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Abstract

As the logic available in FPGA devices grows, traditional bus interconnects are

struggling to keep up, and higher performance interconnects are required.

This thesis presents introduces "Merlin", a flexible, high performance, and light weight
approach to on-chip FPGA interconnect, which includes a collection of packet based
primitives, and a way to map transactions to packets, and algorithms for connecting

components such that they provides the services required of a transaction interconnect.

A prototype implementation is reported, describing the components that compose the
interconnect, the interfaces between them, the algorithms used to assemble the

interconnect, the development and testing methodology, and a proof of concept system.

Results show that for large systems, a Merlin interconnect provides higher frequency
with less logic than the interconnect tools available from FPGA vendors. In addition,
Merlin provides lower latency through the network than other FPGA NoC

implementations, while costing less resources, at a higher frequency.
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1. Introduction

Since FPGAs were first introduced, FPGA usage has increased from simple glue logic
applications to entire System on Chip (SoC) designs. FPGAs are common components in
embedded systems, and often implement the entire embedded system, including CPUs,
on-chip memories, and complex peripherals. The interconnect technology used by FPGA
system-on-chip implementations has followed the interconnect trends used by
Application Specific Integrated Circuits (ASICs), and printed circuit boards before that,
beginning first with shared bus implementations, and moving towards implementations

supporting multiple masters, heterogeneous components, and concurrent transactions.

Integrated Circuit (IC) manufacturing technology is expected to soon provide us with in
excess of 4 billion transistors on a single chip [1], and FPGAs will soon support in excess
of five hundred thousand logic elements [2]. Synthesis and compiler development is not
able to keep pace with this growth [1], leaving system designers facing the so-called
productivity gap, the gap between the capability of modern FPGAs and ICs, and a
designer’s ability to integrate and manage the designs that fill them. The reuse of more

and more complex on-chip intellectual property (IP) blocks, or components has been the

1



main mechanism to increase productivity, and it is expected that by 2010, 40% of all

logic size will be composed of reused design blocks [1]. A scalable and flexible inter-
design block communications strategy is required to harness the power of these diverse
and ever more complex reusable design blocks. Network on chip technology promises to

provide a flexible platform that addresses these needs [3].

1.1 Motivation

As the size of Field Programmable Gate Arrays (FPGAs) approach a million logic
elements, the number of components on a device keeps growing, and FPGA designs with
dozens of processors are no longer unheard of. The traditional bus-based interconnect
with centralized arbitration will no longer be able to manage the complex connections
that this rich set of components will demand. Connections between components will
have to consist of multiple pipeline stages [4], and components will need the ability to
autonomously initiate data transfer without knowing if they’ve been granted access to the
destination. To support this, the communication network will need to be fully distributed,

with little or no global coordination [5].

The two leading FPGA companies have a combined FPGA market share of over 80% [6],
and both provide solutions for FPGA developers designing system-on-chip solutions.
Altera’s SOPC Builder product uses the Altera proprietary “Avalon” protocol to connect
on-chip components to one another [7]. This protocol provides slave-side arbitration,
which supports maximum concurrency, often at the expense of resource utilization and
achievable frequency, while allowing the system designer little control over

implementation. Xilinx’s PlatformStudio product uses IBM’s CoreConnect protocol for



on-chip communications [8], an industry standard protocol developed to interface to the
PowerPC processor family. CoreConnect is targeted to ASIC designs, and was not

originally intended for FPGA implementations.

Neither of these solutions provides system-on-chip designers with the performance and
flexibility that FPGA fabrics promise. A high-performance FPGA-optimized flexible and
modular interconnect is required to support FPGA-based system on chip designs for the

coming years.

