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Abstract

An asynchronous Direct Memory Access (DMA) controller for an asynchronous
microprocessor subsystem has been designed. Behavioural modelling and simu-
lation of the DMA controller was performed using LARD, a hardware descrip-
tion language for asynchronous logic design. Problems in designing the DMA
controller using an asynchronous logic design methodology are discussed, and

solutions to these problems are presented.
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Chapter 1

DMA Controllers

1.1 Introduction

In a computer system the processor spends a considerable amount of time moving
data around, even though it does not perform this very efficiently. In order to
transfer a single datum, a processor has to fetch instructions from memory, decode
and execute these instructions and perform the transfer. A simple data transfer
operation such as reading/writing a block of data from/to a peripheral device
can burden the processor in fetching, decoding and executing instructions most
of the time instead of performing the actual data transfer.

An autonomous computer device which could be used to relieve the processor
from this task is a Direct Memory Access (DMA) controller. A DMA controller
is a simplified processor which can only perform the function of data transfer
between devices. It need not be able to perform any other functions, such as
reading and interpreting instructions, so it can work faster and more efficiently
than the central processor.

A DMA controller, after being programmed, can perform data transfers with-
out processor intervention. The processor is then free to perform other functions.
The data transfer process may also be faster and use less power since the DMA

controller need not fetch, decode and execute instructions to perform the transfer.

15



CHAPTER 1. DMA CONTROLLERS 16

A DMA controller can increase system performance and reduce power con-
sumption in this way (although the latter factor was not of much concern in the
design of existing DMA controllers). A DMA controller would usually be used
in small computer systems, e.g. a micro-computer, or engineering workstation
[3, 5]; for larger computer systems, such as a super-computers, mainframes or
mini-computers, other kinds of controllers or input/output processors are used to
control data transfers, or handle input/output [18, 2, 22, 14].

Typically the DMA controller would be used to transfer data between a pe-
ripheral device and memory, although memory to memory and peripheral to
peripheral transfers are possible.

Data transfer between devices is usually done via a bus. This allows a device
to transfer data to/from other devices without a direct connection which would
impose a high wiring cost when the number of devices is large. The bus simplifies
connection between devices in the computer system.

Devices can be divided by behaviour into initiator devices and target devices.
An initiator device is a device that can initiate a request to read/write data
from/to another device, e.g. the processor or the DMA controller. A target
device is one that sends or receives data when it receives read/write requests
from another device, such as memory or peripheral device.

DMA controllers are both bus initiator and target devices. When a processor
programs a DMA controller, the controller receives values as a target device;
when it performs autonomous DMA transfers it behaves as an initiator.

Target devices can be divided by speed of response into “fast” and “slow”
devices. A fast device, e.g. a memory device, responds immediately when it
receives a request from the initiator device. This kind of device stores data locally
and usually is one built from electronic components instead of electro-mechanical
components.

Slow devices might be built from electro-mechanical components, e.g. a hard

disk, or not have data locally, e.g. communication devices. To read from or write
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to a slow target device the initiator must wait until it is ready to transfer data
or use some mechanism such as polling or interrupts to perform the transfer.

Waiting for the transfer is inefficient because this will occupy the bus for an
indefinite period, bringing other system activity to a halt. In the polling scheme,
the initiator device checks the status of the target device periodically until the
target device is ready before initiating the data transfer. With the interrupt
scheme the target device sends a notification signal to the initiator device when
it is ready to perform a transfer.

In this approach the notification signal from the target device can be regarded
as a transfer request, but it is up to the initiator to initiate read or write transfers;
alternatively the initiator can ignore this request.

To perform a DMA transfer the DMA controlller must first be programmed
with necessary information by the processor. The DMA controller can then per-
form the DMA transfer autonomously.

To perform each individual transfer the DMA controller must wait until trans-

fer conditions are reached. These conditions are:

e The DMA controller was programmed and enabled by the processor

e Both source and destination devices are ready for transfer data

When both source and destination devices are ready the DMA controller reads
data from the source device, writes it to the destination device, updates its point-
ers and counter, and checks for conditions to stop the transfer. The DMA con-
troller will normally repeat this process until a termination condition is reached
and will notify the processor if required.

To exchange data with a slow peripheral device an interrupt mechanism is
used to notify the DMA controller when devices are ready to receive or transmit
data. The request signal from a device to the DMA controller is usually called a

‘DMA request’.
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1.2 Existing DMA controllers

DMA controllers have been used in computer systems for many years. One of
these designs [3] has been used in several generations of computers without any
significant change in its specifications, except some speed enhancement to match
faster system bus speeds.

Some of these designs’ specifications have influenced the design of the asyn-

chronous DMA controller discussed in this thesis. Two examples are given below.

1.2.1 8237 Intel DMA controller

The Intel 8237 DMA controller was designed to be used with Intel 80x86 micro-
processor family, as used in the IBM PC and compatible computers. The original
8237 design was designed for an 8-bit data bus; a newer one also supports a 16-bit
data bus. An 8237 has four independent DMA channels which are cascadable; a
channel may be used to connect to another 8237 and expand the number of DMA
channels in the system. The number of channels which can be implemented by
cascading these DMA controllers together is virtually unlimited. As shown in
figure 1.1.

This DMA controller is designed specifically to transfer data between a pe-
ripheral device and a memory device. Transfers between memory devices are
also supported, but two channels must be used together for this type of transfer.
Peripheral to peripheral transfer is not supported. If the DMA controllers are
cascaded one of channel is used for cascading and can’t be used for DMA transfer.

This DMA controller contains two set of registers which are used by the pro-
cessor to program the DMA transfer characteristics. While a channel is in use
the primary set of register is used; when the transfer sequence finishes, and if the
secondary set of register was programmed by the processor, the DMA controller
copies its register values from the secondary set to the primary set and continues.

This allows the processor to program a DMA channel for a subsequent transfer
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8237
CPU
DREQ HRQ
DACK HLDA
HR 1st Slave
Q 8237
HLDA
DREQ HRQ
DACK DACK
Master
8237
2nd Slave
1st Level 2nd Level

Figure 1.1: 8237 in cascade mode

even though that channel is still in use.

Each peripheral request signal is permanently fixed to a particular channel.
The identity (number) of a peripheral device supported in the DMA transfer
is hard-wired to a specific channel. Each channel has a 16-bit counter, so the
maximum amount of data it can transfer is 2'¢ items. Data transfer can be done
only through the bus and occupies two cycles; data is read from the source device
to the DMA controller during the read-cycle and written from the DMA controller
to the destination device during the write-cycle.

There are several variants of 8237 DMA controllers with different enhance-
ments. In most recent PCs which use an 80x86 processor or one of its variants,

the 8237 DMA controller is part of the chipset on the mainboard [4].

1.2.2 National Semiconductor NS32230 DMA controller

The NS32230, National Semiconductor DMA controller, is designed to be used
with the NS32000 processor family.
Features of the NS32230 DMA controller:
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e Able to transfer data between memory devices and between peripheral de-
vices in the same way as ‘conventional’ transfers between memory and a

peripheral device.

e 8/16-bit transfer
The DMA controller can be used with an 8- or 16-bit system bus. The trans-
fer to/from 8-bit peripheral devices also supports assembly/disassembly of
data words, i.e. 8-bit <> 16-bit. Two 8-bit data reads from the periph-
eral device can be combined into 16-bit data for a single write to a 16-bit

memory or peripheral device.

e Remote/local configuration
In its ‘remote’ configuration the DMA controller and devices are connected
to a dedicated bus on which data transfer is performed. In ‘local’ configu-
ration the DMA controller and devices share the bus with the processor. In
remote configuration the processor can perform other functions which use
the bus while the DMA transfer is in progress on its dedicated bus. This

needs a two bus system.

e Fly-past and store-and-forward transfers
In the store-and-forward data transfer the operation is separated into read
and write operations: the DMA controller performs two separate transac-
tions on the bus, a read followed by a write. In fly-past transfer the DMA
controller initiates both read and write requests simultaneously and the
data is transferred directly from source device to destination device. The
fly-past mechanism is faster at transferring data, but requires extra decode
logic and cannot be used for memory to memory transfers in the same

memory device. This DMA controller can support either of these modes.

e Command chaining
A DMA channel can be chained to the next channel. When a transfer

sequence is complete on the first channel register values from the second
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channel will be copied to the first and the DMA controller can resume,

allowing continuity in transfer for a specific device.

e Search capability
Additional data transfer functionality — such as “on-the-fly” comparisons

— can be added with a little extra resource.

1.3 Summary

A DMA controller can be a useful enhancement to a microprocessor system,
relieving the CPU of considerable load and moving data faster and more efficiently
than the CPU could alone. This has been exploited commercially for a long time
and some standard characteristics of DMA controllers have emerged.

The common features in these DMA controllers are:

Transfers between a peripheral and memory and between memory devices

(even though this needs two channels in an 8237).

Multiple-channels

Several data sizes to support different data width devices.

Interrupt request to the processor when transfer is finished.

These generalised functions of DMA controllers are used as guidelines in the

design of the asynchronous DMA controller in this thesis.



Chapter 2

Asynchronous Logic Design

2.1 Introduction

In the field of digital circuit/logic design, two different design styles have been
developed. These design styles, synchronous and asynchronous, were used almost
equally at the beginning of digital logic design era, but synchronous logic design
has been more favoured in the last few decades and has become the accepted
design style for complex circuits.

These two design styles differ from each other in the timing assumptions that
are made. Synchronous logic assumes that time is discrete; each part of the system
has to start and finish its tasks in the same period of time, whereas asynchronous
logic does not make any assumptions about timing and each part starts/stops
working on its own.

