) at network layer, 
and IEEE1394 at data-link layer; the latter two 
constitute the. IP-over-IEEE1394. The current 
version of the implementation does not include 
some protocols such as ICMP, ARP and RARP. 

4.1 Transport Layer 
For the transport layer UDP is employed in-

stead of reliable protocol such as TCP. • Al-
thouth UDP provides no reliablity, it requires 
minimum resources and overheads for realizing 
the transport layer. 

A kind of reliable data transmission is guar-
anteed by the mechanism of IEEE1394 link 
layer, where a channel between nodes is re-
served before transmission. Retry protocols are 

Fig. 4 UDP/IP protocol suite. 

also provided within 1394 specifications2). For 
more sophisticated reliabilities or flow control 
necessary for each application, we rely on func-
tions to be supplied by the application itself. 

4.2 Network Layer 
The network layer protocol is used to set an 

IP address where the packet must be trans-
mitted for all types of network. We adopt 
TinyIP1s), a reduced set of IP version 4, for the 
network layer. TinyIP is suitable for our purpse 
in that it provides an end host with IP functions 
required for home networking with minimum 
costs. 

4.3 Data Link Layer 
We use the IEEE1394 for this layer. It is 

reasonable to assume a node taking a role of 
a gateway to the Internet in an IP-over-1394 
home network. The node would usually be a 
PC. We rely on such a PC for the IRM function, 
and do not include the function into the current 
implementation of the IP-over-1394 module. 

When using IEEE1394 link header for send-
ing IP datagrams, it is specified to transmit 
them via asynchronous stream packets. The 
asynchronous stream packets must conform to 
the GASP format. IP datagrams are prefixed 
by an encapsulation header containing type 
field identifying data.grams IPv4, ARP, etc. 

5. Design of IP-over-1394 Module 

A hardware module realizing the function of 
the protocol suite listed in Tab.1 has been de-
signed. We call the module "fireIP." 

The block diagram of fireIP is shown in 
Fig.5. It consists of fire_trans and fire_rec 
for transmit and receive operations, respec-
tively, and control for establishing connection 

Table 1 Protocols constituting the fireIP, 

Layer 

Transport 
Network 
Link 

Protocol 
UDP 

TinyIP 
IEEE1394 GASP 
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 PHY 
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A 
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rec 

control 

udp_csm 
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ip_transf
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asyn_res 
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asyn_trans 
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fire_trans 

Ira] 
fifo 

trans 
link_trans 

Fig. 5 Block diagram of fireIP module, 

between nodes. 
The module fire_trans for transmitting 

data consists of net_trans and link_trans. 
The module net_trans processes the trans-
port and network layer protocols for data to be 
transmitted and hands the results to the mod-
ule link_trans for the link layer protocol. The 
module fire_rec for receiving data consists of 
net_rec for the transport and network layers 
and link_rec for the link layer. 

5.1 LLC - PHY interface 
First we describe some modules controlling 

the interface between the link and PHY layers. 
o fifo: This module is used as a buffer to 

retain data in the module before tranferring 
them to other modules. 

• crc: This module calculates the CRC 
(Cyclic Redundant Check) value while 
transmitting and receiving packets. In re-
ceiving, the calculated value is compared 
with the received CRC. In transmitting, 
the calculated value is attached to the 
packet. 

o lreq: This module issues a bus request, 
through the Lreq terminal to get a permis-
sion for using the bus from PHY. 

e trans: This module controls the use of 
data_out[7:0] according to the speed re-
quest. It also controls the transmission 
timing. The trans module starts transmit-
ing link packets after receiving the grant 
signal from PITY. When tra.nsiniting data 
to PHY, trans asserts ct10_out terminal to 

 datain 
 ctll_in 
 ctlO_in 

 dataout 
ct10_out 

 ctll_out 
 lreq 

request PHY that the data be transmitted. 
o rec: The PHY hands a received paCket to 

the module rec by asserting ct10_in termi-
nal. Terminals of datain[7:0] used by the 
module to receive the packet depend on the 
transmission speed. The rec module then 
puts. the packet into a fifo and asserts a sig-
nal to link_rec to inform of the reception. 