A Network-on-Chip (NoC) approach to on-chip FPGA interconnect promises to be a
flexible and high-performance strategy, allowing the interconnect to take advantage of
the flexibility of FPGA devices. Existing bus-based interconnects are not appropriate for
chips with a high component count, because of the diverse and dynamic communication
requirements of advanced current and future applications. Networks on a chip are
emerging as an alternative to existing on-chip interconnects because they structure and
manage global wires, are scalable when compared to traditional buses, decouple
communications from computation, and use individual protocol layers that each provide a
well-defined interface, decoupling service usage from implementation [9]. NOC
implementations for FPGAs that have been reported include complex network nodes that

achieve unsatisfactory performance and that aren't appropriate for an FPGA cost model.



1.2 Statement of Thesis

This thesis introduces a flexible, high performance, and light weight approach to on-chip
interconnect for System-on-Chip (Soc) Intellectual Property (IP) integration. The
interconnect includes a collection of packet based primitives, a way to map transactions
to packets, and algorithms for connecting components such that they provides the
services required of a transaction interconnect. The resultant interconnect is able to
support transactions issued by transaction interface specifications, such as AMBA's
AHB, Wishbone, Altera's Avalon, and OCP. A prototype interconnect implementation
and a simple processor system are used to prove that the of concept of using Network-
On-Chip primitives to support an FPGA SoC is sound. This same prototype
implementation provides higher frequency with lower logic utilization and lower latency
than the interconnect generation tools available from FPGA vendors and other FPGA

NoC implementations.

1.3 Approach

To accomplish this objective, we investigate consider the interconnects available from
FPGA vendors system design tools, and from FPGA NoC implementations that have

been published in the literature.

We then develop the architecture of a new high-performance and modular interconnect
solution for FPGA-based system on chips. This interconnect, named "Merlin", provides
a flexible feature set to support a wide variety of applications while optimizing for the
relatively high cost and low performance of FPGA logic. It takes advantage of NoC

interconnect techniques, such as using packets to encapsulate commands and responses.



Merlin uses packets to encapsulate commands and responses, but unlike some other

NoC implementations, uses separate packet networks for commands and responses [4]
[10]. We detail the different layers of functionality that compose a Merlin interconnect,
and present some design tradeoffs considered in the creation of this architecture. We
also describe the components that implement the required functionality, the packet and
transaction interfaces between component, and the algorithms used to implement an
application specific interconnect implementation given a description of desired

connectivity.

To demonstrate Merlin, a prototype interconnect generator is implemented, including all
the required components and algorithms for a proof-of-concept system. Along with the
implementation, we outline the toolset and component development and testing
methodology. We use this prototypical implementation to generate a proof-of-concept
system including a processor core with instruction and data masters, and a number of
peripherals such as an on-chip memory core for program and data storage, and a
Universal Synchronous Receiver Transmitter (UART) core for communications. Finally,
this proof-of-concept system will be tested in FPGA hardware by running a simple test
program on the processor. We also generate a number of synthetic systems that vary the
number of masters and slaves in the system, as well as other variables, in order to come

up with performance measurements that can be compared to previous implementations.

1.4 Thesis Organization

This thesis is divided into 5 major chapters. Chapter 1 is the present chapter, and

describes the motivation and objectives of this work. Chapter 2 provides background



information for this work, including a discussion of FPGA technology, SoC
interconnects, and NoC technology on FPGAs. Chapter 3 proposes an architecture for a
new FPGA optimized on-chip interconnect that features higher performance and
modularity, and that supports the considerable flexibility that FPGAs allow, while
allowing for low-cost implementations. Chapter 4 describes a prototype implementation
of this new interconnect architecture, including a design methodology and testing
framework, a proof-of -concept design, and measurement results. Chapter 5 summarizes

the research, and discusses future work.



2.Background and Related Work

In this section, we provide background information about on chip interconnects for SoC
designs, focusing on interconnect types, topologies, arbitration algorithms, and burst
transactions. We then present Network-on-Chips, discussing how they can be applied to
on-chip interconnects, and how they are different from traditional inter-chip networks.
finally, we introduce FPGAs, and compare & contrast them with ASICs, and discuss the

some additional considerations for FPGA interconnects.

