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

MouDp Yusainl Bin Asv Hassant and KO ABE!

This paper describes n hardware design of a subset of the Internet pratacol TP over IRER1 304
interface (IF over 1304) and its implementation on an FPOA, It evaluates the design by
counting the hardware costs required for the implementation. It is intended for wse in such
applications as home networks, where transferving and processing digital AV data at low costs
and by low power consumption is desivable. Using a system clock of 48.152MHe, we verified
that packets sent [rom an application on top of the protocol stack were correctly received by
the other protocel stack via IEEE13%M port at a transfer rate of 400 Mbps. We also verified
corumunication behaviors of the design with an isochronous resouree manager to reserve s
channel prior to data transmissions. The havdware cost of the IP layer i= 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 bess than that of the basic hardware which already exists.

1. Imtroduction

It is now popular to connect multipls PCs and
peripherals by means of networks at home, De-
manda 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
hame use, it is important to realize the network
at low costs. The less silicon usage results in the
less power consumption.

Due to its distinet features such as high speed
data transfers at low cost, plug-and-play func-
ticns, etc., IEEE1304 interface’), also known as
FireWire, has been considered fo be a good can-
didate of & physical link for home networks. A
standard protocol for the Internet Protocol over
IEEE1394 interface (]IP over 1394) has been
specified as an RFCY | and some implementa-
tions of the protocol by software exist®h4),

Software implementations, however, require a
platform of PC with high performance to pro-
cess bulk of dakta 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 & chance of real-
izing a cost-effective high-speed home networks

T 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 IPv4 has been
reported® | and a reduced set of IPv6 has been
realized also in hardware®). Butl those works
are all hased on Ethernet.

This paper examines the feasibility of imple-
mentating [Pvd-over-1394 protocol stack from
transport layer downto data-link layer all in
hardware and evaluates its hardware costs. We
adopl 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 among protocol
layers, The link layer at the bottom is nor-
mally implemented in hardware as 1394 con-
troller, whaose 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 meod-
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 3.2Gbps™.) The
speeds are enough for transferring large and fast
packets of such as audic/video data. With the
feature of isochrenous transfer ability, it sup-
ports stream dala transfers with real time gu-
rantee at constant transfer rates,

The IEEE 1394 is a bus architecture and
not IO 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, ITEEE1394
supports automatic configuration which allows
a new device to be attached or removed from
the bus without needs to set or reset the node
1D 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 transmitling or receiving IEEE1394 pack-
ets, two types of dala transfer services are
supported: isochronous and asynchronous data
* transfers. A set of transactions are provided
for the servises. Most transaclions are classified
into request and response types. A node makes
a request Lo the other node and will receive
& 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 packels are nec-
esgary for this type of transaction.

3.1.2 Asynchronous Data Transfer

An asynchronous transaction called asyn-
chroncus stream packet transfers data via a
channel and has the ssme packet format as
the isochorcnous transaction except that it does
not require bus bandwith. The asynchrounous
stream packet also known as Global Asyn-
chronous Stream Packet (GASP)® 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 o
nodes requesting data transfers must. be man-
aged by a central node in an IEEE1394 net-
work., The function is called isochroncus 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:

e Cycle Start

A packet called ‘cycle start’ is broadeast by
a node taking a role of IRM. From the node
1D specified in the packet the IRM node is
known.,

& Read Request/Response Data Quadiet
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.’

e Lock Request/Response
In order to reserve a channel, the node must
gain a preempiive 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.1l shows the inter-
face between PHY and LLC,

Two terminals CLI0 and Cill forming a bidi-
rectional control bus control the flows of data
between PHY and LLC. A bidirectional contral
bus D[7:0] transfers data. IEEE1304 supports
5100 {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 'PHY" 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 PHY through the Lreq terminal by a
requesl with high priority specifying a trans-

- Clk
Link [
Layer S| PHY
Controller famr—ms
= |

Fig.1 PHY-LLC interface
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fer speed for Lransmission.
the bus request, it must wait for a grant by
watching hoth CUD and Ctll going to high be-
fore sending the packet using D[7:0] terminals,
While transmiting the packet, Ctl) and Ctll
must be sat high and low, respectively.