In the synchronous logic design style, a clock, a periodic square wave sig-
nal, is used for global synchronization to specify when to start and finish tasks.
Communication between parts of the system must be done before the end of a
clock period when the whole system is synchronized. Synchronous logic design
has been favoured by the chip design community for several decades for several

reasons [19]:

e [t offers a simple way to design and test computing equipment

22
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e [t is widely taught and understood
e Parts that operate with clocks are widely available

e System noise such as switching surges or glitches has died away by the time

a clock event occurs

Simplicity in timing models makes synchronous logic design easier, especially
when the circuits are not very complex or no other constraints such as power
consumption, performance or electro-magnetic interference need to be consid-
ered. Because of this simplicity development in circuit design has long been
concentrated on the synchronous design style and asynchronous design style has
been virtually ignored.

In contrast to synchronous logic design, asynchronous logic is:

Harder to design

Not commonly taught or understood

Lacking components in standard libraries

Short of development tools

e Higher in overheads (for simple circuits)

While synchronous logic uses a global signal for synchronization asynchronous
logic allows circuits that need to communicate to perform a local synchronization
between themselves.

As circuits grow bigger and become more complex because of the need for
higher performance and functionality, several problems caused by the timing as-
sumption in synchronous logic design become more obvious. These problems

are:

e Clock skew

As the chip size increases, and higher clock speed is needed for employed
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higher performance, the phase difference between clocks in each part of

circuit becomes great enough to cause problems.

e High power consumption
With global synchronization parts of the circuit that are not performing
any function at that time must be activated and consume power without
any useful result. This worsens the power dissipation problem in some

applications.

o Worst case performance
Since sub-circuits which can work at high speed must be slowed down to
work with the slowest one, the cycle time of the overall circuit is that of the

slowest circuit instead of the average case.

e Design transfer to new technology
In a design with global synchronization a circuit design for one technology

could not be used with a different technology without major adaptation.

e Non-modular design
A complex circuit designed for a specific clock speed may not be reusable

with a different clock speed; redesign or major adaptation may be required.

One solution to these problems is to give up this timing assumption. Sev-
eral research groups have been successful in using asynchronous logic design to
implement asynchronous circuits at different levels of design complexity. Several
circuits as complex as a microprocessor have been successfully implemented using

different styles of asynchronous logic design [16, 15, 20].

2.2 Asynchronous logic design

The design methodologies for asynchronous logic could be categorized into two

models: bounded delay and unbounded delay models. A bounded delay model
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assumes that delay of a circuit element or wire is known within certain limits;
the opposite is assumed in the unbounded delay model.

The circuits implemented by using these delay models can be classified into:

e Timed circuits
Correct operation of circuits of this class may be dependent on the delays

in circuits elements and wires.

e Delay-insensitive circuits
Correct operation of the circuit is independent of the delays in both circuit

elements and wires.

e Speed-independent circuits
Correct operation of the circuit is independent of delays in circuit elements

and wire delays are assumed to be zero.

e Quasi-delay-insensitive circuits
This circuit is delay-insensitive with an ‘isochronic forks’ assumption.
Isochronic forks are sets of interconnecting wires where the delay difference
between the branches is zero or negligible compared to the circuit element

delays.

Data passing between two circuit components in asynchronous system could
be encoded in a single or a pair of wires, known respectively as single-rail and
dual-rail encoding. In single-rail encoding one wire is needed for each bit of
information. In the dual-rail encoding two wires are required for every bit of
information: one wire is used to represent logic ‘1’, another is used for represent
logic ‘0’. A signal transition or prespecified level on one of this pair of wires rep-
resents the data bit value for each communication. Note that the active condition
must not occur in both wires (from a pair) in the same communication because
it would represent both logic ‘0" and ‘1’ for one data bit at the same time, which

is invalid.



CHAPTER 2. ASYNCHRONOUS LOGIC DESIGN 26

Request Request

Acknowledge Acknowledge

I
first communication second communication

first communication  second communication

a. Two-phase protocol b. Four-phase protocol

Figure 2.1: Signalling protocols

When using dual-rail encoding it is possible for the receiver to determine the
validity of the data sent from the sender (entire data word is sent) by detecting
transitions in one of the wires of each wire-pair. Three of the four possible states of
a wire-pair are legal: in a level sensitive implementation ‘00’ indicates that the bit
is idle, ‘01" and ‘10’ indicate data zero and one respectively and ‘11’ is an invalid
state which is never seen. By ORing together the two signals it can be determined
whether or not a data bit is being sent. By ANDing (or, more commonly, using
a C-element tree) each of these ORed bits across a bundle a single request signal,
which indicates the validity of the data on the whole bundle, can be generated.
To acknowledge a communication a single acknowledge wire is used for the whole
bundle.

With single-rail encoding, explicit timing information is required for the data
transfer. Data word is “bundled” with ‘request’ and ‘acknowledge’ signals which
are used as timing information for the data communication. Data can be “pushed”
from the sender to the receiver by the sender setting up the data and initiating
a ‘request’ to the receiver; the sender must keep the data value stable until it
receives an ‘acknowledge’ signal from the receiver which means data has been
received. Alternatively data may be “pulled” from the sender to the receiver by
the receiver initiating a ‘request’; the sender sets up the data and ‘acknowledge’s
when the data is ready.

Signal transitions in the data or the request/acknowledge signal pair of wires
may be two-phase or four-phase. As shown in figure 2.1.

In a two-phase signalling protocol a condition is signalled by a single transition
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REQ ] REQ REQ
_— = I —— e I ——— e
DATA PIPELINE DATA PIPELINE DATA
STAGE — STAGE
ACK - ACK ACK

Figure 2.2: Structure of a simple micropipelines

of signal as shown in figure 2.1 a. The sender initiates the communication by
making a single transition on the request wire; the receiver responds by making
a single transition on the acknowledge wire completing the two phases of the
communication. Rising and falling transitions are equivalent in the two-phase
protocol.

In a four-phase signalling protocol a condition is signalled by a level (i.e. two
transitions). The sender initiates the communication by making a transition from
low to high on the request wire; the receiver responds by the same transition on
the acknowledge wire. The second ‘return to zero’ pair of transition on both wires
contains no important meaning in communication but is treated as recovery state
that is used to set the signal to their idle states, as shown in figure 2.1 b.

Several asynchronous logic design styles have been developed and used. A

number of these styles have been used to design and implement complex circuits

11].

2.3 Micropipelines

The Micropipeline technique [19], with some modifications in timing and sig-
nalling protocols, is used in the design of the AMULET processors. The Mi-
cropipeline design style, proposed by Ivan E. Sutherland, could be described as
event-driven, elastic pipelining (i.e. a pipeline in which the amount of data can
vary). It has been used and proved to be successful as framework for asynchronous
logic design and can be classified as bounded-delay, bundled data for the data-
path with delay insensitive control [16]. The structure of a simple micropipeline

is shown in figure 2.2.
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A Micropipeline uses a simple data bundle to transfer data between pipeline
stages. Each stage is composed of storage and processing units; communication
between stages uses a request and acknowledge signal pair. Data validity is

indicated by the handshake signals [19].

2.4 The AMULET Processors

The AMULET group research interest is in low power circuit design. Since the
asynchronous logic design has potential for low power (among other things) when
compared with synchronous logic, it has been used by the AMULET group to
design the AMULET processors.

The AMULET3i is an asynchronous microprocessor subsystem developed by
the AMULET group at the University of Manchester [8, 10, 13]. Previous research
by this group also included two asynchronous processors, the AMULET1, and
AMULET2e [9, 16].

AMULET1, the first asynchronous processor developed by this group, was a
feasibility study in using asynchronous logic to build a very complex circuit. The
commercial, 32-bit, ARM RISC architecture [12] was chosen mainly because it is
small, simple, and a low power design; in addition some AMULET group members
had familiarity with this processor architecture and support for developing the
processor was available [7].

AMULET1 was comparable in functionality to the synchronous ARMG6 proces-
sor which was built on the same process technology. Even though the AMULET1
was no better in both performance or power-efficiency when compared with ARM6
it met its primary goal, to show the feasibility of designing very complex asyn-
chronous circuits [7, 9, 16].

With successful results from the design of the AMULET1 the AMULET group
continued working on the second asynchronous processor, the AMULET2e. Be-

cause of experiences of interfacing problems between the AMULET1 processor
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and other chips at board level, to gain performance and to reduce power con-
sumption, the AMULET2e was designed to be an asynchronous embedded micro-
controller. It incorporated the AMULET?2 processor core, on-chip memory and
an external memory interface. This memory interface can be used with ROM,
RAM, or peripheral chips.

Several new features were introduced to the AMULET?2 processor core, e.g.
register forwarding, a branch target cache, but the most useful is the ‘halt’ feature
which made the power consumption drop to near zero when the processor was run-
ning in an idle loop. Both performance and power-efficiency of the AMULET2e
were competitive with ARM710 and ARMS810, the contemporary synchronous
processors. The AMULET2e was a highly usable asynchronous embedded sys-
tem chip [9].

The AMULETSi is the latest design. It is suitable for commercial embedded
applications. To gain performance, reduce power consumption and make asyn-
chronous logic more useful in a system the AMULET3i subsystem incorporates
the AMULETS3 processor core, on-chip RAM, ROM, an asynchronous bus, exter-
nal memory interface, synchronous bridge, test interface and a DMA controller.

The AMULETS3i subsystem will be discussed in more detail in the next chapter.

2.5 Summary

Asynchronous logic design has been used to solve problems that exist in a very
complex circuit such as a processor subsystem. Micropipelines, one of specific
asynchronous design style, have been adapted to be a successful method in which
to implement three AMULET processors. The AMULET3i processor should
achieve commercial viability; the DMA controller is one important component
in this subsystem which will improve the system in handling data transfer more

effectively.
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The AMULET3i Subsystem

3.1 Introduction

The AMULETS3i, an asynchronous processor subsystem, is a set of macro-cells
which is composed of the AMULET3 processor core and several other asyn-
chronous components. It is designed as a part of larger chip which is intended to
be used as a base unit in the low power applications.