2.1 On Chip Interconnects

On-chip interconnects are used to connect different intellectual property (IP) cores within
a chip, where a core is defined as a pre-designed, pre-verified silicon circuit block that
can be used to build an application [11]. There are many different types of cores
available to today’s system designers, including analog and digital cores, processor cores,
communication interface cores, and DSP cores. It has become a common with both
FPGA and ASIC development to approach the design problem as an assembly of IP
cores, where some cores are particular to the given design, and some are standard cores,

including those available off-she-shelf from IP core providers. A system, however, is not



made up of cores alone; it must include a mechanism for the cores to communicate with

one another.

Most inter-core communication takes one of two forms: as unidirectional streams of data
from a core to an adjacent core, or as transactions issued by masters and responded to by
slaves. Additional forms of communication within an on-chip system include clock and
reset connectivity, interrupts, and connections for test & measurement. In this thesis, we
focus on transaction connections, and how they can be supported by using NoC

techniques, taking advantage of streaming connections in the implementation.
2.1.1 Streaming Connections

Streaming connections such as those shown in Figure 1 provide a unidirectional flow of
data from a source interface to a sink interface, and support a backpressure mechanism to
allow the sink to refuse data from the source. Streaming connections are often used in
processing chains, where a flow of data from a source such as a video camera is passed
through a series of processing blocks that apply transformations to the data, eventually to
a sink. Streaming connections are also typically used in telephony and data
communications equipment, where packets or frames are received from a physical

interface, are processed, and are then sent on their way via a different physical interface.

Transform 1 :5"-&) Transform 2 |

Figure 1 - Streaming connections
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2.1.2 Transaction Connections

With transaction-based communication, masters initiate transactions such as read and
write, and slaves respond to them by returning the requested read data, by accepting the
write data, or by returning an acknowledgement or error. Masters typically are connected
to multiple slaves, and slaves are often connected to multiple masters. A system with

transaction connections is shown in Figure 2.

~ Processor0 | | Processor1

' Ethernet
~Interface

UART |

Memory T|mer |

Figure 2 - Logical view of a simple embedded system

2.1.3 Interconnects

Both of the connection types described above represent not a physical connection
between two cores, but a logical one. To implement the system shown in Figure 2, a
system designer would not use a processor that had a master interface for each of the four
slaves, nor would he or she use a memory with a slave interface for each master. Instead,
each master core exposes a single master interface, and each a slave core exposes a single

slave interface.
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Figure 3 - Physical view of a simple embedded system

An interconnect such as that shown in Figure 3 is used to provide for the logical
communications between components, abstracting away implementation details. The
functional components communicate with the interconnect component, and hence with
each other, via interfaces. Connections are used to provide communication channels
between interfaces. Connections are point-to-point, with exactly one start and one end.
Abstract connections are connections that are implemented using other components, and
where the interfaces they connect do not necessarily share any wires. For example,
Figure 2 shows an abstract connection between Processor 0 and the memory whose
realization is shown in Figure 3 as a physical connection from Processor 0 to the
interconnect, and another from the interconnect to the memory. The connections shown
in Figure 3 are themselves implemented in an FPGA by connections between logic

elements across multiple configurable routing blocks.
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2.1.4 Transaction Interconnect Protocols

To increase the opportunities for a core to be included in different systems, core
designers often design their cores such that the interfaces adhere to standard protocols,
allowing them to be easily integrated with interconnects that supports that protocol. In
preparation for a discussion of transaction interconnect services, we introduce a number

of interconnect protocols and specifications that exist in the industry today.

