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asynchronous devices, namely the ability to adapt automat- There is considerable scope for improving both the
ically to changing environmental conditions. The variation power eficiency and performance of AMULETL. The area
of performance and powefficiency with voltage is shown  penalty for the asynchronous control logic is harder to
in figure 2, using the Dhrystone benchmark as an indicatorovercome and will remain, though when comparing
of performance and using th@rh part. (The 0.dm part clocked and asynchronousganisations of similar com-
operates at twice the speed but does not have the facility tqlexity the overhead for the micropipeline design style has
measure core power consumption.) The voltage range usebeen estimated to be below 20% [5].
for these tests is limited by the other circuitry on the test  Future AMULET chips will employ an external inter-
card below 3.5Ythe processor appears to operate in isola- face which is much easier to design with, presenting the
tion down to 2.5V board-level designer with a relatively conventional task.
Variation of speed with temperature has also been measThe enhanced poweifficiency, particularly under highly
ured. Here the test device displays a normal increase ovariable load, will combine with the environmentally adap-
delay of 0.3% per °C and operates correctly between -50°Ctive nature of the asynchronous circuitry téeofa highly
and 120°C. flexible system component which will have significant
technical advantages under suitable application conditions.
4: Future enhancements
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Address via a serial line, to development tools from ARM Limited;
Interface AN
|___address out |<—| Table 1: Characteristics of AMULET1 and ARM6
4 e
S%il?er J AMULET1la|AMULET1b| ARMS6
i Process lpm 0.7um lpm
registers =5 —_—
e — Area (mnf) |55x4.1 [39x29 [41x27
Unit — jL iﬁ instr. )
Y mulipher &———— decode Transistors | 58,374 58,374 33,494
E— Performance | 20.5 kDhry | ~40 kDhry! | 31 kDhry
/ shifter /4 — | — Multiplier 5.3ns/bit 3ns/bit 25ns/bit
ALU _ ] Conditions |5V, 20°C 5V, 20°C 5V, 20MHz
pata mm. extr. Power 152mw N/A 148mw
SN2 >
[ dataout | [ datain | [ ipipe MIPSIW 7 N/A 120

1y )

Figure 2: AMULET1 organisation

1. estimated maximum performance.

the monitor program in the test card ROM is the same as

An unusual feature of the processor is the exploitation of that used in similar evaluation cards for the ARM6. Both

an ALU with a data dependent evaluation time [7]. Cir-

prototype devices are functional and execute programs pro-

cuitry within the ALU identifies the longest carry propa- q,ced by standard ARM development tools such as the
gate path and the self-timing delay is adjusted accordingly jcsembler and C compiléFhere are three minor design

This allows a simple ALU structure to deliver very good 5,5 which relate to the operation of interrupts and have

average performance. Synchronous designs usually incor;
porate very complex adder circuitry in order to make rare

worst-case operands complete within the clock cycle; asyn-qse of ARM6 for comparison.
chronous logic designers are freed from this constraint and  The devices have been characterised over voltage and
can optimise the use of silicon resource towards typical temperature variations and display the usual property of

cases.

The benefits of asynchronous design are also apparent il
the multiplier circuit. In synchronous designs the clock is
normally optimised for the carry-propagate adder in the
ALU. Carry-save adders in a multiplier can operate much
faster than this but a faster clock is unavailable, so insteac
several stages of carry-save adder are placed in series to fi
the available time. This gives good performance at the cosi
of considerable silicon area. A self-timed multiplicieef
tively has its own clock which may be optimised for the
local function, allowing high performance from a much
reduced silicon area.

3: Device characteristics

AMULET1 was developed as a full custom design using
Compass Design Automation tools, and has been fabri-
cated on two CMOS processes:jarilprocess at ES2 and
a 0.7um process at GEC Plessey Semiconductors. Both

devices have been evaluated on a test card which connect:

*—e

relatively straightforward software work-arounds. A sum-
mary of the devices’ characteristics is shown in table 1 with

kDhrystone/sec <o— MIPS/W

20 |

15|

10}

kDhrystone/sec

200

1150

1100

MWSdIN

3.0

4.0

5.0 6.0

Supply voltage

Figure 3: 1 pum AMULET1 performance and
power-efficiency against voltage



1.2: The ARM microprocessor
; . nC c P nP
The ARM architecture [1] was chosen as the starting wk

point for the AMULET work. The ARM is a leading proc-

essor for poweefficient applications and is relatively sim- *@*l
ple compared with other microprocessors of comparable
performance. It has a dense instruction set for a RISC proc: In Out
essoy which saves power by reducing memory bandwidth
for instruction fetching and by increasing thieefiveness m
of a cache. Its low power is tly a result of the small

transistor count and small cell area, though recent versions wk
have been further enhanced through redesign to allow oper CMOS capture-pass implementation
ation at low voltages.

nEn
wk

2: Asynchronous design

Asynchronous design, whilst fefing the potential
advantages for powaaving outlined above, also intro- En
duces a number of new fidulties: where independent
function units wish to communicate information, synchro-
nization must be explicit; where independent units share a Figure 1: 2-phase and 4-phase CMOS latches
common resource in a non-deterministic fashion, arbiters
capable of handling metastability reliably must be
employed; the network of units comprising the complete
system must be free from deadlock (and livelock).

The approach taken on AMULET1 is based on Suther-
land’s micropipelines [2]. Here all activity data driven: a
new data value arrives at a function unit in normal binary
encoding on a bus; its presence is then signalled to the uni
by a transition on thRequest wire. This transition causes
the unit to accept that data, signalling the acceptance by
making a transition on th&cknowledge wire. The data can
then change to its next value. The request-acknowledg
signalling supports full flow control at every communica-
tions interface in the design.