5.2 Link Layer 
The modules for the link layer protocol 

deal with two type of asynchronous packet. 
The asynchronous stream packet is handled by 
stream_trans and stream_rec. Other asyn-
chronous packets are handled by asyn_trans 
and asyn_rec modules. 

o stream_trans: After receiving the sig-
nal from ip_trans to start transmission, 
stream_trans generates a link header, at-
taches it to IP data, and puts the data into 
a, fi fo of trans module. The header includes 
GASP and encapsulation headers. CRC is 
calculated twice: once for header and the 
other time for data. When the packet is 
ready to he transmitted, a signal is asserted 
to inform trans module that IP data has 
been put into the fifo and ready to trans-
mit. 

o stream_rec: On detecting the signal from 
rec, stream_rec takes the data from the 
fifo and checks the link header. If the trans-
action code is equal to OxA of the GASP 
type, stream_rec will start the header 
check process. Otherwise, the packet will 
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be ignored. The header check process 
checks header and data CRCs and the type 
field value. If both of the CRCs are correct 
and the type field equals to 0x0800 (IPv4) 
the packet is accepted and handed to the 
ip_rec. Otherwise, the packet is discarded 
and st earm_rec clears the fifo in r ec. 

o asyn_trans: This module includes two 
modules asyn_req and asyn_res for gen-
erating asynchronous request and response 
packets, respectively. 

o asyn_req: This module acts as an asyn-
chronous request packet generator to make 
request to another node. 

o asyn_res: This module is used to make re-
sponse to a request to its own node. 

• a.synree: When receiving a packet which 
contains a transaction code other than OxA 
of stream packet transmission, asyn_rec 
will process the packet and inform the 
control what to do with the packet. 

5.3 Network Layer 
The network layer consist of two module 

ip_trans and ip_rec for transmitting and re-
ceiving the IP data.gram, respectively. 

o ip_trans: This module starts its process 
on receiving a signal from the transport 
layer by generating its own IP address and 
providing other header fields including IP 
checksum. When the data is ready, it is 
put into a fifo of stream_trans. Then 
'ip_trans sends a signal to stream_trans 
to inform that a data is ready. 

o ip_rec: This module reads its fifo when 
it detects the ready signal asserted by 
stream_rec. It also checks the destination 
address. If the address matches with its 
own IP address, it will accept the packet 
and calculates the IP checksum. If the 
calculated value equals to the received IP 
checksum, ip_rec asserts a signal to its 
transport layer's module to inform of the 
packet arrival. 

5.4 Transport Layer 
The modules for the transport layer processes 

data requested by the application to transmit 
and data received from the network layer. For 
the transmission and reception, udp_trans and 
udp_rec modules are used, respectively. 

o udp_trans: Data generated by an applica-
tion is put into a fifo of udp_trans mod-
ule, where a UDP header is attached to 
the data. The UDP header includes des-
tination and source ports, data length, and 

UDP checksum. When data with the UDP 
header is ready, udp_trans sends a signal 
to ip_trans to inform that the UDP data 
is ready. 

o udp_rec: This module checks length, 
header checksum, port etc. If matched, 
the packet is accepted and udp_rec asserts 
a signal to inform the application of the 
packet reception. 

6. Implementation Method and Re-
sults 

The Verilog-HDL code of about 4,500 lines 
in total was developed for the design above de-
scribed. 

A SRAM based FPGA chip APEX20K-
400EBC652-1X."-) by Altera has been chosen 
for implementing the design. The FPGA is ca-
pable of realizing 400,000 gate logic circuits us-
ing Logic Elements (LEs)_ and 20 KB memory 
using Embedded System Blocks (ESBs). An 
EDA tool of Quartus H ver,2.0 provided by the 
FPGA vendor and a logic synthesis tool Syn.-
plify Pro7.112) by Synplicity have been used 
throughout the implementation. 

The Verilog-HDL descriptions have been syn-
thesized and converted to netlists using Syn-
plify, which have been fitted to FPGA cells us-
ing Quartus. The compilation results are shown 
in Ta.b.2, where the numbers of LE's and ESB's 
required for realizing each component module 
of the fireIP and the maximum operating fre-
quencies (f_max) of the compiled modules are 
listed. Relative numbers of LE's and ESB's 
used for each module per total LEs (16,040) 
and ESBs (212,992) available in the FPGA are 
also shown in percentage. 

As shown in Tab.2, the maximum frequency 
of #reIP is 56.41 MHz. Because IEEE1394 is 
specified to operate at 49.152MHz, we can say 
that the design has an enough speed to operate. 
The module fireIP requires 22% of the 400,000 
gates and uses 19% of ESB bits in the FPGA. 

7. Design Verification Experiments 

In order to verify the design, two sets of ex-
periments (1) and (2) have been performed. In 
this section we describe the experimental envi-
ronment, operations to be verified, and results 
of the verifications for each experiment. 

7.1 Experiment (1) ,
The purpose of this experiment is to ver-

ify the proper communications between two 
fireIP modules. 
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Table 2 Compilation results. 