2.1.4.1 AMBA Family of Protocols

The Advanced Microcontroller Bus Architecture (AMBA) family of protocols from
ARM has become the de facto standard for on-chip ASIC communication [12]. In 1996,
ARM introduced the first members of the family, the Advanced System Bus (ASB) and
Advanced Peripheral Bus (APB) protocols. The Advanced High Performance Bus
(AHB), a single clock-edge version of ASB, was introduced in 1999, followed by Multi-
Layer AHB, which supports hierarchical bus topologies. In 2003, ARM introduced the
Advanced eXtensible Interface (AXI), a feature-rich protocol that supports high
throughput multi-master systems with high concurrency. In 2006, AHB-Lite was
released, an enhancement to AHB that frees AHB masters from any knowledge of the
topology or arbitration implementation. The following provides a brief discussion of

each member of the AMBA interconnect family.

Advanced Peripheral Bus (APB) - APB is a low cost synchronous interface to low-
bandwidth peripherals, optimized for power consumption and reduced interface

complexity [12].
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Advanced System Bus (ASB) - ASB was introduced at the same time as APB, and is a

higher performance bus that supports multiple co-existing masters, pipelined operation,
and burst transfers. There is a central arbiter that accepts requests and grants access to a
single master. The granted master initiates transfers on the bus, and the slave provides a

transfer response back to the bus master. ASB has been largely replaced by AHB.

Advanced High Performance Bus (AHB) - AHB is newer than ASB, with higher
performance, but is in many ways a simplification of ASB. It supports multiple co-
existing masters, pipelined operation, burst transfers, and split transactions. Like ASB,
AHB supports data paths of up to 128 bits, and there is a central arbiter that grants access
to the entire bus to a single master. Unlike ASB, AHB uses a non-tristate

implementation, simplifying component design.

Multi-Layer AHB - Multilayer AHB, introduced in 2001, is a refinement to AHB that
uses a more complex topology scheme to support multiple parallel paths between masters
and slaves in a system [13]. It supports the development of complex multi-master
systems with complex interconnects, while still supporting components with AHB

masters and slaves.

AHB-Lite - AHB-Lite is a further refinement of AHB that supports a single bus master.
AHB-Lite transfers are the same as AHB transfers, except that there is no requirement for
arbitration signals, simplifying the master interface. “Multi-Layer AHB-Lite” is»AHB-
Lite where each master has a private bus. Multi-Layer AHB Lite supports full

concurrency, where if two masters try to access the same slave at the same time, one of
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the masters will be backpressured by the interconnect until the other has completed it’s

transaction.

The difference between Multi-Layer AHB-Lite and AHB is that with Multi-Layer AHB-
Lite, the system topology is not specified. It is instead left as a consideration for the
system designer, allowing greater freedom of implementation. In addition, master
implementations are simpler because there is no requirement for them to deal with signals

to and from the arbiter.

Advanced eXtensible Interface (AXI) - The AMBA AXI protocol is a high-performance
interface definition with a number of features that make it suitable for high-speed
interconnect. The defining characteristic of AXI is that it uses five channels to carry out
transactions, each with independent handshaking and backpressure. The presence of five
different channels allows for a maximum of concurrency, while their independence

allows for simplicity of implementation [14].

2.1.4.2 Wishbone

The wishbone specification is a public domain system-on-chip interconnect protocol
originally developed by Silicore, now owned by OpenCores.org. The goals of the
wishbone specification are to provide a standard, flexible open-source interface definition
to enforce compatibility between IP cores [15]. The opencores.org website includes a

wide selection of freely available cores for inclusion in ASIC & FPGA SoC designs.


http://OpenCores.org
http://opencores.org
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2.1.4.3 OpenCore Protocol (OCP)

OCP was originally developed by Sonics, and has been donated to OCP-IP, a non-profit
company promoting the OCP protocol as a standard to ensure creation and integration of
interoperable components. OCP supports more than just read and write interfaces; it also
supports configurable sideband control signaling and test harness signals. OCP strives to

define protocols to unify all of the inter-core communication [16].

The OCP transaction protocol supports synchronous unidirectional signaling, pipelined
transfers, burst support, atomic transactions, sideband signals for flow control, and tag,
thread, and connection identifiers to support out-of order transactions. OCP has a small
set of required signals with a wide range of optional signals and parameters to define the
interface on any given component, allowing cores to only implement the subset of the

protocol that applies to them.