The main components in the AMULET3i subsystem (figure 3.1) include :

Processor-Memory Subsystem, which include :

— AMULETS3 Processor Core
— Local RAM

— Processor Local Bus

¢ ROM

MARBLE Bus (see section 3.2)

e DMA Controller

Peripheral Devices

External Memory Interface

30
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Figure 3.1: The AMULET3i Subsystem

o Test Interface Controller

3.2 The MARBLE Bus

The MARBLE bus [1] is an asynchronous on-chip bus for connecting macro-cells.
It supports high speed data transfer, atomic transactions and multiple initiators
with central arbitration and address decoding.

Most communication between devices in the AMULET3i subsystem can be
performed across the MARBLE bus. (There are some exceptions such as pro-
cessor interrupt (IRQ) or peripheral request (DRQ) which are passed directly
between devices). A data transfer from a one device to another device is done in
one cycle via the MARBLE device interfaces.

The MARBLE bus has two types of interface : an initiator interface and a
target interface. Each interface presents one address bundle and two unidirec-
tional data bundles to its subsystem. A single data bundle from the MARBLE
bus is forked to input/output data bundles on the device interfaces. The data
bundle consist of a 32-bit wide data bus and a request/acknowledge signal pair.

The address bundle consist of the 32-bit wide address bus and other command
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Figure 3.2: The MARBLE interfaces

buses such as data size and direction (read/write) of data transfer, as shown in

figure 3.2.

3.2.1 Initiator Interface

The initiator interface is used by the initiator device to read or write data from
or to the target device across the bus. The initiator device set up target de-
vice’s address, size of data, type of the operation (read or write) on the initiator
interface and sends them to MARBLE using request/acknowledge signals. The
MARBLE bus receives address/command and passes it to the target device via
target interface (see next section) of that device.

In a write operation data is sent across the bus from the initiator device to
the target device. The data item is sent independently from the address. Data
can be sent before, after, or simultaneously with the address to the bus. However
the corresponding address and data of the same transfer must be sent before
next transfer may be started, data and address of different transfer cannot not

overlapped in sending/receiving.
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Figure 3.3: Initiator interface data transfer operations

In a read operation, a data item is transferred from the target device to the
initiator device across the bus. The initiator device send address to the target
device. Upon receives the address the target device can then determine which
data should be send back to the initiator device.

A diagram of data read/write operations performed by the initiator device is

shown in figure 3.3.

3.2.2 Target Interface

The target interface is used by the target device to receive addresses and read
or write data to or from the initiator device across the bus. The target device
determines the operation (read or write) from address/command sent by the
initiator device before performing the corresponding operation.

In a write operation the target device waits for data from the initiator; in
a read operation a data item is returned from the target device to the initiator
device.

A diagram of data read /write operations performed by a target device is shown

in figure 3.4.
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Figure 3.4: Target interface data transfer operations

3.2.3 Type of data transfer

The bus supports data transfers between an initiator and a target device. In
DMA, transfers between two target devices must be achieved. There are two

general methods of approaching this:

e Store-and-Forward
Data transfer between two different target devices is controlled by an ini-
tiator device. The transfer is done in two cycles : a read-cycle followed by
a write-cycle. In the read-cycle, the initiator reads data from the source
device; in the write-cycle, the data is written from the initiator to the des-

tination device.

e Fly-past
Data transfer between two different target devices is transferred in one cycle.
In this type of transfer the read request to the source device and the write
request to the destination device are initiated simultaneously. The data
item is transferred directly from the source device to the destination device

in one cycle.
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Fly-past transfer is more efficient than store-and-forward transfer, however it
cannot be used for transferring data between two different regions in the same
device; e.g. memory to memory transfer on the same memory device could not
done by this method. The current implementation of the MARBLE bus supports

only store-and-forward data transfers.

3.3 Processor-Memory Subsystem

Unlike the other components of AMULET3i which are linked by the MARBLE
bus, the processor and local RAM form a close-coupled group with local buses.
Separating the processor core and local RAM from other parts of the system
allows the processor to access local RAM more effectively, since it avoids the
impediment of the full, multi-master bus control. These local buses also reduce
traffic on MARBLE since instructions and data which the processor use frequently
can be stored in local RAM, leaving MARBLE free to be used by other devices.

There is some penalty when the processor needs to access other parts of mem-
ory outside the local RAM or other devices on MARBLE, however some of this
penalty can be overcome by using the DMA controller to transfer data from that
part of memory to local RAM.

The processor-memory subsystem connects to MARBLE as a single compo-
nent with two initiator interfaces (one for the instruction bus and another one for
the data bus) and one target interface. The initiator interfaces allow the proces-
sor access to instructions/data from other devices on MARBLE while the target

interface allows other initiator devices access to data in the local RAM.

3.3.1 The AMULETS3 Processor Core

The AMULET3 processor core is implemented using ARM architecture version
4T [8]. It is functionally compatible with the ARM8 processor. Although to get

the best performance the binary code could be compiled and optimized specifically
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for AMULETS.

One feature of the ARM architecture which does not exist in many RISC
processors are instructions to load/store multiple register values to/from memory.
These instructions allow the processor to transfer several data items between
device and registers with higher performance than simple load/store instructions.
However, these instructions are still not applicable for transferring large amounts

of data between devices, which is a functional performed more efficiently by the

DMA controller.

3.3.2 Local RAM

The local RAM on AMULETSi subsystem is an 8KB static memory which is
divided into smaller memory blocks. The fragmenting of the local RAM into
interleaved blocks means that different blocks can be accessed simultaneously on
the two local buses without the expense of dual-port RAM.

In theory the local RAM could be made to work as a cache, but because of
limited development time this feature is not realized in the first implementation

of AMULET3 which has simply a directly memory mapped local RAM.

3.3.3 The Processor Local Buses

The processor local buses separate instruction and data traffic into two separate
buses. The local buses allow high bandwidth memory accesses and simplify the
memory-address interface. The instruction bus is connected to MARBLE via an
initiator interface which is used by the processor when it fetches instructions from
an external memory device. The local data bus, however, is more complex; it can
be used by the processor to access data on other devices on MARBLE and by
the initiator devices on MARBLE to access data on the local RAM. Therefor the
local data bus is connected to MARBLE by both initiator and target interfaces.
The DMA controller can access data in the local RAM via this target interface

on the local data bus.
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3.4 Other Devices

3.4.1 On-chip ROM

The AMULET3i ROM is an 16KB on-chip ROM connected to the MARBLE bus
via a target interface. It provides application software and routines for testing the
AMULET3i subsystem. Routines for testing and initializing the DMA controller

could be stored on this ROM and be executed after system power up.

3.4.2 External Memory Interface

The external memory interface allows the AMULET3i subsystem to connect with
off-chip devices, so conventional synchronous devices could be used via this inter-
face. The interface supports direct connection of external memory and peripheral
devices with 8/16 bits data width. The timing of the accesses to these off-chip
devices is defined by a timing reference delay, which is only activated when an
off-chip access is required. The timing characteristics and bus width are pro-
grammable separately for different memory regions. The DMA controller could
be used to perform DMA transfers with these devices, however peripheral device
connected via this interface could only be treated as memory device, because a

peripheral request signal (DRQ) is not supported by this interface.

3.4.3 The Asynchronous Peripheral Devices

At the time that this thesis is written, no real asynchronous peripheral devices
are planned for inclusion in the AMULET3i subsystem. However, the behaviour
and interface of any such devices must conform to the following specifications to

work with the system and the DMA controller properly.

e Interface to MARBLE via target interface

e One or more fixed address in memory address space
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e Data transfer size can be 8/16/32 bits

e Initiate data transfer by DRQ signal when it is ready to transmit or receive

data

The device address is fixed and predefined, each device has a specific DRQ

signal pair.

3.4.4 Test Interface Controller

The test interface controller provides an external interface to a MARBLE ini-
tiator. This allows external access to all MARBLE targets for test or debug
purposes. The interface is designed to suit conventional VLSI production test

equipment and it therefore uses a clocked protocol.

3.5 The DMA Controller

The DMA controller is another device on the MARBLE bus, it is both an initiator
device and target device at the same time. Design of the DMA controller will be

discussed in the next chapter.



Chapter 4

Top Level Design

4.1 Introduction

The AMULET3i DMA controller is designed for a general MARBLE based sys-
tem. The framework of the design are mostly taken from the requirements and
its environments. Some are influenced by the design of existing DMA controllers.

This chapter discusses the top level design of the DMA controller.

4.2 Specifications

The DMA controller specifications are:

e Four independent programmable channels
The number of channels is arbitrarily chosen, but is expandable without
significant change in the structure of design. Also four DMA channels are
used in the design of many existing DMA controllers, e.g. Intel 8237 DMA
controller and National Semiconductor NS32230.

e 8/16/32 bit transfer sizes
As required by devices on the subsystem, these transfer sizes are supported
by the MARBLE bus and allow DMA transfers with appropriate data size

for specific devices.

39
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Data transfer can be performed between:

— Peripherals and memory
— Memory and memory

— Peripherals and others peripherals

e Store-and-forward transfer
This method of data transfer is the only one supported by the MARBLE
bus; fly-past transfers are not supported. These two types of transfer were

described in chapter 3.

e Interrupt enable, configurable for each channel
The TRQ signal can be used to notify the processor when data transfer for

a specific channel is finished.

e Peripheral synchronization with DRQ signal
The peripheral device initiates data transfer when it is ready to trans-
mit/receive data by using DRQ signal. Devices may be mapped onto ar-
bitrary channels, so more than four devices can use DMA, but only four

devices can be active at a given time.