Module LEs* ESBs* f_max 

fire_ip 3,661 (22%) 40,960(19%) 56.41 

fire trans 1,394 (8%) 16,384(7%) 71.49 

fire_rec 2,171 (13%) 24,576(11%) 55.49 

net _trans 945 (5%) 8192(3%) 71.35 
udp_trans 510 (3%) 0(0%) 78.08 
vidp_csm 364 (2%) 0(0%) 58.84 
ip_trans 303 (1%) 0(0%) 73.89 

ip_csm 255 (1%) 0(0%) 114.98 

net_rec 1,047 (6%) 8192(3%) 56.60 
udp_rec 576 (3%) 8192(3%) 57.90 

ip_rec 460 (2%) 0(0%) 70.04 

link_trans 1,166 (7%) 16,384(7%) 60.91 
stream_trans 404 (2%) 8192(3%) 108.12 

asyn_trans 668 (1%) 0(0%) 81.29 
asy_req 323 (1%) 0(0%) 175.44 
asy_res 169 (1%) 0(0%) 194.25 

trans 150 (1%) 8192(3%) 122.23 
Ireci. 28 (1%) 0(0%) 263.71 

link_rec 1,200 (7%) 16,384(7%) 59.35 
asyn_rec 531 (3%) 0(0%) 73.45 

rec 397 (2%) 8,192(3%) 112.57 

CSC 191 (1%) 0(0%) - 

fifo 39 (< 1%) 8192(3%) 186.78 

°Total numbers of the available LEs and ESBs are 

16,640 and 212,992, respectively. 

SOPC 
Board A 

FFa

FPGA 
SOPC 

Board B 

FPG 

MasterBlaster 
USB) 

'EVEV-4

O 

11111, 11 

PC 

EEE1 

Fig. 6 System used for experiment (1). 

7.1.1 Experimental Environment 
The experiment has been performed using a 

system shown in Fig.6. It consists of two boards 
called SOPC boards A and B and a PC (Win-
dows 2000 running on Pentium4 1.7GHz) for 
monitoring the behavior of the implementation 
using SignalTap function13) provided by Quar-
tus with ESBs. Tile PC is also used for compil-
ing the design and configuring the FPGAs. 

Each of the boards equips with the FPGA 
and an IEEE1394 PITY chip TSB41LV0314) by 
Texas Instruments. A 6pin-to-6pin IEEE1394 
cable and two cables called MasterBlasters are 
also used. The latter cables are used for config-
uring the FPGAs. 

An IP address was allocatated to each board: 
192.168.0.1 for SOPC board A and 192.168.0.2 
for SOPC board B. 

Control Signal Grant Signal from PHY 

Led 4-

....... •_ ..... _•• 

Transmitted Request Request Transmitted Packet 

Fig. 7 Waveform observed at SOPC board A in 
experiment (1). 

a 
Received Trigger Received Packet Application Data 

Fig. 8 Waveform observed at SOPC board Bin
experiment (1). 

7.1.2 Operations to Be Verified 
• Trausmiting packets: A simple module 

has been designed to provide the applica-
tion data and addresses for triggering the 
transmission of packet. The application 
module on the SOPC board A generates 
data (0x610A) and SOPC board B's IP 
address, and passes it to fireIP module 
where the data is encapsulated and trans-
mitted to the SOPC board B. An outgoing 
packet is analyzed on the board A using 
SignalTap. 

e Receiving packets: The SOPC board B 
waits for the incoming packet. The received 
packet is analyzed on the hoard B using 
Signal Tap. Received packets decapsulated 
by f ireIP are compared with the transmit-
ted data for verification. 

A 49.152 MHz clock has been used for 
1EEE1394 system clock and the transfer rate 
of 400Mbps was employed. Note that the max-
imum frequency of fireIPs is high enough for the 
clock rate. 

7.1.3 Results of Verifications 
Figs.7 and 8 show a transmitted packet ob-

served at the SOPC board A and a received 
packet observed at the SOPC board B. As 
shown in the figures the waveforms observed 
are as expected: the data 0x610A reached at 
the application layer have been checked to be 
the same as that transmitted by the sender's 
application layer. Values of CRC, IP and 
IIDP checksums are calculated correctly at 
both sides, and the address check functions of 
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Fig. 9 System used for experiment (2). 

each module also work well. 
7.2 Experiment (2) 
As explained previously, IP-over-1394 packets 

use the GASP format, where a channel number 
reserved for communication between nodes is 
specified. Before transmitting an IP-over-1394 

, 
packet, firelP needs to reserve a channel from 
an IRM node. The purpose of this experiment 
is to verify firelP to he able to reserve a chan-
nel by communicating with the IRM node. 

7.2.1 Experimental Environment 
A set of sub-experiments have been per-

formed using the system shown in Fig.9. It 
consists of a PC (WindowsXP) taking a role 
of IRM node and an SOPC board implement-
ing the fireIP module. A software tool, Bus 
Hound 4.015), is used at the PC for monitoring 
1394 packets. 

7.2.2 Operations to Be Verified 
Here we verify the following operations: 

® Obtaining IRM node identifier: As 
described in section 4.3, the IRM func-
tion which manages the channel allocation 
is assumed to be implemented on a gate-
way, which is the pc in this experiment. 
The IRM node will broadcast a cycle start 
packet, By receiving the packet, fireIP 
detects the identifier of the IRM node. 

