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AMBA belps designers
of embedded
microconirollers
dachieve firsi-time-right
designs that maximize

reusability.
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n 1995, Advanced RISC Machines

released its Advanced Microcontroller
Bus Architecture in response 0o input
[ronm key sermoonductor licensees. AMBA's

woal 15 o help designers ol embedded CPL
systems meel clallenges like design [or low

porwer consumplion and test acoess. Because

imput lor AMBA came [rom designers ol

ARM-hased microprocessors, ARM was also
able o develop a solid design rationale and

evolve an architectural design that would
address the most common problems.

In thas article, | describe some of AMBA's

design methodology and provide a set ol

speclications that will aid designers in mak-
ing detailed comparisons with other buses.

AMBA delines both a bus specilication
and a technology-independent methodolo-
ey lor designing, implementing, and testing
customized, high-integration  embedded
controllers. The [irst range of cached cores
wilh native AMBA system bus interfaces are
due [or release i late 1997.

Design rationale

AMBA 15 ARM's response to the problems
and dillicultes lirst-time customers have
reported when designing around the ARM
processor bus. Feedback rom technical
experts, sermconductor hicensees, lead engi-
neers, developers Irom key customers, and
representatives of design groups helped
identily the underying ssues, which con-
tinue o show up in design reviews:

®  Ad boc design. Designs tend to end up
with: ad hoc bus and control logic.
Dessigmers relish the opportunity o ore-
ate custom on-chip systems, but they
olten create bottlenecks, especially
when the semiconductor hcensee 15
new. Because the bus interdace on the
ARME and ARMT cores is extrernely lex-
ible, designers unlammliar with the
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processor may inadvertently create inel-
hcient or unworkable designs.

Pesign porfabality and revsability. A side
ellect of ad hoc design is its lack of porta-
Fality and reusability. DMA controllers [or
viden or audio subsystems, [or example,
are not easily ported because the main
state machines are mextricaldy merged
with the processor bus  controller
sirnilarly, the external memory interlaces
that support namow memory tend o
expose the complex byte packing and
unpacking to the central system’s con-
roller st machine.  This  makes
reusability very dillicult. 15 the designer
dioes nol separate the memory interlace
Irom the systern design, it becomes hand-
er L0 paarfilicon MmeTnory resOuncoes W min-
TITIGees SysIeTn oost.

Systemn resel and clocking. Designers
are  responsible  lor implementing
contention-lree, on-chip trisate buses
and sale, low-power, gated clocking
schemes. However, they seldom have
tirme o review their designs in depth lor
potential patlalls. The critical paths tend
o revolve around the decoding ol
address mnges, and many designers [all
into the trap ol squeeding oul wail
states at the expense of reduced over-
all CPL dock Irequency.

FPower consumftion. The ARM CPL's
low power consumption olten drives
the decision o design in an ARM core.
llowever in the lace of tme-to-market
pressure, designers of new product
[amilies olten make decisions that sac-
nlice power elsewhere. The prollems
are baoth on chip, with many pernpher-
als attached o the processor bus, and at
the all-important ofl-chip  external
memaory interlace.

Test support for CPU macrocells with
many s 1t is no longer desirable or
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[easible o mandate a test mode

that akes either a senal-scan-
based or a multiplexed oore so0-
lation approach. Designs with
only 22 visible addness lines and

a 16-bit data bus cannot justify 321/ Fe
the cost of developing a special  egee——  bus
test-patiern set [or the core in interface

each new device.

o Infrastructure portability. The

State machine UART
ARM DMA L
IO
32-hit data bus
RTC
Decoder R
Memory KK

porting of third-party real-tirme
operaling  Syslems requires a
more modular and delined sys-
tem infrastrocture [or ARM-based
microconirollers. To port a micmo-
kermnel, lor example, the designer
must @angel both the processor
msirection sel and the ntermupt
comitraller enviromment, as well as
the: hasic counter/timer functionality.