4.3 Terms Definition

e DMA Channel
The DMA controller is designed to support concurrent transfer of more than
one pair of devices. Data transfer between a pair of deivces is assigned to
a DMA channel. After being configured that DMA channel will handle the
transfer of a given device pair until finished.
Even though only a single data item can be transfered at a time since there
is one data bus, but a datum of a DMA channel can interleave with other

DMA channel so concurrent transfer can be performed.
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e Channel Registers
To support multiple DMA channel, a set of registers for each DMA channel
is required to store state of data transfer. This set of registers is called

Channel Registers.

e Devices : Memory and Peripheral
The DMA controller supports two types of device: a memory device and a
peripheral device. Memory device is a storage device; an address is used to
store a fixed size data value, synchronization is not required to access data.
Peripheral device is a channel to an external device; an address is assigned
as a port to communicate with that device, synchronization to access data

maybe required.

e Peripheral Request Signal (DRQ)
DRQ (Data transfer ReQuest signal) is a signal used by ‘some’ peripheral

device for synchronize with the DMA controller for transfer a data item.

e Channel Request Mapping Block
To allow the DMA controller to expandable in number of peripheral device
that can be used for DMA transfer. An peripheral device is not fixed to a
DMA channel. Each DMA channel can be programmed to perform DMA
transfer with any device. The Channel Request Mapping block is used to
provide this feature to the DMA controller. It maps a DRQ signal to any
DMA channel as configured by the channel registers.

e Channel Transfer Request Signal (CHANREQ)
CHANREQ is an internal signal of the DMA controller uses by the control
unit in each channel to send request to the transfer engine. Since the is only
one transfer engine to service all DMA channel the CHANREQ is used to

indicate that the devices pair is ready for transfer a data item.
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4.4 DMA operation overview

When a DMA channel is enabled, conditions of devices are used to activate the
DMA controller to perform data transfer. Both devices must be ‘ready’ before
data transfer can be performed. For the memory device it is assumed to be always
ready; for some peripheral device the ready state is indicated by peripheral request
signal (DRQ) which sent from device to DMA controller.

The DMA controller uses single datum transfer basis. After a data item is
transfered the devices of that DMA channel need to re-assert ‘ready’ state for the
next data item to be transfered. Data transfer of a channel can be interleaved
with other channel.

Details of the DMA transfer operation are discussed in the next chapter.

4.5 The DMA controller internal structure

In the DMA controller, the internal structure can be divided into two major units:
the register unit and the transfer engine unit, as shown in figure 4.1.

Each unit has its own interface to MARBLE. The register unit contains a tar-
get, interface which allows the DMA controller to be programmed by the proces-
sor. The transfer engine unit uses an initiator interface to transfer data between
source and destination devices.

The transfer engine reads/writes data from/to the register unit via an internal
bus. The register unit not only contains DMA registers and handles register access
from the transfer engine and processor but also handles the interrupt signal (IRQ)
and initiates requests for data transfer to the transfer engine with CHANREQ

signals when a DMA device is ready.
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Figure 4.1: Block diagram of the DMA controller
4.6 The Register Unit

The register unit contains the DMA registers and other control circuits for han-
dling register access, IRQ, DRQ and CHANREQ signals. The registers are di-
vided into two groups: global registers and channel registers. The global registers
are used to control the interrupt request signal (IRQ); the channel registers are
used to keep the states of the transfer operation for each channel. There are
three groups of control circuits in the register unit: one is used to control access
requests from the processor (via the bus interface) and the transfer engine, one to
control the IRQ signal and one to map the peripheral request signals (DRQ) and
enable state (set in the control registers) onto channel requests (CHANREQ) to

the transfer engine. A diagram of the register unit is shown in figure 4.2.
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Figure 4.2: Register Unit

4.6.1 The Global Register Unit

The global registers comprise:

e ChanStatus
e TRQMask

e IRQRequest

registers. Access from the processor to one of these registers is independent
from any access to channel registers. These registers are used for interrupt control
and generate the interrupt request (IRQ) signal to the processor. The IRQMask
register is read/writable by the processor but the other two registers are read-
only. Each bit in the IRQMask register corresponds to a DMA channel which is
used to specify whether, when the data transfer sequence for that channel has
finished, the DMA controller needs to interrupt the processor or not. Each bit
in the ChanStatus register also corresponds to a DMA channel which is set by

the channel registers when the transfer for that channel is finished. All bits in
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Figure 4.3: Global Registers

ChanStatus are reset when the processor performs a data read from ChanStatus
or IRQRequest register. The IRQRequest register is not an actual register but is
an AND operation between the ChanStatus and IRQMask register, this register
provides a convenient mechanism for the processor to determine which channel(s)
caused the interrupt request.

The interrupt control circuit generates the interrupt request signal to the
processor when the AND operation between IRQMask and ChanStatus registers
has a non-zero value. The IRQ signal may change when either IRQMask or
ChanStatus register value is changed; if the AND operation returns a zero value
then the TRQ signal is deasseted.

A diagram of the global registers is shown in figure 4.3.
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4.6.2 The Channel Registers
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TEADDRREQ

TRANSFER ENGINE

DATA OUT

DATAIN

46

Each channel register is independent from the other channel registers and the

global registers. The processor and the transfer engine can access registers for

different channels simultaneously.

Each set of channel registers comprises:

e SrcAddr

e DstAddr

e Count

e Control

registers as shown in figure 4.4.

Every register is read/writable by the processor and the transfer engine. The

processor can access one register at a time, via the bus interface; this is limited

by the size of the bus. The transfer engine uses a wider bus for access to the

channel registers allowing the transfer engine to access all of a channel’s registers

at once.

The SrcAddr and DstAddr are 32-bit address registers for keeping source and

destination addresses respectively; this allows the DMA controller to perform

data transfers across the full range of the address space. The counter is also 32
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bits wide so the DMA controller can transfer up to 232 data items in one DMA
transfer sequence.
The control register is used to control the DMA transfer operation. The

control functions in the the control register include:

e Enable/Disable

e Source Address increment

e Destination Address increment
e Counter decrement

e Source device uses DRQ

e Destination device uses DRQ
e Source device ID

e Destination device ID

e Data size

The ‘device uses DRQ’ and ‘device ID’ bits in the control register are used to
map the peripheral requests signal for generating transfer requests to a transfer
engine channel. A memory device (which is always ready) does not use DRQ.

The control bit configurations in the control register is shown in figure 4.5.
The channel request mapping unit and channel mapping block are shown in figure

4.6 and 4.7.

4.7 The Transfer Engine Unit

The transfer engine unit is composed of the channel arbiter unit and the transfer
control unit. The transfer engine unit, when idle, waits for requests to transfer

from DMA channels in the register unit and performs data transfers for a selected
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channel by initiating a data transfer to the bus. Data items are transferred singly.
Each data item transfer with the peripheral device may needs synchronization
which will be done by using DRQs request/acknowledge signals pair. When a
transfer is finished the transfer engine becomes idle again and waits for the next
request.

A diagram of internal structure of the transfer engine is shown in figure 4.8.

4.7.1 The Channel Arbiter Unit

It is possible that more than one DMA transfer is requested at the same time.
The channel arbiter unit arbitrates the transfer request signals sent from the
channel registers in the register unit. It sends the selected channel number to the
transfer control unit to perform a data transfer.

The channel arbiter uses a tree of arbiter-call elements to choose a channel
from multiple channel requests. Two types of arbiter tree can be used: a balanced
tree, or an unbalanced tree. Details of the arbiter call elements and arbiter tree

will be discussed in next chapter.
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Figure 4.9: Channel Arbiter Unit

A diagram of the channel arbiter is shown in figure 4.9.

4.7.2 The Transfer Control Unit

The transfer control unit controls the actual data transfer between the source

device and the destination device. It needs to perform four separate functions :

1. Synchronization with the peripheral device using the DRQ signal as required
(controlled by ‘UseDRQ’ and ‘DeviceID’ bits in the control register).

2. Read/write registers from/to the register unit.
3. Initiate data read/write transfer with the bus.

4. Increment/decrement and write back registers.

When it receives an arbitrated channel number from the channel arbiter, the

transfer control unit reads the selected channel’s registers from the register unit.
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Control register bits are used to determine data size, requirements for synchro-
nization with peripheral devices during data transfer, source and destination ad-
dress increment, and counter decrement. The transfer control unit then performs
a data read from the source device by initiating an address request across MAR-
BLE; this is followed by the corresponding write cycle. While performing data
transfer with the device DR() signal is synchronised by the transfer engine if
synchronization is required. Concurrently the transfer control values are updated
and written back to the channel registers. When the operation is finished it waits

for next transfer request from the channel arbiter.

4.8 Summary

From the top level design the DMA controller is functionally divided into smaller
parts. The register unit contains all the registers and handles requests for trans-
ferring data for each DMA channel. It also controls any interrupt requests to
the processor. The transfer engine performs the actual data transfers when it re-
ceives requests from the register unit. DMA operations are performed with tightly
coupled cooperation between these two major parts of the DMA controller.

Detailed design issues and problems will be discussed in the next chapter.
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Design Issues

5.1 Introduction

This DMA controller is designed (see section Specifications in previous chapter)
to be a multi-channel DMA controller in which each channel supports transfers
between any combination of memory and peripheral devices. There are several
issues concerned in allowing the DMA controller to function correctly and effi-
ciently as specified. This chapter discusses various important design issues, their

problems, and the solutions chosen to solve these problems.

5.2 DMA Registers

To program the DMA controller a number of registers are made CPU visible. For

each DMA channel the following values are needed:

e Transfer Source/Destination addresses
e Number of data items to transfer
e Type of source/destination devices (memory or peripheral)

e Data transfer size

22
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32-bit registers are used to store these values for two main reasons:

e The processor word size is 32 bits, so a read/write operation with one DMA

register can be performed in one access.

e The 32-bit address register allows the DMA controller to perform data
transfers with any device in the address space and for lengths of the whole

address space.

5.2.1 Transfer Control Configurations

The control configuration specifies whether the device’s address should increment
after the transfer and whether synchronization with a peripheral request signal
(DRQ) is required. For a memory device an address increment is required and
no synchronization is needed; for a peripheral device the address is fixed and
synchronization is needed, in which case a device ID must be supplied so the
transfer engine can synchronize with the right device. So ‘source/destination
address increment’ and ‘device uses synchronization’ control bits are used instead
of the ‘type of devices’.

To allow a DMA channel to interact with a specific peripheral device the device
number needs to be programmable and is used when peripheral synchronization
is specified. ‘Source/Destination ID’ is used for this configuration.

