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DECLARATION OF GORDON MACPHERSON

I, Gordon MacPherson, am over twenty-one (21) years of age. | have never been
convicted of a felony, and | am fully competent to make this declaration. | declare the following
to be true to the best of my knowledge, information and belief:

1. 1 am Director, Board Governance & Policy Development of The Institute of Electrical
and Electronics Engineers, Incorporated (“IEEE”).

2. IEEE is a neutral third party in this dispute.

3. | am not being compensated for this declaration and IEEE is only being reimbursed
for the cost of the article I am certifying.

4. Among my responsibilities as Director, Board Governance & Policy Development, |
act as a custodian of certain records for IEEE.

5. I make this declaration based on my personal knowledge and information contained
in the business records of IEEE.

6. As part of its ordinary course of business, IEEE publishes and makes available
technical articles and standards. These publications are made available for public
download through the IEEE digital library, IEEE Xplore.

7. It is the regular practice of IEEE to publish articles and other writings including
article abstracts and make them available to the public through IEEE Xplore. IEEE
maintains copies of publications in the ordinary course of its regularly conducted
activities.

8. The article below has been attached as Exhibit A to this declaration:

A. | M. Dall'Osso, et al.; “Xpipes: a latency insensitive parameterized network-
on-chip architecture for multiprocessor SoCs”, published in Proceedings
21st International Conference on Computer Design, date of conference
October 13-15, 2003.

9. | obtained a copy of Exhibit A through IEEE Xplore, where it is maintained in the
ordinary course of IEEE’s business. Exhibit A is a true and correct copy of the
Exhibit, as it existed on or about November 30, 2023.
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10. The article and abstract from IEEE Xplore shows the date of publication. IEEE
Xplore populates this information using the metadata associated with the publication.

11. M. Dall'Osso, et al.; “Xpipes: a latency insensitive parameterized network-on-chip
architecture for multiprocessor SoCs”, published in Proceedings 21st International
Conference on Computer Design, date of conference October 13-15, 2003. Copies of
the conference proceedings were made available no later than the last day of the
conference. The article is currently available for public download from the IEEE
digital library, IEEE Xplore.

12. 1 hereby declare that all statements made herein of my own knowledge are true and
that all statements made on information and belief are believed to be true, and further
that these statements were made with the knowledge that willful false statements and
the like are punishable by fine or imprisonment, or both, under 18 U.S.C. § 1001.

| declare under penalty of perjury that the foregoing statements are true and correct.

DocuSigned by:

11/30/2023 Cordon Macplurson

Executed on: E768DB210F4E4EF...
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Abstract:The growing complexity of customizable embedded multiprocessor architectures for digital media processing
will soon require highly scalable network-on-chip based communic... View more

» Metadata

Abstract:

The growing complexity of customizable embedded multiprocessor architectures for digital media processing will soon
require highly scalable network-on-chip based communication infrastructures. Here, we propose xpipes, a scalable and
high-performance NoC architecture for multiprocessor SoCs, consisting of soft macros that can be turned into instance-
specific network components at instantiation time. The flexibility of its components allows our NoC to support both
homogeneous and heterogeneous architectures. The interface with IP cores at the periphery of the network is
standardized (OCP-based). Links can be pipelined with a flexible number of stages to decouple data introduction speed
from worst-case link delay. Switches are lightweight and support reliable communication for arbitrary link pipeline
depths (latency insensitive operation). Xpipes has been described in synthesizable SystemC, at the cycle-accurate and
signal-accurate level.

Published in: Proceedings 21st International Conference on Computer Design

Date of Conference: 13-15 October 2003 INSPEC Accession Number: 7946680

Date Added to IEEE Xplore: 27 October 2003 DOI: 10.1109/ICCD.2003.1240952
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Abstract

The growing complexity of customizable embedded multi-processor
architectures for digital media processing will soon require highly
scalable network-on-chip based communication infrastructures. In
this paper, we propose xpipes, a scalable and high-performance
NoC architecture for multi-processor SoCs, consisting of soft macros
that can be turned into instance-specific network components at in-
stantiation time. The flexibility of its components allows our NoC
to support both homogeneous and heterogeneous architectures. The
interface with IP cores at the periphery of the network is standard-
ized (OCP-based). Links can be pipelined with a flexible number
of stages to decouple data introduction speed from worst-case link
delay. Switches are lightweight and support reliable communication
for arbitrary link pipeline depths (latency insensitive operation).
x pipes has been described in synthesizable SystemC, at the cycle-
accurate and signal-accurate level.