Sutherland proposed a special form of ‘capture-pass’
latch for use in micropipelines which requires 24 transis-
tors per bit. A revised form of this latch is illustrated in fig-
ure 2 where the transistor count has been reduced to 18 pe
bit. This is a 2-phase (transition sensitive) latch, where a
transition on the ‘capture’ input (the C and nC complemen-
tary wires) latches the input data and a transition on the
‘pass’ input (P and nP) puts the latch back into transparent
mode. These latches fit well into the 2-phase micropipeline
framework, but have a high transistor cost when applied to
32-bit pipeline latches. On AMULET1 the decision was
taken to employ conventional 4-phase (level sensitive)
latches, identical to those used on ARMS6, requiring 6 tran-
sistors per bit. This incurs an overhead in the control cir-
cuits for 2-phase to 4-phase conversion, but saves
considerable area in the pipeline latches.

A decision which must be taken early in the design proc-
ess is to determine the granularity at which concurrency is
to be supported. A simple pipeline allows concurrent oper-

Conventional pass-transistor transparent latch

ation of each of its stages. The clocked ARM has a three
stage pipeline, and therefore performs three concurrent
activities in each clock cycle. An asynchronous micropipe-
lined design can, in principle, support concurrent activity in
each micropipeline stage. This suggests that the obvious
way to implement a micropipelined ARM is as a three stage
micropipeline with the memory system, the instruction
decoder and the execution datapath being the three stages.
However such a micropipeline structure would require
every stage to operate for each instructioferofg little
Epotential for improved power figiency over the clocked
design, so a finer grain of micropipeline was chosen.

The processor is divided into four major functional units
(figure 2) which operate concurrently and synchronize with
each other only to exchange data. The data interface and
execute pipe are relatively simple pipelines from the point
of view of their control. The register bank incorporates a
novel coherency mechanism [6] to handle read-aftée
dependencies and the address interface autonomously
issues instruction prefetch requests to a non-deterministic
(but bounded) depth.

A major issue in any design which includes a pipelined
execution path is the handling of read-afteite depend-
encies. Standard practice in synchronous design is to
include register bypassing routes for dependencies of a
small fixed number of clock cycle-lengths and register
locks for dependencies of greater or indeterminate length.
Bypassing depends onfdifent pipeline stages operating in
synchronism, and does not transfer readily to asynchronous
pipelines. AMULET1 therefore does not incorporate
bypassing, but rather relies on the register locking mecha-
nism to control all read-aftevrite dependencies.
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Abstract

AMULET1 is a fully asynchronous implementation of
the ARM microprocessor which was designed at Manches-
ter University between 1991 and 1993. First silicon
arrived in April 1994 and was found to be functional, dem-
onstrating that asynchronous design of complex circuitsis
feasible with present day CAD tools.

This paper presents the motivation for the work, some
of the design choices which were made, the problems
which were encountered during the development of the
design and the characteristics of the device itself. The
future potential for asynchronous circuits is also dis-
cussed.

1: Intr oduction

The growth in demand for high performance portable
computing equipment has led to a reggunce of interest in
asynchronous logic design techniques. In order to investi-
gate the power saving potential of asynchronous
approaches to CMOS design, a self-timed implementation

of the ARM microprocessor [1] has been developed as a

commercially realistic technology demonstrator

The methodology applied to the design was based on

Sutherlands  “Micropipelines” [2], a bundled-data,
bounded-delay model. Here, local timing signals are trans-
mitted with a ‘bundle’ of data bits whose timing is con-

strained to ensure correct operation. This technique was

chosen for its economy in silicon area and its potential for
low electrical power consumption.
The oganisation of AMULET1 has been described

elsewhere [3,4,5] and details have been published on spe

cific aspects of the design [6,7]. The focus of this paper is
the design process and the behaviour of the test silicen. W
conclude by speculating on the future potential for the com-
mercial exploitation of asynchronous design techniques,

basing these speculations on experience gained through the
design and evaluation of AMULET1.

1.1: Powerefficiency

The introduction of RISC instruction sets in the early
1980s traded instruction semantic content for pipelined
operation and RISC microprocessors have led the race for
higher performance ever since. More recemgtywereffi-
ciency (measured in units such as MIPS per watt) has
become as important as performance for significant appli-
cation areas and processor designers have begun to turn
their attention to power saving techniques.

One aspect of current microprocessor design practice
which adversely &cts powetefficiency is the use of a
high-speed clock to control the operation of the pipeline.
This clock forces the inclusion of & sections of logic
which are normally redundant but which are required to
ensure that rare worst cases complete within the clock cycle
time. The clock also causes power to be dissipated in all the
systems on a chip, whether or not they are performing a
useful function at the time.

Modern powessensitive design attempts to reduce this
wastage by gating the clocks to independent function units
so that they can be turned when not needed. Such power
management functions incur their own power costs, how-
ever since they rely to some extent on software control,
and running the power management software itself uses
power; the more fine-grain the power management, the
greater this software overhead becomes.

Asynchronous design fettively takes the granularity
of the clock gating down to the lowest level by removing
the clock altogetheit also removes the overhead of the
management software and releases the designer from the
constraint of worst-case design. For these reasons, asyn-
chronous design has attracted attention as a technology
with potential for low-power applications. The AMULET
project at Manchester University was established to evalu-
ate this potential in designs of practical complexity