The counter is used to control the number of data items to transfer, but it
can also allow a ‘free run’ type of transfer in which the DMA controller performs
data transfers indefinitely until it is stopped by the processor. A ‘counter decre-
ment/free run’ control bit is used to tell the DMA controller to decrement the
counter after each data transfer or just to ignore the value of the counter. An
‘enable/disable’ mechanism to start and stop the DMA transfer is required for
the ‘free run’ type of transfer.

To reduce the number of registers and allow the processor to program a DMA

channel more conveniently all transfer control configurations are stored as bits
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field in a single register, called the control register. The bit field configuration in

the control register is shown in figure 4.5.

5.2.2 Processor Interrupt Control Configuration

After the data transfer for a channel has finished a mechanism to signal the
processor is necessary. An interrupt is used for this purpose. However an interrupt
costs processor time in context switching to an interrupt service routine, so a
mechanism to allow the processor to specify which channels should interrupt is
also desirable.

The ‘interrupt enable’ control bit is used for this. This could be a bit field
stored in the control register like other control bits; however if the processor needs
to disable all interrupts from the DMA controller, it has to write to every control
register, which is inconvenient. Instead, the ‘interrupt enable’ bits for all DMA
channels are stored together in one register called ‘TRQMask’ which allows the

processor to disable/enable all channels with one register access.

5.2.3 Registers Access Conflict

Both the processor and the transfer engine require access to the DMA register
and, though unusual, it is possible that these accesses may be attempted simulta-
neously. For example the processor may be programming one DMA channel while
another is transferring. As these accesses have no fixed timing relationship they
must either use separate ports on the register file — necessitating a dual-port
register file — or undergo arbitration to sequence them in a mutually exclusive
fashion. A third option would be to separate the registers into separate area for
each channel, but this would still not guarantee the absence of conflicts — for
example a program might read the registers of an active channel to find how far
a transfer has gone.

Conflicting accesses are relatively rare and not time critical, so the second

option is preferred rather than the expense (in silicon area) of a large dual-port
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register bank. Details of the arbitration performed will be discussed later.

5.3 DMA Operation

The DMA controller, after being programmed and enabled by the processor, can
start performing data transfers when the source/destination devices are ready to

transmit/receive data.

5.3.1 DMA Operation Overview

The DMA operation starts at the channel request mapping block in the register
unit (figure 5.1). This sends a CHANREQ signal to the channel arbiter-call unit
in the transfer engine when both source and destination devices are ready to
transfer data.

In the (unlikely) case of two channels requesting at the same time the channel
arbiter-call and selects one of the active requests and sends the chosen channel
number to the transfer control unit. The transfer control unit uses the channel
number to read the appropriate channel registers and performs a data transfer for
that channel. It updates all corresponding registers with respect to the control
bits in the control register and performs necessary functions to indicate the end
of the data transfer if the last data item has been transferred.

The DMA operation can be divided into three sub-operations:
e Channel selection operation
e Data transfer operation

e End of run indication mechanism

5.3.2 Channel Selection

Each channel request mapping block works independently. If a DMA channel is

enabled, and both source and destination devices for that channel are ready, a
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Figure 5.1: Sequence of the DMA operation

CHANREQ signal will be sent from the register unit to the channel arbiter-call
unit in the transfer engine. If several requests occur arbitration is used to grant
exclusive access to the single transfer engine to one at a time.

In existing synchronous DMA controllers both prioritized and non-prioritized
schemes can be applied to select a requesting channel. However, the nature of
asynchronous circuit is different; no global clock is used to judge as ‘simultaneous’
the arrival of events.

Unlike a synchronous system where the stability of signals is assured before
an active clock edge an asynchronous system cannot sample incoming requests as
there is no safe time period during which all the inputs remain stable. Instead
an arbitration tree (discussed later in the section “Arbitration”) can be used to

select a channel.
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5.3.3 Data Transfer Operation

In the read operation, the transfer control initiates a data read transfer from the
source device. The source device address is taken from the SrcAddr register and
data size is taken from the control register; these values are required to initiate
the transfer. If the source device needs peripheral synchronization the transfer
control also acknowledges it when data is received.

After getting the data from the source device, the transfer control unit per-
forms the write operation sending the data to the destination device in the same
manner as it performs the read operation although the destination address and
the other destination device’s configurations are used instead of the source device
configurations; so data write transfer is performed with the destination device.

Concurrently with the read/write operations which the transfer control per-
forms with the bus, the register update and write back operation can be performed
with the register unit. Control bits in the control register are used to determine
the necessity of specific register updating. The additional operation channel dis-
able in which the enable bit in the control register is reset to stop data transfer

for that channel is also performed if the counter value is decremented to zero.

5.3.4 Register Communication Models

Communication between the transfer control unit in the transfer engine and the
channel’s registers in the register unit could use different models with respect to
size of data bus connecting them. This is different from communications between
the DMA controller and MARBLE which is restricted by the MARBLE interfaces;

only a ‘narrow’ (i.e. 32 bit) bus can be used.

Wide Bus Communication

In this model all registers in a channel are read/written at once. This allows

register value transfer between these two internal units in the DMA controller
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with high efficiency, although it also costs a number of wires and the transfer
control needs extra storage to store the register value needed in the later sequence
of the ‘data write’ operation.

A diagram of the register communication using wide internal bus is shown in

figure 5.2.

Narrow Bus Communication

Here only one register can be read/written at a time. The transfer control unit
starts the communication by reading the control register to determine the transfer
configurations — initiating a data read from the source device requires ‘data size’,
‘source device uses synchronization’ and ‘source device ID’ control bits from the
control register. The values of the control register are stored for later use.

The transfer control then reads the SrcAddr register and performs a ‘data
read’ operation (with MARBLE); if a “source address increment after the data
transfer” is required the ‘data size’ will be added to the source address and the
new value written back to the register unit. The ‘data read’ operation and ‘source
address update/write-back’ operation can be performed concurrently.

After the data is received from the source device the ‘data write’ operation

is performed (after the transfer control unit has read the DstAddr register from
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the register unit). Data is written to the destination device concurrently with
DstAddr updating and write-back in the same manner with the read operation.

If the ‘counter decrement’ control bit is set the transfer control updates the
counter register by reading the Count register, decrementing it and writing the
new value back to the register unit. If the new counter value is zero, the channel
disable is also performed when the Count register is written back. A diagram of
data transfer operation using narrow internal bus width is shown in figure 5.3.

By comparing figures 5.2 and 5.3 it can be seen that the control operation
when using a wide bus is much simpler than when using a narrow bus. Because
the DMA registers and their processing unit will be in close proximity on-chip a
large number of wires is not a particular handicap. Therefore in this design the
wide bus is chosen.

The independence of the MARBLE bus read/write operations and register
read /write operations could lead to a problem when the last data item is trans-
ferred. If a channel is set to interrupt the processor this could happen before
the data transfer is finished, since the operation performed within the DMA con-
troller (writing new register value to the register unit) will probably be faster
than the data transfer performed with the bus. To solve this problem the register
updating/writing operation for the last transfer must take place after the transfer

operation is completed.

5.3.5 End of Run Indication Mechanism

The end of run indication is performed after the last data item of a DMA sequence
is transferred. Since the enable bit in the DMA channel control register is used
for sending the request for data transfer to the transfer engine this bit must be
changed before the DMA operation is completed, otherwise the transfer engine
may receive another request for transfer even though all data items have been
transferred.

The end of run indication is performed when the value of a counter for the



CHAPTER 5. DESIGN ISSUES

CONTROL REGISTER READ

|

SRCADDR READ

SRCADDR UPDATE &

WRITEBACK DATA READ

DSTADDR UPDATE &

WRITEBACK DATA WRITE

COUNTER UPDATE &
WRITEBACK

MARBLE BUS

INTERNAL BUS

Figure 5.3: Register communication with narrow bus

60



CHAPTER 5. DESIGN ISSUES 61

current channel reaches zero. The transfer control unit clears the channel enable
bit in the control register.

After the enable state in a channel’s control register is changed to disable, the
corresponding bit in the ChanStatus register is set by a request from the control
unit in the channel register. The global register unit which contains ChanStatus
and IRQMask registers and handles the interrupt request signal performs an AND
operation between these two register values and raises the IR(Q signal if the result
of this AND operation is not zero. A diagram of the global registers and how
they relate to the IRQ signal is shown in figure 4.3.

This mechanism simplifies the operation of handling the IRQ signal. When
the processor reads from the ChanStatus or IRQRequest registers the ChanSta-
tus value will be reset and the IRQ signal will be dropped. The processor writing
to the control register (when programming a DMA channel) will cause the corre-

sponding bit in the ChanStatus register to be reset.

5.4 Shared resources in the DMA controller

To perform DMA transfer functions the DMA controller needs to act as both
an initiator and a target device. The DMA channel needs to be programmed
by the processor before the DMA transfer operation can start. During this time
the DMA controller is a target device which receives access requests from the
processor. Subsequently, when the DMA controller performs a data transfer, it
initiates access requests to source/destination devices to transfer data.

In both cases the DMA registers are accessed, either by the processor via the
target interface or by its transfer control unit via its own internal bus. Since
these operations occur in an asynchronous system, nothing can guarantee that
both the processor and the transfer control unit will not request access to the
registers simultaneously. A mechanism to handle these requests is required.

Some mechanisms that had been investigated are:
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e Dual-ported memory
e Register locking

e Arbitration

5.4.1 Dual-Ported Memory

Dual-ported memory could be used to implement the DMA registers. This would
allow two units to perform operations on the registers simultaneously. However
if one unit performs a write operation and the other unit performs either a read
or write operation, some additional mechanism is still needed to prevent a data
conflict. Also as the probability of the registers being requested by both units
simultaneously is low, it is not necessary — in performance terms — to perform
both these operations in parallel; one unit could wait until the other finishes
without much effect on the performance of the DMA controller. Dual-porting
also significantly increases the register unit’s silicon area when compared with

other methods.