• Obtaining valid channel numbers: By 
sending a read request data quadlet packet 
to an address location of the IRM node, 
valid channel numbers are obtained. 

• Reserving a channel: A channel num-
ber must be locked to reserve. The lock 
operation starts by sending a lock request 
packet to the IRM node. If a lock response 
packet is responded with no eru,r, the lock 
operatiOn ends successfully. 

7.2.3 Results of Verifications 
Fig.10 shows the waveforms observed in the 

experiments. At the bottom we see that the 
lock operation ends successfully by receiving a 
lock response packet properly. A cycle start 
packet from the IRM node notifies the IRM 

Cycle Start Packet 

nits, .r!Cfif 

recicyed packet cycle_valid = 1 (code =8 

OuadIct Read Request Pecki

keg retpast packet ACK packet from PC 

Lock Rma sdResoonsePackci, 
71 .7rriogydhotl,,,,̀  9..- ta tt-7- 

lock rawest lock rapt nse 

Fig. 10 Waveforms observed at SOPC board in 

experiment (2). 

node identifier. A channel selected from valid 
ones indicated in the quadlet data responded 
to the read request packet was found to be re-
served by lock request/reply transactions. We 
therefore verified all the operations required for 
reserving a channel used for transmitting IP-
over-1394 packets. 

8. Evaluation and Discussion 

As shown in Tab.2, the maximum frequencey 
f_ma.x of fireIP is faster than 49.152 MHz 
which corresponds to 400 Mbps, the upper limit 
of 1394's throughput. Thus the processing 
speed of the module is faster than the communi-
cation speed of the 1394 medium, meaning that 
the performance of the implementation meets 
the requirements. 

The hardware cost in terms of number of 
FPGA logic elements of the IEEE1394 link 
layer is 9,1A6, while total costs of netwnrk, 
transport, and application layers are 1,992. 
This means that the upper layers' costs are 84% 
of the link layer's. That is, when implementing 
IP over 1394 by hardware, the cost does not ex-
ceed twice the cost of the IEEE1394 link layer 
which is normally realized by hardware and its 
cost can be regarded dispensable. 
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As for the absolute value of the costs, the 
whole protocol stack of IP over 1394 is found to 
use 22% of 400 Kgates FPGA, which are 0.2% of 
Pentium 4 processor requiring 42,000 Kgates") . 

In this paper the descriptions of the hardware 
design have been synthesized and mapped onto 
an FPGA. They can easily be retargetted to 
an ASIC. The recent progress in semiconductor 
technology enables larger number of gates to 
be fabricated on a. chip. In such circumstances 
the IP-overd-1394 stack can be embedded as a 
functional module in a. system-on-a.-chip. Be-
cause the area cost required for the stack is neg-
ligible compared to that of high performance 
processors, spending a little extra cost leads to 
improving performance largely. The improve-
ments will be significant .when transmitting and 
processing AV data occurs frequently. 

We measured the hardware cost by the 
amount of the required logic elements in the 
FPGA. The FPGA is suitable for prototyping 
a design but the design realized on an FPGA is 
generally slower and larger than that realized 
on an ASIC. An ASIC version of the current 
IP-over-1394 design will yield an implementa-
tion with higer speed and lower gate counts. 
Recently the IEEE1394 serial bus has bee re-
vised to support 3.2Gbpsn. It is possible to 
obtain a chip operating at this speed if the de-
sign described in this paper is realized as an 
ASIC. 

9. Conclusions 

A hardware design of IPv4-over-1394 stack 
and its implementation on FPGA have been 
described. The protocol stack includes UDP, 
TinyiP, IEEE1394 as transport, network, and 
link layers, respectively. 

Using a system clock of 49.15211111z, we ver-
ified that packets sent from an application on 
top of the protocol stack were correctly received 
by the other protocol stack via IEEE1394 port 
at a transfer rate of 400 Mbps. We also verified 
communication behaviors of the design with an 
isochronous resource manager to reserve a chan-
nel prior to data transmissions. The hardware 
cost. of the IP layer is 84% of the link layer's 
cost, meaning that the IP-over-1394 protocol 
stack can be realized by hardware by spending 
an extra cost less than that of the basic hard-
ware which already exists. 

Communications with software versions of 
IP-over-1394 have not been confirmed yet. Soft-
ware implementations of IP-over-1394 are dif-

ferent among operating systems3),4). That im-
plies the standardization of the protocol should 
yet he scrutinized. Because all the needed 
transactions have been verified, it would be easy 
to verify for our implementation to communi-
cate with available IP-over-1394 software imple-
mentations if their implementation-dependent 
parts are identified. 
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