1 Introduction

To meet communication requirements on future SoCs, two
critical challenges must be addressed, namely, system in-
terconnect delay and scalability.

Technology scaling projections show that for 50 nm
technology, crossing a chip with highly optimized intercon-
nects will take between 6 to 10 clock cycles, therefore only
a fraction of the chip area (between 0.4 and 1.4%) will
be reachable in one clock cycle [5]. This effect will pose
serious limitations to the maximum achievable SoC op-
erating frequency. Latency-insensitive design approaches
have been proposed as a workaround for the interconnect
delay problem [4, 6]. In latency-insensitive designs, wires
are divided into segments with propagation time compat-
ible with clock cycle budgets, and signals propagate along
the segments in a pipelined fashion. The main advantage
is that clock speed (and link throughput) can be increased
past the wire delay limit, but communication interfaces are
required to provide buffering and synchronization, i.e., to
become insensitive to link latency.

In this paper, we aim at addressing both delay and scal-
ability challenges. The main contribution of this work is
to introduce a highly parameterizable (i.e., soft), flexible,
scalable and latency-insensitive NoC design (codenamed
xpipes') targeting both homogeneous and heterogeneous
MP-SoC architectures. The high flexibility of our imple-

!To be read as ”crosspipes”, a short-hand for ”crossing pipelines”
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mentation is due to the possibility of setting network pa-
rameters at instantiation time, thus obtaining an instance-
specific design from a general-purpose parameterized one.
NoC parameters have been selected to provide a wide de-
sign space and include: topology, link width, number of vir-
tual channels, number of switch I/Os. xpipes soft macros
include both switch and network interface (which provides
a standardized, OCP-based interface with network nodes),
featuring a highly optimized architecture for performance
and low area overhead.

Network links can be pipelined with a flexible num-
ber of stages, thereby decoupling link throughput from its
physical length. Switch and network interface are latency
insensitive, in that they ensure correct operation for arbi-
trary link pipeline depth. As a result, data flows through
the network at rates which are not bound by the worst-
case delay of its longest link. Xxpipes also features latency-
insensitive error control schemes which ensure robustness
against communication errors.

2 Previous work

The need to progressively replace on-chip buses with micro-
networks was extensively discussed in [7]. The Sonics
MicroNetwork [8] is an example of evolutionary solution,
which moves from a physical implementation as a shared
bus, and proposes generalizations to support higher band-
width (such as partial and full crossbars). However, in the
long term more radical solutions are required.

In this direction, Dally and Lacy sketch the architec-
ture of a VLSI multi-computer using 2009 technology [9],
drawing upon past experiences in designing parallel com-
puters and reconfigurable architectures [1, 2, 3].

Most proposed NoC platforms are packet switched and
exhibit regular structure. The NOSTRUM network de-
scribed in [10] takes this approach. The Scalable Pro-
grammable Integrated Network (SPIN) described in [11]
is another regular, fat-tree-based network architecture.

The need to map communication requirements of het-
erogeneous IP blocks sometimes leads to the adoption
of irregular topologies, due to the fact that each block
can be optimized for a specific application (e.g., video
or audio processing). Supporting heterogeneous architec-
tures requires a major design effort and leads to coarser-
granularity control of physical parameters [12]. The
athereal NoC design framework aims at providing a com-
plete infrastructure for developing heterogeneous NoCs
with end-to-end quality of service guarantees [13]. One
of the earliest contributions in this area is the Maia het-
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Figure 1: Block diagram of the network architecture.

erogeneous signal processing architecture, based on a hier-
archical mesh network [14]. Maia’s interconnect is fully
instance-specific and communication is based on circuit
switching, as opposed to packet switching.

The full support for heterogeneous architectures while
still retaining instantiation time flexibility, packet switch-
ing and high performance are the distinctive characteristics
of our NoC implementation.

3 xpipes architecture

Our network design methodology is divided into two funda-
mental steps. At first, a parameterizable SystemC descrip-
tion of all network components is provided, which serves as
a general purpose design template. Then, at instantiation
time the individual components are connected and config-
ured by specifying the instance-specific parameters. This
approach makes xpipes designs flexible, modular and fully
scalable.