5.4.2 Registers locking

To enforce mutual exclusion the channel registers could be locked by the DMA
controller after being programmed and enabled by the processor. This could use
a flag which can be read by the processor and the processor must not read or
write that channel’s registers until this flag is cleared. Whilst the DMA controller
performs data transfers it can access this channel’s registers safely; when the data
transfer is finished it will clear the flag and let the processor have access to that
channel’s registers again. This mechanism allows both the processor and the
DMA controller’s transfer control unit safe access.

However this causes a problem in that the DMA operation can’t be interrupted
by the processor; once the DMA operation has started it must continue until it

is finished.
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This behaviour is not desirable since, if something goes wrong, the DMA
controller could hog the bus and the processor would have difficulty in recovering
the system. The ‘free run’ type of data transfer could not be used if register
locking mechanism is used on this DMA controller because it could never be
stopped. Also the locking flag which is read by the processor and written by the

DMA controller still needs mutually exclusive access.

5.4.3 Arbitration

To solve this problem in the asynchronous logic design, arbitration is unavoidable
and the only soultion when two asynchronous activities must interact in this way.

It will be discussed in more detail in next section.

5.5 Arbitration

When a shared resource is required to be mutually exclusively accessed by two or
more other units, some form of arbitration and temporary locking is necessary.
For example if resource C is shared by A and B, and if A sends a request before
B, A should be granted exclusive access and B must wait until A finishes its
operation before B get its turn.

In a synchronous system requests from A and B could be separated in time or
could be considered as simultaneous if they are received in the same clock cycle.
In the latter case prioritization must be used to determine which unit should gain
access first. Such methods are possible in a synchronous system because of the
discrete timing model used by the synchronous logic design.

In asynchronous logic two events never occur ‘simultaneously’, however the
problem of determining which request arrived first and how long the resource is
granted to the first request before it is released can still be a problem; an arbiter
is used to make an arbitrary decision to grant mutual exclusive access to these

requests.
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In the ‘real world’ arbitration is not desirable because it leads non-deterministic
behaviour, with consequent difficulties in design verification, testing and perfor-
mance prediction. The number of arbiters should therefore be minimized. How-
ever they are unavoidable in certain circumstances and some examples are given

below.

5.5.1 MARBLE Arbitration

The MARBLE bus is a multi-initiator bus; two or more initiators can send re-
quests simultaneously. For example, the processor could send a request to read
a value from a DMA controller register and the DMA controller send request to
read data from the memory. Since MARBLE can service only one device at a
time an arbitrated decision as to which device should be served first must be
made. MARBLE uses a central arbiter to handle this situation. The particular

mechanism used [1] is not of direct relevance to this thesis however.

5.5.2 DMA Registers Arbitration

As explained in the previous section, the DMA registers could be accessed by the
processor and the transfer control unit. Arbitration is required to let both units
access the registers safely. The whole DMA register unit could be treated as a
single unit in which either the processor or transfer control unit has access to a
register while all other registers would be unavailable.

On the other hand, each DMA register could be treated as separate unit,
access to each register being independent. These two methods are extremes of a
scheme which divides the registers into arbitrary regions. Separating all registers
allows the processor and the transfer control unit more freedom of access, but
requires arbiter for each register. Treating DMA registers as a single unit needs

only one arbiter but registers access could be done less freely.
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Channel Registers’ Arbitration

In this design channel based arbitration is used on a wide internal bus which
allows the transfer control unit access to all registers in a DMA channel at once.
Each channel’s registers has one arbiter; access from the transfer control unit
to these channel registers or access from the processor to one register from this
channel uses the same arbiter and is independent from other channel registers.

This scheme lies between the schemes outlined above.

Global Registers’ Arbitration

The DMA global registers are assigned with arbitration separated from the chan-
nel registers. The global registers allow no access from the transfer control unit,
but only from the processor and from the channel registers unit. The global
registers unit contains IRQMask and ChanStatus registers.

The TRQMask is accessed by processor to enable/disable IRQ for each DMA
channel. The ChanStatus register can be read by the processor to obtain end of
run status of each channel. The status is set by the control unit in the channel
register. The transfer control unit needs no access to the global register unit;
arbitration is required for access from processor and channel registers only.

As shown in figure 5.4 the processor can read/write the global registers via the
target interface and each single bit in the ChanStatus register could be set/reset
by the channel registers. The ChanStatus bit set/reset operation will be per-
formed one bit at a time, so only one arbitration is required to arbitrate requests

from the processor and the channel registers.

5.5.3 Channel Arbitration

A single transfer control unit is shared by a number of DMA channels. Since
each DMA channel is independent, several ‘requests to transfer’ from the DMA

channel could arrive either at the same time or while the transfer control unit is



CHAPTER 5. DESIGN ISSUES 66

DATA IN DATAOUT  ADDR ADDRREQ
___ CLOBAL REGISTERS l
‘ ‘
‘ ARBITER
,,,,,,,,,,,,,,,, T
____IRQREQUEST _—~ ¢
ML
‘
IRQMASK e DECODER <J
v
| cHAnstaTUs
[N

—1 L

CHANNEL REGISTERS

Figure 5.4: Global Registers Arbitration

still performing an earlier data transfer for another DMA channel. Arbitration
then is needed to select the next DMA channel to transfer data.

With more than two DMA channels, the arbitration needs to accept more
than two requests (four for this design) and grant access to one of these requests.
The simple two input arbiter can be used to build an arbitration tree which can
receive request from more than two contenders.

Two types of arbitration tree could be used to select a channel.

Balanced Tree

If the number of request inputs is a power of two, a balanced arbitration tree
(figure 5.5) could be built from two input arbiters. At the first level of the
tree, pairs of signal are connected to an arbiter, every pair of first level arbiters
is connected to the second level arbiter, and so forth until the last level which
leaves only one output which is connected to the shared resource.

In the case of a single active request, that request will be serviced after winning
each stage in the tree. Contention at any level will be resolved arbitrarily. In
theory this could mean that, if both inputs to a particular arbiter were continually
stimulated, one could be excluded from access. In practice this will not occur,

due to a property of the arbiter used — if one request is active at the time that the
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other completes its transaction the former will be granted before the first request
can be reasserted. This means that, if all the inputs are continuously active, each
will be guaranteed an equal share of the shared resource.

Even though this arbitration tree can guarantee that each request has equal
chance to access the shared resource, the order of gaining access might not be the
same as the order of arrival of the requests. For example if contenders A, B, C, D
send requests in that order and the time to get services or use the shared resource
takes longer than the propagation of request to pass through the second level of
the arbiter unit, the order the units gains access will be A, C, B, D. Since A and
C will get into the second level of the arbiter tree, before B and D respectively,
A will gain access before C, when A finishes and releases the resource C is the

next unit to gain access, as shown in figure 5.6.

Unbalanced Tree

To give all contenders the same chance of access to a resource using balanced
tree, number of contenders must be a power of two; for any other number of

contenders an arbitration tree cannot be built to give the same chance to access
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for all contenders. However this kind of arbitration tree, an unbalanced tree, has
some advantages that could be used in an asynchronous system.

Even though strict prioritization cannot apply to an asynchronous system
because request arrival never occurs simultaneously, if all contenders are always
wanting to access the shared resource, i.e. when a contender finishes accessing
the resource it sends the next request immediately, this unbalanced tree would
gives different ‘bandwidth’ to the contenders (figure 5.7).

C and D have equal chance to gain access to their arbitration, B has equal
chance to (C+D), and A has equal chance to (B+(C+D)). If all contenders are
always busy to access the resource, A gets 50%, B gets 25%, C and D get 12.5%
of bandwidth. The sequence of gaining access is shown in figure 5.8.

In typical DMA operations, in which a DMA transfer is used to transfer data
between a peripheral device and memory, the data transfer does not saturate the

transfer engine even though more than one channel is used. Here the arbitration
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tree will behave merely as a channel encoder which encodes the channel request
signal to a channel number and sends it to the transfer control unit.

The possibility that the unbalanced arbitration tree could be used as ‘band-
width allocator’ for DMA channels occurs when more than one channel is pro-
grammed to perform memory to memory transfers in which requests from DMA
channels would saturate the transfer engine. However this situation is unlikely
because this will first saturate MARBLE. In practice it is more appropriate to
program the DMA controller to perform memory to memory transfers sequen-
tially.

The bandwidth allocation could be useful when one DMA channel is used
for a memory to memory transfer and others are used for peripheral to memory
or peripheral to peripheral transfers. If the lower bandwidth is programmed for
memory to memory transfer the other channel will have its request latency lowered
somewhat, since memory to memory transfer are usually faster than peripheral

to peripheral or peripheral to memory data transfer.

5.6 Problems

Using arbitration to allow the processor and the transfer engine access to the
DMA registers safely could lead to a deadlock problem. This is caused by two (or
more) units trying to access the same two (or more) shared resources to complete
their operations; when one unit gains access to one resource and another unit gain
access to another resource both wait indefinitely for other to free the remaining

resource they need and the system deadlocks.

5.6.1 Deadlock

Deadlock is a situation where two or more processes are unable to proceed because
each is waiting for one of the others to do something.

In a DMA transfer a deadlock can be caused by the following situation: the
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processor attempts to read a DMA register at the same time as a DMA request
from a peripheral is asserted. The processor wins the bus arbitration and ad-
dresses the DMA controller but, by this time, the DMA request has caused the
transfer engine to win the register arbiter and take control of the channel registers.
The processor must then wait, but in doing so remains in control of MARBLE.

If the transfer engine insists on obtaining MARBLE before releasing the reg-
ister arbiter neither operation can proceed and the system is deadlocked. As the
processor cannot be deferred this situation must be avoided by the transfer engine
relinquishing its hold on the registers before requesting MARBLE. The processor
may then complete its cycle, MARBLE will be freed and the DMA transfer may
proceed.

A diagram of this deadlock problem is shown in figure 5.9.