2.1.4.4 Avalon

The Avalon Memory Mapped specification was first released by Altera with the SOPC
Builder system integration tool. Avalon was originally developed to connect peripherals
to Altera’s Nios & Nios II soft processor cores, was designed from the ground up to
target FPGAs, and has considerable flexibility in its configuration. The Avalon
specification describes a configurable interface between a master or slave and the
interconnect, allowing a component designer to use only the signals and parameters that

are applicable to their component.
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2.1.4.5 CoreConnect

The CoreConnect family of on-chip busses was developed by IBM for the PowerPC 405
processor core. It consists of three-levels: the processor local bus (PLB), the on-chip
peripheral bus, and the device control register bus, each of which supports read and write
transactions. CoreConnect supports data bus widths of 32 bits and higher, uses separate
read and write data signals, and allows multiple masters. It provides for high

performance features such as pipelining, split transactions and burst transfers [17].

Beginning in 2000, Xilinx began promoting CoreConnect for FPGA peripheral
components [18], and it has become the standard interface for Xilinx embedded processor
designs, including those using the MicroBlaze soft processor and the PowerPC Hard IP

processor [8].

2.1.5 Transaction Interconnect Services

To support transaction connections, a transaction interconnect provides transaction
services. The definition of these services is a contract between the components and the
interconnect, and the implementation of the interconnect determines how each service is
provided. For transaction connections, the interconnect is responsible for seeing that
each command and its data gets to the selected component, and that the response and its
data gets back to the master. Services provided by a transaction interconnect typically

include the following.

Transaction Types - Typical interfaces support transaction types such as posted write,

where once the write command is issued, it is assumed complete by the master, and non-
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posted reads and writes, where read data or a write acknowledgement is returned for
every command. For higher throughput, interconnects also often support burst
transactions, where multiple cycles of read or write data are transferred with a single

command.

Address Decoding - In most embedded systems, a master selects a given slave by
reading or writing to an address within the slave’s address range. In order to correctly
route the transaction, the interconnect decodes the address, converting it into a destination
ID. The least significant bits are carried unchanged to the slave, and are used by the

slave to address an internal register or memory cell.

Arbitration - If the system contains multiple masters, there is the possibility that more
than one master simultaneously requests access to a shared resource, such as a slave
interface or bus segment. To handle this, an interconnect provides an arbitration service,

deciding which master gets access to the resource.

Command and Write Data Routing - Once the destination slave interface has been
determined, and the master has won the arbitration, the interconnect routes the command,
and in the case of a write command, the data that goes along with it, to the correct slave

interface.

Response Routing - Once the slave has received the command and responded to it, the
response must be routed back to the master. The response typically consists of read data

or a write acknowledgement.
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Adaptation - Adaptation refers to the service by which differences between master and

slave interface implementation are accounted for. In many systems, the data widths of
master and slave interfaces differ, with simple components having data widths of as
narrow as 8 bits, and high-throughput components having data widths wider than 128
bits. A transaction interconnect might provide a data width adaptation service, allowing

components with different data widths to connect to one another.

Clock Crossing - In many systems, different master and slave interfaces may be on
different clock domains. In this case, the interconnect must include clock crossing logic
that allows the command issued on one clock domain to be received by a slave on another
clock domain, and the response from the slave on the second clock domain to be received

by the master on the first.

Atomic Operations - Atomic operations are those that must occur together without
intervening transactions from another master. With a read-modify-write operation, for
example, a master reads a register from a peripheral, modifies a bit-field, and writes back
to the register. If a second master were to do a read-modify-write operation on a different
field of the same register, and if it's read were between the first master's read and it's
write back, the second master's write-back would effectively undo the first master’s

write, leading to functional incorrectness.