3.1 Architecture overview

A pictorial summary of our network implementation is
shown in Fig. 1. Details about the communication protocol
within the network are completely hidden to the IP blocks,
which can be easily plugged into the architecture provided
they are compliant with a standard end-to-end OCP (Open
Core Protocol) [15] protocol. OCP exhibits a high degree
of configurability to adapt to the core’s functionality and it
separates requests from responses, thus supporting multi-
ple outstanding requests and therefore pipelining of trans-
fers.

The network interface connects the IP block to the SoC
interconnect. Its main objectives are data packetization
and communication protocol conversion (from end-to-end
to network protocol). Each packet is broken into message
flow control units or flits. In our NoC design, a single flit
can be pushed into the network in one clock cycle.

Overall, the network infrastructure consists of a collec-
tion of mutually connected switches in arbitrary topology
(mesh, binary tree, butterfly, torus, etc.). Latency insensi-
tive operation of the switches has been guaranteed, as will
be described in next subsections.

FLITS AT SOURCE SWITCH INK DESTIONATION SWITCH

Transmission plclsla

Fiit acknowledgment

Detection of corrupted lit DCBA[[[EXA

ACKS! ACK=0
®  ACKVALIDsi ACK.VALID=!

ACK/NACK propagation

ACK=0
ACK_VALID=1

GO-BACK-N p| ¢

i3

Figure 2: Pipelined switch-to-switch link model and its
effect on retransmission of corrupted flits.

The NoC backbone relies on a wormhole switching
technique [1], that aims at minimizing area- and power-
hungry buffering resources at the switches. This goal is
pursued also by using forward flow control: a flit is trans-
mitted to the next switch along the path only when avail-
able storage resources are available. Our switch module
supports multiple virtual channels multiplexed across the
same physical link, so to improve flit latency and network
throughput. A physical link is assigned to the different
virtual channels on a flit-by-flit basis.

We adopted a static routing algorithm called street sign
routing. Routes are derived by the network interface by ac-
cessing a look-up table based on the destination address.
Such routes consist of direction bits read by each switch
and indicating the output port of the switch which flits
belonging to a certain packet have to be directed to. This
routing algorithm allows a lightweight switch implementa-
tion with respect to the use of dynamic techniques.

3.2 Point-to-point link model

Our switch-to-switch link is subdivided into basic segments
whose length guarantees that the desired clock frequency
(i.e. the maximum speed provided by a certain technology)
can be used. According to the link length, a certain number
of clock cycles is needed by a flit to cross the interconnect.
If network switches are designed in such a way that their
functionality correctness depends on the flit arriving order
and not on their timing, input links of the switches can be
different and of any length. These design choices are at
the basis of latency insensitive operation of the NoC and
allow the construction of an arbitrary network topology
and hence support for heterogeneous architectures.
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Figure 3: Mechanism for building header flits at the net-
work interface.

Fig. 2 illustrates the link model, which is equivalent to
a pipelined shift register. Pipelining has been used both
for data and control lines. The figure illustrates how this
model affects the retransmission of a corrupted flit between
two successive switches in our implementation. Multiple
outstanding flits propagate across the link during the same
clock cycle. The retransmission strategy we implemented
is GO-BACK-N, to keep the switch complexity as low as
possible.

3.3 Network interface

The network interface (NI) for IP blocks that initiate com-
munication needs to turn OCP-compliant transactions into
packets to be transmitted across the network.

The NI has to build the packet header, which has to
be spread over a variable number of flits depending on the
length of the path to the destination node. The routing
information is read by accessing a look-up table based on
the destination node.

Based on input data datastream from the master IP and
the look-up table word LUTWORD, header flits are formed
as illustrated in Fig. 3. Let us assume that a packet re-
quires numSB = 5 hops to get to destination, and that the
direction to be taken at each switch is expressed by DIR.
By concatenating the flit type FTYPE field with path in-
formation, the first flit is built. If there is some space left in
the flit, it is filled with header information derived from the
input datastream. The unused part of datastream is stored
in a regpark register, so that a new datastream can be read.
The following header and/or payload flits will be formed by
combining data stored in regpark and reg_datastream. No
partially filled flits are transmitted to make transmissions
more efficient.

The response phase mainly consists of buffering re-
sources to synchronize network’s requests with the IP con-
suming rate. When a read transaction is initiated by the
master IP, a start_receive_response signal is asserted, which

outii
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Figure 4: Overview of switch architecture. The number of
inputs and outputs are design parameters.

triggers the waiting phase of the receive module for the re-
quested data. As a consequence, NI supports only one
outstanding read operation to keep interface complexity
low, although an indefinite number of write transactions
can be carried out after an outstanding read is initiated.