3.2.2 Heceive Operaiion

Fig-3 shows the timing required for receiving
operation. When receiving packets, all bidirec-
ticnal terminale are controlled by PHY . Incom-
ing packets should start with (xFFs followed by
gpeed 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

Metworking profocols are normally strue-
tured in a layered stack®. The protocol stack
we are going to implement is shown in Fig.4 to-
gether with data encapsulabion 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 TP-over-IEEE1394. The current
version of the implementation does not include
some protocols such as ICMP, ARF and RARP.

4.1 Transport Layer

For the transport layer UDP is employed in-

aband ~F caliahla mnefaasl soah an TP, Al
2uTal I-JI l.ﬁll.ﬂ\l.flﬁ IJ].UHULUI ﬂu‘bll oo A P S

thouth UDP provides no relablity, 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

After LLC sends
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Fig.4 UDF/IF protocol suite.
also provided within 1394 specifications®). For
more sophisiicaied reliabilities or flow coniroi
necessary for each application, we rely on func-
tions to he supplied by the application itself,

4,2 Network Layer

The network layer protocol is used to et an
IP address where the packet must be frans-
mitted for all types of network. We adopt
TinylP'™, a reduced set of IP version 4, for the
network layer, TinyIF is suitable for our purpse
in that it provides an end host with IP functions
required for home networking with minimum
costa,

4.3 Data Link Layer

We use the IEEE1304 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 netwark. The node would usually be a
P, We rely on such a PC for the IRM function,
and do not include the function info the current
implcm-entation of the [P-over-1394 module.

When using IEEE1304 link header for send-
g IP datagrams, it is specified to tranamit
them vie asynehronous stream packets, The

aqynrhrﬂnnu: shrasim pm-l.nh: must conform Eo

DOaTOnounE el

the GASP format. IP datagrams are prefixed
by an encapsulation header containing type
field identifving datagrams IPvd, ARP, ete.

5. Design of TP-over-1394 Module

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

The block diagram of firelP is shown in

D.- E Tt ppmaicfe of fira
E wF. AL 'uU]Jﬂll:"‘ﬂ AL bk O

for transmit and receive operalions, respec-
tively, and control for establishing connection

drmns and fiva o~
Ll Ol CALENL e dhd WLl T

Table 1 Protocols constituting the fireIP,
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Fig. 5 Block diagram of £ireIP module.

between nodes,

The module fire trans for transmitting
data consigts 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 [or 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 deseribe some modules controlling
the interface between the link and PHY layers.

e fifo: This module is used as a buffer to
retain data in the inodule before tranferring
them to other modules.

e cre: This module calenlates the CRO
{Cyeclic Redundant Check) wvalue while
transmitting and receiving packets. In re-
ceiving, the caleulated value is compared
with the received CRC. In transmiftting,
the calculated value is attached Lo the
packet.

e 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 nse of
data_out[7:0] according to the speed re-
quest. It also controls the transmission
timing. The trans madule starts franamit-
ing link packets after receiving the grant
signal from PHY. When transmiting data
to PHY, trans asserte ctilont terminal to

-54-

request PHY thaf the data be transmitted.

e rec: The PHY hands a received packel to
the module rec by asserting ctll_in Lermi-
nal. Terminals of datain[7:0] used by the
module to receive the packet depend on the
transmission speed. The ree module then
puts the packet inlo 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 packels are handled by asyn.trans
and asyn_rec madules,

e gtream trans: After receiving the sig-
nal from ip.trans to starl transmission,
stream_trans generates a link header, at-
taches it to IP data, and puts the data into
a filo 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 be tranamitted, a signal is asserted
to inform trans module that IP data has
been put into the fifo and ready to trans-
mit.

e stream.rec: On detecling the signal from
rec, stream rec takes the data Trom the
fifo and checks the link header. If the trans-
action code is equal to OxA of the GASP
type, streamrec will start the header
check process. Otherwise, the packet will

IPR2024-001429
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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,

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

asyn_res: This module is used to make re-
sponse to a request to ils own node.
asyn_rec: 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
centrol what to do with the packet.