Figure 1 shows typical aspects ol an ad hoc ARM design.
In such designs, the state machine tends w be complex and
customized around the external and nternal bus sequencing
and control.

oals. AMBA addresses the issues just histed by incorpo-

rating several important leatures:

» Partitioning for modular design. s methodology [or
embedded processor design encourages both a modu-
lar and lirst-time-right system design and accelerates
product migration by supporting module reoase.

o  Inlerface frrotocol, clocking, and resel. AMBA spealies
a [lexible, low-overhead bus interface and clocking
structure o the core CPL macrocells. This simplilies sys-
tem design because interlace protocols are clearly
defined o have one or more bus masters—oomponents
that imtiate bus transactions while enabled. The AMBA
Termunology and Spealication box on p. 22 explains
bus masters m more detail.

*  Srfabort for lowwbower destgns. By pamtitoning high- and
low-handwidth devices within the system, AMBA
ensures energy-cllicent designs, which fit well with
low-power CPL cores.

& Oh-chify lest access. AMBA integrates an optional on-chip
test access methodology that reuses the basic bus infra-
structure. This helps make the extermal test of embedded
CPLU and peripheral macrocells more ellicient.

«  Srfybort of mudtipde developrmend (lalforms. This allows
cycle-accurate benchmarking and hardware prototyp-
. It also leatures a set of genenc relerence peripher-
als that make it easier o port real-time kemel soltware.

Motivations. Belore siarting work on a new bus design,
the technical marketing group at ARM exarmimed existing Dhuses.
Wi concentrate on ofl-chip buses such as PCILL generally suit-
able lor open systems; on-chip buses, such as Motorola's
InterModule Bus, generally suitable lor closed systems with a
particular mcroprocessorn;, and emerging standands, primanly

Figure 1. A typical first design of an ARM microcontroller using an ad hoc approach.
The common disadvantages that affect design quality and reusability are the result
of coupling all peripherals to the processor bus, and of using a centralized state
machine. Manufacturing test access may use either multiplexer block isolation or
scan and built-in self-test techniques.

in Europe, o support multiple microprocessor lamilies.

CHT-chipy bus standands, mcuding 5-Bas, MicroClanmel, and
PCI, make it easier o oreate boand-level and backplane (moth-
erboarnd) modular systems.' However, because the clocking
strategries in such buses (synchronous or asynchronous) are
typically twned [or interchip commumication, the buas specili-
cation must deal with handshaking and physical and electn-
cal charactenstics. It must accommuodate the worst-case
manulaciunng skews and tolerances lor the spread of best-
and worst-case components (ypacally dillerent silioon process-
es and technologes). In such open system buses, the over-
head ol vanable wail statess and tme-outs 15 generally high.

With on-clup buses the manulacturing and process vana-
tons apply o the entire system and bus components.
Motorola’s InterModule Bus, or IMB, was denved [rom the
HE000 bus interface, so the interrupts and CPU-specilic sig-
nals ellectively become the system bus signals. Such a bus
standard is well suited wo basic uniprocessor microcontroller
dlesigns.

Iowever, neither the oll-chip bus standards nor micro-
processor-specilic, on-chip denvatives apply RISC principles
o the bus protooo]l and infrastructure required at each bus
moddule (especially slaves). These principles are important
i enforce a design that minimizes logic and emphasizes
speed and elhiciency. Relative to PCL [or example, AMBA
requires no distributed tme-out support at every node and
no parity support on the data bus.

AMBA mangets baery-powered, low-oost embedded appli-
cations—an application area not specilically addressed in
the 1991 Open Microprocessor Inittative standards activities.*
It also supports built-in manulaciunng test access lor deeply
embedded processor cores. ARM essentially cut the main
system bus to the basic cocking, reset, and memory bus
interface lunctions that genenc processors and DMA con-
trollers require. AMBA treats processor-specilic interrupts
and conliguration signals as orthogonal o the bus speali-
cation. Such signals connect directly to the appropriate 10
subsystern rather than via the system bus. AMBA also treats
the: artater request and grant signals as pomt-to-point. signals
between individual bus masters and the adyatrmaton umt isell.
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Bus cycle. The basic unit of one bus clock period; [or
protocol description, the bus cycle is a [alling edge 1o
falling edge transition. Bus signal timing references the
bus cycle dock.

Bus transaction. A read or wnle transler ol a data
object of given size, which may take one or more bus
cycles, terminated by a completion cycle [from an
addressed device. Systemn reset also erminates ransac-
tions o guarantee that the bos 15 imitialieed.