3.4 Switch

Latency insensitive operation of the switch involves vir-
tual channel registers able to contain at least 2N + M flits,
where N is the link length (expressed as number of basic
repetition stages) and M is a switch architecture related
contribution (12 cycles in our design). The reason is that
each transmitted flit has to be acknowledged before being
discarded from the buffer. Before an ACK is received, the
flit has to travel across the link (IV cycles), an ACK/NACK
decision has to be taken at the destination switch (a por-
tion of M cycles), the ACK/NACK signal has to be propa-
gated back (IV cycles) and recognized by the source switch
(remaining portion of M cycles). During this time, other
2N + M flits are transmitted but not yet ACKed.

Switch design parameters are: number of inputs and
outputs, flit width, number of virtual channels, length of
switch-to-switch links, size of output registers. We chose
output buffering for xpipes switches, and the resulting ar-
chitecture is reported in Fig. 4. It consists of a replication
of the same output module, accepting all input ports as its
own input. Flow control signals generated by each output
block are directed to a centralized module, that takes care
of generating proper ACKs or NACKs for the incoming
flits from the different input ports.

Each output module is deeply pipelined (7 pipeline
stages) so to maximize the operating clock frequency of the
switch. The detailed architecture is illustrated in Fig. 5.
We observe that the impact of error detection on switch
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Figure 5: Architecture of a switch output module.

performance is hidden, in that CRC decoders work in par-
allel with respect to switch operation, although they have
to complete within 4 clock cycles.

The first pipeline stage checks the header of incoming
packets on different input ports to determine whether those
packets have to be routed through the output port under
consideration. Only matching packets are forwarded to the
second stage, which resolves contention based on a round
robin policy. Arbitration is carried out against receipt of
tail flits, so that all flits of a packet can be propagated
without contention at this stage. A NACK for flits of non-
selected packets is generated. The third stage is just a
multiplexer, which selects the prioritized input port. The
following arbitration stage keeps the status of virtual chan-
nel registers and decides whether the flits can be stored into
the registers or not. A header flit is sent to the register with
more free locations, followed by successive flits of the same
packet. The fifth stage is the actual buffering stage, and
the ACK/NACK message at this stage indicates whether
a flit has been successfully stored or not. The following
stage takes care of forward flow control and finally a last
arbitration stage multiplexes the virtual channels on the
physical output link.

x pipes has been completely described in synthesizable
SystemC at the cycle-accurate and signal-accurate level.

4 Network characterization

In a contention-free scenario, latency LT incurred by out-
standing flits in xpipes can be expressed as:

LT = SW_LT + LN_LT + NI_.SR.LT + NI_.DST_.LT (1)

SW _LT is the switch latency, i.e. switch pipeline depth (7)
times the number of crossed switches. LN_LT is the link
latency (i.e. number of crossed repetition stages). Finally,
NI_SR_LT and NI_DST_LT are the latencies incurred
by source and destination network interfaces, respectively.
For a 2x2 crossbar, SW_LT = 7 x 3 = 21 (3 switches are
crossed in the worst case), LN_LT = 4 (assuming each link

r Desi
mr

o568 eegped use

e Ol I¢ ICCD’03
ed to: IEIgz:é)g]tgH Bownlo eé on over?lber 30,2023 at 14:45:30 UTC from IEEE Xplore. Restrictions apply.

consists of 2 stages), NI_.SR_LT = 6 and NI_.SR_LT = 10,
therefore LT = 41 clock cycles are needed to reconstruct
the first request at the destination node.

The throughput achievable by our network is one flit
per cycle. However, this ideal performance cannot be al-
ways exploited because synchronizing the network proto-
col with the end-to-end OCP protocol (e.g., packetization)
gives rise to a bounded but unpredictable number of la-
tency cycles.

The aggregate bandwidth our switch implementation
can provide amounts to 64 Gbit/s, for a 32 bit link, 4 out-
put ports and 500 MHz clock frequency. For the same
configuration, we finally estimated the buffering resources
required by NoC components: about 12 Kbit for the net-
work interface and 3 Kbit for a switch.

5 Conclusions

This paper illustrates X pipes, a NoC targeting both homo-
geneous and heterogeneous MP-SoC architectures. Xpipes
consists of soft NoC macros, so that NoC instance-specific
designs can be derived from a general purpose architec-
tural template. Switches provide for reliable and latency
insensitive communication. The architecture is inherently
scalable and optimized for high throughput and low la-
tency.
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