5.3 Network Layer )

The network layer consist of two module
ip_trans and ip.rec for Lransmitting and re-
ceiving the 1P datagram, respectively. -

e iptrans: This module starks ite 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.
iprec: This module reads its fifo when
it detects the ready signal asserted by
stream rec, [t also checks the destination
address, If the address matches with ifs
own TP address, it will accept the packet
and calculates the IP checksum. If the
caleulated value equals to the received IP
checksum, ip.rec asserts a signal to its
trangport layer's module to inform of the
packel 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 layver, For
the transmission and reception, ndp_trans and
udp_rec modules are used, reapectively.

e 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-
timation and source ports, data length, and

-55-

UDP checksum. When data with the UDP
header iz ready, udp trans sends a signal
to ip_trans to inform that the UDP data
is ready. . . )
udp rec: This module checks lenglh,
header checksum, port ete.  If matched,
the packet is accepled and udp_rec asserts
a gignal to inform the application of the
packet reception,

6. Implementation Method and Re-
sults

The Verilog-HDL code of about 4,500 lines
in Lotal was developed for the design above de-
seribed,

A SRAM based FPGA chip APEX20K-
400EBCE52-1X!") by Altera has been chosen
for implementing the design. The FPGA is ca-
pable of realizing 400,000 gate logic circuits ns-
ing Logic Elements (LEs) and 20 KB memory
using Embedded System Blockas (ESBs). An
EDA tool of Quartus IT ver, 2.0 provided by the
FPGA vendor and a logic synthesis tool Syn-
plify Pro7.1'® by Synplicity have been used
throughout the implementation.,

The Verilog-HDL descriptions have been syn-
thesized and converted to netlisls wsing Syn-
plify, which have been fitted to FPGA cells us-
ing Quartus. The compilation results are shown
in Tab.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 medules are
listed. Relative numbers of LE's and ESB's
used for each module per total LEs (16,640)
and ESBs (212,002) available in the FPGA are
also shown in percentage.

As shown in Tab.2, the maximum frequency
of fireIP 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 ESBE bits in the FPGA.

7. Désign 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 resulis
of the verifications for each experiment.

7.1 Experiment (1)

The purpose of this experiment is to ver-
ify the proper communications between two
firelP modules.

IPR2024-001429
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Table 2 Compilation results, -

Moduls LEs* ESHs® | fimax
fire_ip 3,G81 (22 40,960 197%) | 66,41
Tire_trans 1,394 (8%} | 16,384(1%) | 71.49
fire rec 2,171 {13%) | 24,576(11%) | 55.49
net Arans 945 (578) 2193(3%) 71.35
udp.trans 510 {3%) ojof) | 708
udp rsm 364 (2%) o{o%) | sB.a4
iptrans 303 (1%) o{o%) | 7389
ip.csm 255 (1%) ofo'%) | 114.08
nek res 1,047 Bﬁs 8192{3%] 56.80
udp rec 576 (3%) #192{3%%) | 5790
iprec 460 {2%) o{o%) | 7004
Tink_trans 1,166 (7%) | 16,384(TR) | A0.91
stream _Lrans 44 [2%) Bi192{3%) § 108.12
asynirans 668 (1%) {0%) 81,29
asy_req 323 (1%) o{0%) | 17544
asy.res 168 (1%) 0%} | 124.25
trans 150 (1%) s192(3%} | 122.23
lreq 28 (1%) 0%} | 263.71
Tink rec 1,200 (7%) | 163847 58,35
ASYNLTEC 531 (3%) 0%} | 7345
T z07 (29%) £,19203%) | 11257
ore 191 ﬁ%} o[07 -
fifio 39 (< 1%) sm{a%i 184,78

*Total numbers of the available LEs and E5Hs are
16,640 and 212,992, respectively.