A bus master asserts a LOCK signal o the bus arbiter to
make multiple ransactions indivisible. In a nonmultiplexed
implementation, the address and control information is
broadoast in parallel with the data read or write operation.
A multiplexed implementation requires the broadceast of
an address cycle at the start of each new burst transaction
that precedes the data ransfer.

Bus burst operation. An address transaction plus one
or more data transactions. Bursts may be ol arbitrary length
and may be broken down into smaller packets by

o the arbiter, which may constrain burst lengths to meet
critical interrupt or DMA timing latencies; or

» the slave, which may be able to handle only short
bursts.

Bursts must use sequential incremental addresses and lixed
direction and siee throwghout

Bus master. Component that initiates bus transactions
while it 15 enabled (see the multiple-master support sec-
tion ). The master generates address and control informa-
tion, including the direction and sive of data translers, plus
burst indication when multple sequential data ransac-
tions are required.

The: rransactions initiated by the master are completed by
acknowledgment rom the addressed anpet device. A slave
device may request the master to rebroadcast the next
address. This feature allows page boundaries, for example,
tor be handled o prevent burst address wrapping.

AMBA terminology and specification

In multiplexed bus implementations, addresses are
resynthesized externally to the bus master in a shared-
address incrementer. In nonmultiplexed implementations,
the address is broadeast for every burst access [rom the

bus master on a full 32-bit parallel address bus.
Examples of bus masters are

CPLI,

dedicated digital signal processor unil,

DMA (multichannel) controller(s),

test interlace controller [or external est access (see
main text), and

e diagnostic controller (for remote debugging).

Bus slaves. Components that respond o addresses
within a decoded region of the address map and perorm
bursts of read or write cycles on demand. A slave may
assert a WAL signal o delay access using a synchronous
bus ransler protocol. A slave module may communicate
at the bus interface only when selected. The selection
process depends on the system decoding (descnbed later);
typically only one slave is selected at a time. The bus pro-
wocol delines the basic module selection timing; a slave
response must then be generated by, or on behall of, the
addressed slave. Slave devices typically require only a sulb-
sel ol the 32-bit address bus; these addresses may be [rom
a parallel address bus, the system bus master, or a shared-
address latch/incrementer.

Examples of slave devices are

memory banks,

« external bus interface (which ypically supports 16-
or S-bhit-wide external memones),

*  pasic memory-mapped peripherals, and

» customer-developed macrocells.

A bus transaction, initiated by a bus master, must be ter-
rminated by a response when the slave device has com-

Modular design
AMBA evolved Irom AEM's internal bus development

work. We generated an mitial bus spealication Irom the basic
ARMG RISC core and the cached macrocells (ARMOG10 Fami-

ly with cache, MML, and wnite buller).

We then lormalized a basic synchronous master/slave bus
protocol, in which bus masters (typically CPUs, DSPs, or
DA controllers) request the bus and a bus-arbitration unit
prants access o a single bus master. The master can imitiate
read or write transactions with an address-mapped slave
(such as memory or peripheral 10 registens).

The address-space decoding and arbitration prionties are
nol constraimed in ARM embedded controller designs (apart
[romm the basic requirement o have ROM-resident vectors at
reset). The decoder and arbiter [unctions require well-
defined interlace protocols, but designers should be able to
modily and extend them to swut spealic applications.
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In the bus mirastruciure, we wanted o retan leatures that
complement the ARM CPL designs with minimal hardware
and complexity, buat still support high-bandwidth, muoltwornd
Prurst transactions. The inlrastructure emphasioes the need lor
a simple slave mterface amnd a low gate count, in particular.

Figure 2 shows an AMBA-based implementation of a micro-
controller that s luncoionally similar o the one in Figure 1.
The est interlace controller CTTC) and bridge between system
CASB) and peripheral (APB) buses are described in detail later.

The ARM6 and ARM7 bus families use a 32-hit-wide system
memory bus, which can transler data on every dock cycle
[rom a memory subsystem. They internally penerate address-
es and control signals in the hall clock cyde preceding the
memaory acoess. In addition, two “next transaction” burst
access signaling [lags indicate whether the next address s
related (sequential} or unrelated (nonsequential ) wo the cur-
rent access, or unused (comesponding to an idle bus oycle).