To support atomic transactions, most protocols allow each master to assert a lock signal

to indicate that the current transfer should not be separated from the following.
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OCP and AXI also support an exclusive read/conditional write mechanism, where a

master can perform a read linked operation, which sets a reservation monitor for the
location. Requests from other threads are not blocked, but may clear the reservation
monitor. A normal write from the original thread will clear the reservation. The same
master later performs a conditional write operation to the same location. If the
reservation is no longer in place, then the write operation is not performed, and a failure
indication is returned to the master. If the write operation is successful, then the

reservation is cleared.

Transaction Ordering and Threading Support - Simple interconnect architectures are
such that the response to commands are always returned to masters in the same order that
they are issued: the interconnect and the slaves do not rearrange transactions to increase
efficiency. For a shared bus architecture, a read operation that cannot be served right
away results in wait states that not only reduce the throughput of the requesting master,

but tie up the entire bus until the request can be serviced.

For bus-based protocols such as AMBA’s AHB, a split transaction allows the slave being
read to indicate that the data is not yet available, so that the master tries again later,
freeing up the bus for other masters to access other slaves while the original slave fulfills

the request for the original master.

For protocols that support concurrency like Avalon, OCP, and AXI, a split transaction
isn’t a useful mechanism, since other masters are free to transact with other slaves while
the first master is waiting for read data. These protocols allow masters to have multiple

outstanding requests, and the order of the responses to different masters can be
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rearranged for throughput or efficiency. DDR memory, for example, is most efficient

when reading and writing data to the same memory bank. A DDR controller that is free
to rearrange data reads and writes to minimize bank switching can support higher
memory throughput. Typically the responses to a given master, or to a given thread on

that master, must be returned in the same order they were issued.

OCP and AXI support a tag mechanism for out-of-order transaction completion. If a
master issues transactions with the same tag, the interconnect must return the responses in
the same order as they were issued. Transactions from different tags can be returned in
any order, with the restriction that tagged transactions from the same thread cannot be re-
ordered if the transaction is for overlapping address spaces. A master that doesn’t

support threads or tags is treated as a master with one thread and tag.

Cache and Protection Support - Some protocols use extra signals to protect against
illegal transactions. ASB, AHB, CoreConnect, OCP, and AXI all support signals to
indicate the type of transfer, so that slaves can indicate if the transaction type is
supported. Typically, it is up to the slaves or the interconnect to indicate an error if the
master attempts an unsupported transaction. The protection related transaction types

include the following.

Instruction vs. data — Indicates to the slave or fabric if the transaction is a data or
instruction fetch. Instruction transactions to non-memory slaves, or to non-

instruction regions of a memory can cause an exception.
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User vs. privileged access - Indicates the processing mode. A privileged

processing mode typically has a greater level of access within a system.

Secure vs. non-secure — Indicates to the slave the transaction mode when a

greater degree of differentiation between processing modes is required.

Functional vs. debug —Indicates to the slave if the access is during normal
operation or during debug mode. This is particularly useful to suppress read or

write side effects (such as popping data from a FIFO) while debugging.

Some protocols also provide specific signals for system level caching and performance
enhancement, in a manner similar to protection. The type of information signaled by

caching and performance enhancement signals include the following:

Bufferable -This flag indicates that a write transaction can be buffered for an
arbitrary number of cycles before reaching it’s final destination. It also implies
that a bridge or system level cache can return a response to the master on behalf
of the ultimate destination. If a transaction is not bufferable, then the write

response can be provided only by the final destination.

Cacheable - Indicates that the transaction at the final destination does not have to
match the original transaction, allowing a number of different writes to be merged

together, or reads to be pre-fetched.

Allocate — For cacheable transactions, one bit for read and bit one for write
indicates if the address in the transaction should be allocated for future read and

write transactions.
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Write Through Storage - If asserted, write accesses must write-through to

memory instead of only writing to the cache.

Memory Coherent Storage - Specifies whether the access must be performed

such that it maintains memory coherence with the rest of the system.