1. Peripheral asserts request.
2. Channel request is mapped and sent to transfer engine.
3. Transfer control reads register and win register arbitration.

4. The processor wins bus arbitration, occupying the bus, but is blocked by

the register arbiter.

5. Transfer control tries to access bus without releasing the register arbiter,

but is blocked by bus arbiter.

5.6.2 Race condition

Race condition in the DMA transfer operation can be occured in the channel
registers. Although it is unlikely, it is possible that both the transfer engine and
the processor could attempt to write different values to the same register. This
could occur if the processor gains access between the read and write phases of

the transfer engine’s register updates.
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Normally this would not happen, but — for example — the processor could
write to disable a channel and then begin to reprogram that channel before the
DMA read-write operation completes. In this case the transfer engine would
overwrite the newly programmed value.

Whilst practically improbable it is theoretically possible for this to occur in
an asynchronous system where cycles could happen in any order and simulation
(see chapter 6) has revealed this flaw. It is therefore necessary to ensure that the
values written by the processor are safe from being overwritten by the transfer
engine if this happens during the DMA read-write operation.

To avert this problem the transfer engine is prevented from writing if the
processor has begun to modify a channel’s registers. It is thus necessary to detect
this circumstance. This is done by setting a flag each time the processor writes
to the channel; the flag is cleared when the transfer engine reads these registers.
Because the transfer engine always alternates between reads and writes the flag

should always be clear when it attempts a write operation; if this is not the case
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the processor has intervened and the write operation can be suppressed.

5.7 Synchronization

Synchronization is an important function in a computer system that makes two
different units in the system able to work together. Asynchronous systems syn-
chronize using handshake signals (as described in chapter 2). Synchronization is
also used in synchronous systems when an infrequent, non-periodic communica-
tion between two independent subsystems is needed.

Two of these synchronizations are concerned in the design of this DMA con-
troller: the first is the DRQ signal pair for synchronizing with a peripheral during
the data transfer operation, the second is the interrupt request used by the DMA
controller to notify the processor when the DMA transfer is finished.

Both synchronizations have the same purpose, the ‘client’ uses the synchro-
nization signal to request the ‘server’ to perform some function when it is ready.
The synchronization is performed directly between the ‘client’ and the ‘server’
but the function is not.

In the first case, synchronization between peripheral devices and the DMA
controller, the server is a DMA controller and the client is a peripheral device; the
function requested by the client is to transfer data which is interaction between
bus and DMA controller and between bus and peripheral device, not directly
between peripheral device and the DMA controller.

In the second case, synchronization between DMA controller and the proces-
sor, the server is a processor and the client is the DMA controller. Also in this
case function of data transfer is performed through bus.

The peripheral device sends a request signal to the DMA controller to notify
it that it is ready to transmit or receive data. The DMA controller sends the
IRQ signal to interrupt the processor when the transfer sequence is finished;

the processor reads the IRQ Request register across the bus to acknowledge the
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interrupt request.

5.7.1 Peripheral Synchronization

A synchronizing signal from the peripheral device to the DMA controller is nor-
mally used in DMA transfer. The device uses this signal to notify the DMA
controller when it is ready to receive/transmit data. The DMA controller does
not begin the DMA transfer operation until it knows that it can be completed.
Note that, in the case of peripheral to peripheral transfer, both devices must be
ready; the DMA controller must receive a request from both devices before data
transfer can begin.

In a synchronous system, acknowledgement of the request signal could be done
by the DMA controller reading/writing data from/to that peripheral, so that the
request signal is inactived before the cycle is completed. The peripheral device
can send the next request signal immediately after the DMA transfer, if it is
ready for the next transfer.

The synchronization signal is usually a level-sensitive signal where an active
state activates a DMA transfer. The signal must therefore return to its inactive
state when the transfer occurs to prevent accidentally repeated operations. There
is therefore a form of handshake protocol which interleaves the request signal with

an acknowledge signal, as shown in figure 5.10.
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5.7.2 Processor Synchronization

The processor interrupt request is a synchronization mechanism between the
DMA controller and the processor. The DMA controller notifies the proces-
sor when the data transfer is finished and the processor reads the ChanStatus
register to determine which DMA channel caused the interrupt.

Unlike the peripheral synchronization handshake there is no explicit acknowl-
edgement that the interrupt has been serviced. The interrupt request is cleared
in software by the processor and the interrupt service routine is responsible for
ensuring the IRQ is inactivated before it is re-enabled. This is less ‘clean’ than a
handshake protocol, but is the same model as a synchronous ARM system (and

happens at software speeds).

5.8 Summary

There are several design issues and problems in the design of the DMA controller.
Using an arbiter to solve simultaneous access problems to the registers causes
several other consequent problems. However these problems can be solved, even

though these make the design of the DMA controller harder.



Chapter 6

Behavioural Models

6.1 Introduction

To prove that the design of a complex system is working correctly without using
formal methods, which is not practical for a very complex system such as a VLSI
design, or building the actual system a system model and methods to test that
model are necessary.

System modelling can be done at many levels of complexity. An abstract
model shows the definition and purpose of the system. For example the abstract

model of the DMA controller can be described as:

repeat
READ;
WRITE;
until END_TRANSFER=true;

The READ operation reads data from the source device, and the WRITE
operation writes data to the destination device. The operation starts by READ
followed sequentially by WRITE and repeats until the END_TRANSFER condi-
tion is true.

This abstract model of the DMA controller could be modelled and simulated
by any general programming language without difficulty, since there is no great

complexity in the model.
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The behavioural model is more complicated; it models how the system be-
haves and interacts with its environment. Such a model contains more accurate
details of the system than the abstract model. It could describe/show interactions
between the model and its environment better than the abstract model, which
is more useful in finding problems in the design. However the more complex the
model becomes the more time is needed for modelling and testing.

Behavioural models of a system usually expose the design problems before
the actual system is built so the design can be changed and the problems can be
rectified. It can also be used to predict performance, efficiency or other aspects
of the system that are interesting and need close inspection so the design of the

system can be improved.

6.2 Modelling tools

Modelling a complex circuit such as a processor can be done by using VHDL[17],
Verilog[21] or other hardware description languages. However these languages
were designed for synchronous logic circuits and are not appropriate when used
with asynchronous logic design. For high level modelling, where synchronous and
asynchronous system do not differ, these languages can be used. However at the
implementation level differences between synchronous and asynchronous circuits
are well distinguished and these languages are not appropriate for modelling the
asynchronous system.

LARDI[6] is a hardware description language, based on CSP-like channel com-
munication, which has been developed for behavioural modelling of asynchronous
VLSI systems. Channel based communication in LARD allows each module,
which represents a component in the system, to communicate with others asyn-
chronously. This communication does not need to specify the exact handshake
protocol but leaves it to be chosen during implementation; this simplifies the

models and reduces the time needed to develop and maintain them.
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The model developed in LARD can be simulated and tested using the LARD
toolkit. The execution environment of the LARD toolkit includes an interpreter,
library and runtime modules which allow the designer to debug behavioural mod-
els at source level, watch for activity on each communication channel, control each
variable during runtime if necessary, and so on.

Most components in the AMULET3i subsystem were designed as behavioural
models using LARD, this also includes the DMA controller.

6.3 Simplified models

The DMA controller was first designed by implementing LARD modules of a basic
DMA controller unit. Other simplified modules for the processor, bus, memory
and peripheral devices were implemented to make the complete system necessary
for testing the DMA transfer operation and functionality of the DMA controller.
The simplified models (both the DMA controller and its environment modules)
allowed the DMA operation and function to be tested repeatedly without taking
too much simulation time for this simple operation.

This simplified models of the DMA controller comprise:

e Processor
The simplified processor model which has enough functionality to read /write

the DMA registers to program a DMA channel to perform data transfer.

e Bus
The bus module functions as a middle-man to exchange data between other
devices connected to it. The bus receives requests from the processor and
the DMA transfer engine and performs read/write data with the memory

devices, peripheral devices or the DMA registers.

e Memory

The memory is a read/writable storage device which receives requests from
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the bus.

e Peripheral devices
The peripheral device model is a read/writable storage device connected to
the bus which can synchronize with the DMA controller using a peripheral

request signal when transmitting/receiving data.

The DMA controller itself is modelled as single module with two concurrently
running sub-modules: respectively the registers and the transfer engine. Each
module has its own interface to the bus, allowing separate communication. How-
ever DMA register access by the transfer engine and the bus interface (within the
register unit) is done using the register locking mechanism since the registers are
defined as internal variables which can be accessed by both modules.

The simplified model of the DMA controller is made to ensure that its func-
tionality and interactions with its environment are correct. The behaviour and

function of its internal components are not considered at this point.

6.4 AMULET3i DMA Controller Model

After the functionality of the simplified model has been tested and proven a more
complicated model that reflects the design of the DMA controller was produced.

The internal modules of this model comprise:
e Registers

— Target interface and Transfer Engine decoders
— Global Registers
— Channel Registers

— Channel Request Mapping

e Transfer Engine
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Figure 6.1: Internal Modules of the DMA Controller

— Transfer Control

— Channel Arbiter

In the behavioural model these are independent modules in LARD, each mod-
ule communicating with the other via channels and signals as independent com-
ponents in the circuits communicate via asynchronous data bundles and control

signals.

6.5 Model of the Registers

The registers in the DMA controller store the values needed for the DMA transfer
operation. These values are the addresses of the devices, the number of data
items to transfer and other control information that controls the data transfer
operation. Most DMA registers can be modelled with simple variables which
represent these values. The registers unit includes these variables and interfaces
to the actual registers for other modules to access.

Several decoders (one for the target interface, one for the transfer engine, and

each group of registers also containing an internal decoder) and arbiters (one for
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global registers, and one for each set of channel registers) are also incorporated to
the registers unit. The decoder is needed to select a particular register; the arbiter
forces two or more units that could attempt to access the registers simultaneously

to take their turn.