ﬁg, & 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 ‘EOPL boards A and B and a PC (Win-

dows 2000 J.l.l.l.l.l.llus on Pentiumd 1 ?CHn} for

monitoring the behavior of the implementation
using SignalTap function® provided by Quar-
tus with ESBs. The PC i also used for compil-
ing the design and configuring the FPGAs,
Each of the hoards equips with the FPGA
and an IEEE1394 PHY chip TSB41LV03'¥) by
Texas Instruments. A Gpin-to-Gpin IEELI354
cable and two cables called MasterBlasters are

also used, The latter cables are used for config- -

uring the FPGAs,

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

-56-
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7.1.2 Operations to Be Verified

s Transmiting 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 fireIF 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.

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

A 49,152 MHz clock has been used for

IREE1304 E}ru'l'nrn claclk and the tranefor rata

CalCan SN0 Lt WRALRNCD S50

of 400Mbps was employed. Note that the max-
imum frequency of firelPs 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 SOFPT 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 checksums are calculated correctly at
both sides, and the address check functions of

IPR2024-001429
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each module also work well.

7.2 Experiment (2)

As explained previously, IP-over-13%4 packets
use the GASP format, where a channel number

ramesiad fon oot Frommn b medes 3
FERCE YO Ul l..unuuuull.uwu.ru. wELWOC B00ES 08

specified, Before transmitting an IP-over-1304
packet, fireIP needs to reserve a channel from
an [RM node. The purpese of this experiment
is to verify £irelP to be able to reserve a chan-
nel by communicating with the IRM node.

7.2.1 Experimental Environment

A get of sub-experiments have been per-
formwed using the system shown in Figd. Tt
consists of a PO (WindowsXP) taking a role

S TR . B [F Y o ¥ o B RGN (IR [raenpepen
of I1RM node and an SUPC board u.u.pu:luclw-

ing the fireIP module. A software tool, Bus
Hound 4.0'%) is used al the PC for monitoring
1394 packets,

7.2.2 Operations to Be Verified

Here we verily the following operationa:

e Obtaining TRM node identifier: As
described in seetion 4.3, the IRM fune-
tion which manages the channel allocation
is assumed to bc imp]ement.ed on a gate-

“'a}", wmcn ]E ‘ll('- rLr 1[|. l-I.IIB EXPC[HIICMI
The IRM node will broadeast a cycle start
packet, By receiving the packet, fireIP
detects the identifiar of the THM node.

e 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 errar, the lock

aneration ande aneceeefinlle
operalion & nCE successinlly

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 TRM

-57-
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‘i. e :'7 . e A : r .
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ba miuer T I P T
Iouke st loek response

Fig. 10 Wavelorms observed at SOPC board in
axperiment (2).

node identifier. A channel selected fram valid
onee indicated in the quadiet 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 & channel used for transmitting IP-
over-1394 packets.

8. Ewvaluation and Discussion

As shown in Tab.2, the maximum frequencey
fmax of fireIP is [aster than 49.152 MH=z
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 1304 medium, meaning that
the performance of the implementation meets
the requirement.s

lHE na.mwa.te E'DEK- in Lerms l:W I'IUI'IIDEI-' Ul
FPGA logic elements of the IEEE1384 link
layer is 2,366, while total costs of network,

transport s:m.-l nnn'hu.hn!! layers are 1,943

¥y A EREi S =R Ale LTS

This means that the upper layers casts are 84%
of the link layer’s. That is, when implementing
1P 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,