Errors - A number of protocols allow the interconnect or slave devices to signal errors,
such as data bus or address parity errors, read or write errors, decode errors where there is
no slave at the indicated address, slave errors where the command has reached the slave,
and the slave is returning an error condition, or a timeout where no response is received
before a timer expires. It is important that the error has enough information to allow the
master to determine which of the possibly many outstanding transactions caused the

CrTor.

2.1.6 Transaction Interconnect Topologies

The interconnect topology defines the physical structure of the interconnect, and has a
significant impact on the performance that a transaction layer can offer. This section

describes some of the more common SoC interconnect topologies.

2.1.6.1 Shared Bus

The shared bus, shown in Figure 4, is one of the earliest on-chip communication
mechanisms, and is modeled after inter-chip processor busses. It is one of the simplest

ways to move on-chip data [19].
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Figure 4 - Shared Bus Topology

Original shared bus implementations such as the AMBA ASB bus are similar to
traditional off-chip busses in that control signals are fanned out to all slaves, and tristate
data signals are driven by the active master during writes, and by the selected slave
during reads. When multiple masters are used, each master asserts a request signal to the
central arbiter, which makes a scheduling decision before the transfer can begin [12].
Using tristate signals limits the maximum operating frequency because of the capacitive
loading of high fan-out signals. In addition, to allow time for the master or slave to finish
driving the bus, idle cycles are inserted every time a new master is granted access.
Tristate bus implementations have been largely replaced by multiplexer-based
implementations, and tristate signals have not been available in mainstream FPGA device

families for years.

Unlike a tristate implementation, typical multiplexer-based implementations like AHB,
shown in Figure 5, uses multiplexers controlled by the arbiter and address decoder to
route data and control, and tristate drivers are required. The capacitive loading and

energy consumption is reduced because only the multiplexers drive high fan-out signals.
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In addition, there is no chance of multiple drivers driving a signal, so idle cycles for tri-

state driver turn-off time is not required.
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Figure 5 - Shared Bus Topology Multiplexer Implementation

Although shared bus structures support multiple masters, a master executing a transaction
is driving data and control to all the devices on the bus, forcing other masters to wait until
the transaction is complete. If a processor has separate interfaces for instruction and data,
this topology prevents an instruction fetch and a data operation from occurring
simultaneously. Because high fan-out and deep multiplexer logic add delays, shared bus
structures tend to not be very scalable. The physical wires also tend to be long, adding

more delay.

2.1.6.2 Hierarchical Bus

A hierarchical bus topology such as that shown in Figure 6 is a refinement of the shared
bus, with bridges to connect busses at different hierarchy levels. Instead of having all of
the slave interfaces on the same bus segment, seldom-accessed slaves are placed on low-

performance bus segments, and bridges are used to connect the segments.
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Figure 6 - Two-level Hierarchical Bus

Hierarchical busses reduce the number of components on any one segment, lowering fan-
out and logic delays, and allowing the bus frequency to be increased. With low
performance components on a separate bus segment, the logic to adapt to a narrower data
width or to a slow clock domain can be instantiated once at the bridge, and can be shared
by all of the components on the low performance segment. Since the components on the
low performance segment are accessed less often, the additional latency is often worth

the performance gain.

2.1.6.3 Segmented Bus

The segmented bus topology is similar to the hierarchical bus topology, except that
different segments can have masters, slaves, or a combination. Bidirectional bridges are
used to allow masters on one segment to access slaves on other segments. When a master
accesses a slave on a segment other than its own, both segments are tied up for the
duration of the transfer. If there is a master on the segment being accessed, that master

cannot proceed until the other transaction is complete.
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Figure 7 - Segmented hierarchical bus

The topology shown in Figure 7 is referred to as a segmented hierarchical topology.
Here, each master has its own high-performance segment, and uses a bridge to access a
shared low-performance segment or another processor’s segment. Careful segmentation
results in a system where a master on a given segment spends most of its time accessing
slaves on the same segment. As long as two masters on different segments are accessing
slaves on their own segment, operations can occur concurrently, and throughput is

increased.

The cost of a 