IPR2024-001429
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As [or the absolute value of the costs, the
whole protocol stack of 1P 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. 1n such circumstances
the TP-overd-1394 stack can be embedded as a
functional madule 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 ke significant when transmitting and
proceasing 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 s
generally slower and larger than that realized
on an ASIC. An ASIC version of the current
[P-over-1304 design will yvield an implementa-
tion with higer speed and lower gate counts.
Recently the IEEEL1394 serial bus has bee re-
vised to support 3.2Ghps™. 1t i possible to
ablain a chip operating at this speed if the de-

sign described in bhis paper is realized as an
ARTCY,

9. Conclusions

A hardware design of 1Pvi-over-1394 stack
and its implementation on FPGA have been
deseribed. The protocol stack includes UDP,
TinylP, IEEE1394 as transport, network, and
link layers, respectively.

Using a system clock of 49.152MHz, we ver-
ified that packets sent from an applicaiion on
top of the protocol stack were correctly received
by the other protocol stack via IEEE1394 port
ab a transfer rate of 400 Mhbps, We also verified
conununication behaviors of the design with an
isochronous resource manager to reserve a chau-
nel prier to data transmissions. The hardware
cost of the TP layer is 84% of the link layer's
cost, meaning that the [P-over-1384 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. Sofl-
ware implementations of [P-over-1394 are dif-

-58-

ferent among operaling systems®H). That im-
plies the standardization of the protocol should
yet be scrutinized. Because all the needed
transactions have been verified, it would be easy
to verify for our implementation Lo conmmuni-
cate with availalile IP-over-1394 soflware imple-
mentations if their implementation-dependent
parts are identified.
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Hardware Design and Implementation of TP-over-1394 Protocol Stack

and Its Evaluation

MoHD YUsAIRI BIN ABU HAssaNnt and KOKI ABEt

This paper describes a hardware design of a subset of the Internet protocol IP over IEEE1394
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 apphcatlon 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 interface!), also known as
FueW ire, has 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 RFC?), and some implementa-
tions of the protocol by software exist3)),

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

t 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 IPv4 has been
reported®, and a reduced set of IPv6 has beéen
realized also in hardware®). 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
1mplementat10n

The FPGA is useful in that it facilitates pro-
totyping the design, verifying the operations,

and evaluating relative costs arhong plotocol-

layers. The link laye1 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 descrlbe oper-
ations of IP-over-1394, design of hardware mod-
ules, implementation results, experiments for
the design verification, and evaluatlon of the
results followed by conclusmns

2. Features of IEEE1394
The IEEE1394 supports high data transfers

IPR2024-001429
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with 100Mbps to 400Mbps. (IEEE1394b en-
ables transfers at a rate of 3.2Gbps”.) 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 gu-
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)®) 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 cenfral 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
anode 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 Ctl0 and Ctll 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
$100 (100Mbps) using D[1:0], 5200 (200Mbps)
using D[3:0], and S400 (400Mbps) using D[7:0]
terminals.
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 ‘PHY’ 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 PHY through the Lreq terminal by a
request with high priority specifying a trans-

cik
Link Cun
Layer it PHY
Controller :)l?.o]
.req

Fig.1 PHY-LLC interface

The Lreq terminal controlled by -

.
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Fig.2 Transmit operation. .
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Fig.3 Receive operation.

fer speed for transmission. After LLC sends
the bus request, it must wait for a grant by
watching both Ctl0 and Ctll going to high be-
fore sending the packet using D[7:0] terminals.
While transmiting the packet, Ctl0 and Ctll
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 0xFF's 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 stack®). 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

‘Application
WV 7
____________________

S Transport
[Daafupr] UDP|Dat |
[Gata [UDP 7] R

[CRC[Data [UDP] 1P [IEEE1394] DE:;‘;':" [EEE1394] 1P [UDP[Data_JCRC]
EEE394 Chip) Physical IEEE1394 Chip
[ Layer

Fig.4 UDP/IP protocol suite.

also provided within 1394 specifications?). 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
TinyIP1%, areduced 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 datagrams 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 “fire[P.”

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 Protocol
Transport UDP
Network TinyIP
Link IEEE1394 GASP
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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.

e fifo: This module is used as a buffer to
retain data in the inodule before tranferring
them to other modules.

e 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. :

e 1req: 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 PHY. When transimiting data
to PHY, trans asserts ctl0_out terminal to

request PHY that the data be transmitted.

e rec: The PHY hands a received packet to
the module rec by asserting ctl0_in termi-
nal. Terminals of data.in[7:0] used by the
module to receive the packet dépend 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 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 be transmitted, a signal is asserted
to inform trans module that IP data has
been put into the fifo and ready to trans-
mit.

e 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, streamrec will start the header
check process. Otherwise, the packet will

IPR2024-001429
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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.

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.

e asynrec: When receiving a packet which
contains a transaction code other than 0xA
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.datagram, respectively.

e 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.

e 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!1) 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 II ver.2.0 provided by the
FPGA vendor and a logic synthesis tool Syn-
plify Pro7.1'?) 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 Tab.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 (fomax) of the compiled modules are
listed. Relative numbers of LE’s and ESB’s
used for each module per total LEs (16,640)
and ESBs (212,992) available in the FPGA are
also shown in percentage.

As shown in Tab.2, the maximum frequency
of fireIP 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. Désign 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* | famax
fire_ip 3,661 (22%) | 40,960(18%) | 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
udp.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
iprec 460 (2%) 0(0%) | 70.04
Tink_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_tes 169 (1%) 0(0%) | 194.25
trans 150 (1%) 8192(3%) | 122.23
Ireq 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
cre 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.

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 function'® provided by Quar-
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 IEEE1394 PHY chip TSB41LV03'% 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.

56—

Control Signal Grant Signal from PHY

.
B 1 = N T
:___QI/ .
e
fa
'm

(R

iy
o Tw dady
o ee
b gaied

v
Transmitted Request Transmitted Packet

Fig.7 Waveform observed at SOPC board A in
experiment (1).
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Fig.8 Waveform observed at SOPC board B in
experiment (1).
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7.1.2 Operations to Be Verified
Transmiting 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.

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

A 49.152 MHz clock has been used for
IEEE1394 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 0xG10A reached at
the application layer have been checked to be
the same as that transmitted by the sénder’s
application layer. Values of CRC, IP and
UDP 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, fireIP needs to reserve a channel from
an IRM node. The purpose of this experiment
is to verify fireIP to be 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 4.0!%), is used at the PC for monitoring
1394 packets.

'~ 7.2.2 Operations to Be Verified

Here we verify the following operations:

e 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.

e 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.

e 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 error, 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
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|

recicved packet< cycle_valid= 1 tcode=8

et Re; P
[Tt [eafremal Mo 8 e & %o n
v - " ST

ERET

8

cquest/ Response Packe(
o

s T

lock request lock response

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
fmax 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 2,366, while total costs of network,
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.

i
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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 3.2Gbps™). 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 49.152MHz, 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
[P-over-1394 have not been confirmed yet. Soft-
ware implementations of IP-over-1394 are dif-

ferent among operating systems®:). That im-
plies the standardization of the protocol should
yet be 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.

Acknowledgments We would like to ex-
press our thanks to Dr. Masachika Harada and
Dr. Atsushi Takegami with Texas Instruments
Japan Ltd., who provided us with valuable in-
formation. We also would like to thank Dr.
Takamichi Tateoka with the Department of
Computer Science at the University of Electro-
Communications for his important suggestions
and discussions.

References

1) IEEE Standards Board, “IEEE Standard for a
High Performance Serial Bus,” IEEE Std 1394-
1995, 1995.

2) P. Johansson, “IPv4 over IEEE1394," RF(C2734,
1999.

3) Open Source Development Network, http://www.
linux1394.org, 2002.

4) Microsoft Co., http://www.microsoft.com, 2002.

5) K. Morita and K. Abe, “Implementation of
UDP/IP Protocol on FPGA and Its Performance
Evalution”, Proc. IPSJ General Clonf., Special 5,
pp.157-158, 2001.

G) Y. Izuhara, K. Morita, T. Tateoka, and K. Abe,
“Specification of TinyIPv6 Protocol Stack for Re-
mote Control and Its Implementation on FPGA,”
IPSJ Journal, Vol.43, No.11. pp.3540-3548, 2002.

7) IEEE Standards Board, “IEEE Standard for a
High Performance Serial Bus - Amendment 1,"
IEEE Sid 13946-2002, 2002.

8) IEEE Standards Board, “IEEE Standard for a
High Performance Serial Bus - Amendment 1,”
TEEE Std 1394a-2000, 2000,

9) W. R. Stevens, TCP/IP Illusiraied, Volume I:
The Protocol, Addison-Wesley, 1994.

10) Takamichi Tateoka and Koki Abe, “Design and
Implementation of TinyIP: A Restricted UDP/IP
Stack for Educational Use,” Proc. of Iniernct
Conf., pp.99-106, 2002.

11) Altera Co., APEX 20K Programmable Logic De-
vice Family, http:/ /www.altera.com/literature/lit-
apx.html, 2002.

12) Synplicity Inc., Syaplify Pro 7.1 Release Notes,
http://www.synplicity.com/literature/index.html,
2002.

13) Altera Co., SignalTap Analysis in the Quartus IT
Software Ver.2.0, http://www.altera.com/literatu-
re/an/anl75.pdf, 2002.

14) Texas Instruments Inc., TSB41LV03 IEEE 139/a
Three Port Cable Transceiver/Arbiter, 1998,

15) Perisoft, http://www.perisoft.net/bushound.

16) Intel Co., hitp://www.intel.com/technology/itj
/12001 /articles/art_2.htm, 2001.

IPR2024-001;129

s

i
i
{
i

HP — EX1017, Page 24 of 25



MUSIERAT 7 2R RE WEEEIR Vol27 No.18
ITE Technical Report 2008 F£ 3 A 4 HR1T
© MBIEIRA T 4 7+ 2003 ISSN 1342-6893

Copyright : © 2003 by the Institute of Image Information and Television Engineers(ITE)
FITA 105-0011 HAERSEKZAEITHSESS HiRERFEN
GDMEERAT c 7% BHERE = B R B
FATAT 105-0011 FRHEEEEZAEITHS &S S
GOMEIERA 7« 7¥R  BEE 03-3432-4677
B REOE R 5-174482 F

The Institute of lmage Information and Television Engineers Kikai-Shinko Kaikan,3-5-8 Shiba koen,
Minato—ku, Tokyo 105-0011, Japan

AHEFHRE IR I W R OEEREGDYRIERA T+ 7EETRBLE T,

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, instructors are permitted to photocopy isolated articles for noncommercial classroom
use without fee,

EEINhD AN
HICIEBRINEEEDERE LEWAR, RDEAEERE L Y & - LE8FEEFERNeMif I h Ty
LEDOREBLUING, BEES D SEEESOTHORIELZIT T A ROBKRD» SFFEEZITTTY
W EEIDER - BIRO &L 5 REELAOFREL, BEERSATHEETIWN,
T107-0052 BRIREREX AR 9-6-41 TyAIR U EIREEENS
TEL:03-3475-5618 FAX:03-3475-5619 E-mail : kammori@msh.biglobe.ne.jp

FAVHERRC BT A2EEICODVWTE, RICEELTTE W,
Ccpyright 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 FAX:81-3-3475~5619 E-mail : kammori@msh.biglobe.ne.jp
In the USA
Copyright Clearance Center, Inc.
222 Rosewood Drive, Danvers, MA 01923 USA
Phone:(978) 750-8400 FAX:(978) 750-4744  www.copyright.com

IPR2024-001429

HP — EX1017, Page 25 of 25