6.5.1 Global Registers

The global registers handle read/write requests from the target interface and
set/reset the ChanStatus bit from the channel registers; they also control the
interrupt request to the processor. Each bit of the ChanStatus register can be in-
dependently set/reset. Also two bits of ChanStatus can be concurrently set/reset.
All ChanStatus bit set/reset requests are ORed together as one request to the

global register arbiter.

6.5.2 Channel Registers

The channel registers are independent from each other; they can be accessed by
the transfer engine and the target interface. Each channel has its own arbiter to
grant access to these two units.

In the target interface only a single register can be read/written at a time. A
flag, the ‘write_protect_flag’, is set to prevent the ‘race condition’ (discussed in
the previous chapter) when a value is modified by the processor in that channel.
Writing a value to the control register by the processor also causes the channel
register to send a request to clear the corresponding bit in the ChanStatus register.

When using the transfer engine interface every register in a channel isi read /written
at once. In the read operation every register is read and the ‘write_protect_flag’
bit is cleared, allowing the registers to be written in the write-cycle of the transfer
control.

In the write operation, the ‘write_protect_flag’ is checked before values are
written to the registers; if the flag is set the processor has intervened and the

‘new’ values will be ignored. If the write operation resets the enable bit in the
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control register, a request will be sent to the ChanStatus register to set the

corresponding bit.

6.6 Model of the Transfer Engine

The transfer engine is composed of two major units: the transfer control unit and
channel arbiter unit, as shown in figure 4.8.

The Channel Arbiter unit receives requests from each control register and,
if there is more than one request, makes an arbitrated decision in choosing a
channel to be services by the transfer engine. Simple two input arbcalls are used

in a tree to create an n-input arbiter.

6.6.1 Transfer Control Module

The transfer control module performs data transfers with MARBLE using the
channel number supplied by the channel arbiter; it also reads/writes channel
registers from the register unit to update the transfer states. The MARBLE
read /write operations are performed concurrently with the register update/write-
back operations to increase DMA performance. To prevent the processor interrupt
request being sent before the data transfer is finished (for the last data item
transferred) register write back is delayed until the MARBLE operations are
finished.

6.6.2 Channel Arbiter

An arbiter is a non-deterministic component in the real circuit implementation.
However when modelling by software “non-deterministic” functions depend on the
‘random’ function of the computer system that is running the software, which is
usually not non-deterministic. This therefore does not reflect the real behaviour
of the circuit. However as any choice is arbitrary it is believed that the simulation

cover is adequate.
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6.7 Simulation Schemes

To check that the behaviour of the DMA controller model is correctly designed the
model has been tested with the simplified model of processor and other modules.
Even though these modules do not behave identically to the real AMULET3
modules they are accurate enough to test the DMA controller behaviour.

Testing with the real ‘environment’ was also done using the AMULET3 pro-
cessor core, MARBLE bus, memory and the simplified peripheral device modules
for which the real modules don’t yet exist.

Tests on all of types of data transfer, i.e.:

e Peripheral to Memory
e Memory to Peripheral
e Memory to Memory

e Peripheral to Peripheral

have been done with every DMA channel using both the ‘free run’ and a
definite number of data items transfer (i.e. self-terminating). During the ‘termi-
nating’ test the operation was also interrupted and the channel reprogrammed in
an attempt to find deadlocks or other problems. Running multiple channels con-

currently was also tested with both the same and different types of data transfer.

6.8 Simulation Results

The simulation results show that interaction between the DMA controller and
other modules in the processor subsystem works as expected. However testing
revealed some problems with the initial design, both a deadlock and more subtle
problems such as a race condition and the early interrupt request. These were

subsequently corrected and verified.
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Figure 6.2: Deadlock cause by atomic register access by transfer engine

6.8.1 Deadlock

The deadlock problem is an obvious one when compared with other problems
in the design. As shown in figure 6.2; the transfer engine accesses a register
atomically, in which, when access is granted to the transfer engine, the register
is not released until register write back is finished. This causes deadlock if the
processor tries to access the same register.

This problem could be easily solved by not allowing the transfer engine to use
atomic access to the register unit, as shown in figure 6.3. The transfer engine

requests access separately for each operation it performs with the registers.

6.8.2 Early Interrupt Request Sending

This problem was found when a DMA channel was programmed to transfer data
between two peripheral devices. When the processor receives an interrupt request
from the DMA controller it reads the IRQRequest register to determine which
DMA channel caused the interrupt. The processor could receive the interrupt
before the data transfer was finished, as shown in figure 6.4.

Even though, in practice, this is not a real problem because the transfer should
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Figure 6.3: Non-atomic register access solve the deadlock problem

be finished before the processor enters its interrupt service routine, in theory the
processor could have begun to reprogram the DMA controller before the last
transfer had taken place. To ensures that a problem cannot be caused on the last
data transfer the register write back operation is delayed until data transfer with

MARBLE is finished, as shown in figure 6.5.

6.8.3 Race Condition

In normal circumstances the race condition described in previous chapter would
be extremely unlikely. This problem was found when the solution for early in-
terrupt request was introduced and the simulation was done with peripheral to
peripheral data transfer. As shown in figure 6.6.

This problem was solved by adding a flag which prevents the transfer control
overwriting register values if the processor has written some value to the register

unit (and set flag by doing that), as shown in figure 6.7.
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6.9 Summary

Modelling and simulation can reveal problems in the design especially at the
behavioural level. Some of these problems are not obvious from the design itself,
but when modelling and simulating they are shown up and the designer can revise
the design.

More detailed simulation can be done to estimate the power consumption and
performance of the DMA controller, however this was not done because of time

constraints in writing this thesis; this is left for future work.
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Conclusions

The design of an asynchronous DMA controller is possible. This thesis presents
a possible design for such a DMA controller in which problems of asynchronous
implementation are addressed and the practical features of existing, deployed,
DMA controllers are provided. Even though there are several problems in the
design that do not exist in synchronous designs, several techniques exist to solve
the problems. This thesis does not present an implementation for the DMA
controller described but a design has been produced, software modelling has been
done, and the simulation has been tested and verified with the processor and other

modules on the processor subsystem.

7.1 The AMULET31 DMA Controller

The DMA controller which has been designed is a multi-channel DMA controller
which could be used in a general MARBLE application. It can transfer data
between any combination of memory and peripheral devices. Even though this
design has four channels and supports four peripherals it could be expanded
without change to the conceptual design.

The design has been modelled and tested using LARD, the hardware descrip-

tion language for asynchronous logic design. Simulation and test has been done
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with both a simplified model of the processor system and actual AMULET3i

processor systems which have been used in design of the silicon.

7.2 Conclusions

It is feasible to design and use an asynchronous DMA controller with the asyn-
chronous processor subsystem. There several particular issues in the design that
make the asynchronous DMA controller different — and more difficult to design
— than its synchronous counterpart. For example, the problem controlling access
to shared resources must be addressed.

Arbitration is used in several places in this DMA controller. Even though non-
determinism is undesirable because it makes the unit’s behaviour unpredictable
and thus harder to model and test, it is more appropriate than other mechanisms
for sharing resources because it requires less hardware and imposes a negligible
performance penalty.

In an asynchronous system communications can happen in an arbitrary order
(unlike synchronous system where communications are simultaneous); this can
cause the system to have more reachable states and more possibilities for errors.
This is made worse by arbitration with its non-determinism and can introduce
problems into the design, such as deadlock and race condition.

Behavioural models can show up many potential faults including some which
would not manifest in a real system because of timing constraints which is ad-
justable in the models. Using behavioural modelling the problems can be detected
and solved.

Application of the arbitration tree, which is built from two input arbiters, has
been investigated. Multi-way arbiters or arbitration trees can be built in different
ways to make them give different bandwidth to the requests. This feature was
not utilized in this design of DMA controller because requests for data transfer

rarely saturate the transfer engine without saturating the bus first. However both
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kinds of arbitration tree might be useful elsewhere.

The mechanism to transfer data on MARBLE is limited to store-and-forward
because this implementation of MARBLE does not support fly-past transfer.
However it is planned to support this in the future version of MARBLE. With
support from the bus, fly-past transfer could increase the DMA transfer perfor-
mance in some situations; it does not require major changes in the DM A controller
to support this function, only a part of the transfer control need be redesigned.
This should be investigated in the future work.

A DMA feature that provided by both Intel’s 8237 and National’s NS32203
but not investigated in this thesis is “double buffering” in which a set of register
is used to store pre-configured values of the registers. When the data transfer
is finished the DMA channel re-load these values to its registers and continue
the data transfer. This mechanism allows DMA transfer to continue without
interruption.

This feature was rejected at the beginning of the design because it requires
another set of register for each DMA channel (as 8237) or reduces the number of
channels that could be used at once by half (as NS32203). However this could be
a very useful function for several applications and should also be investigated for
the future work.

Three major design problems: deadlock, race condition, and early interrupt
requests, have been found, mainly as a result of simulations since some of them
are very subtle. Formal methods or other mechanisms could be used to analyze
these problems. However with the hardware description language and simulation
tools provided, modelling the system and simulating it is much easier.

LARD, the hardware description language for asynchronous logic design, has
been used for modelling this DMA controller. It provides support in the lan-
guage, library, and tools for simulating and testing; the behavioural modelling
could be done more easily than using other languages that do not provide sup-

port for asynchronous logic design. The channel based communication in LARD
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abstracts the asynchronous data transfer and signalling protocol very efficiently
when compared with other hardware description language such as VHDL.

There are some minor problems when using LARD to model a very complex
system such as the AMULET3i processor subsystem. Simulation would be very
slow if detailed modules of every unit are used — the current implementation
of LARD is interpreted at run-time and is therefore slow. Error reporting when
compiling still a bit cryptic. Even though, as programming language, LARD
supports parallel scheduling the interpreter itself is a single-thread scheduler,
therefore modelling a non-deterministic circuit component — such as an arbiter
— cannot be achieved realistically. LARD is intended for high-level modelling;
low-level models of circuit components could be done but not very efficiently.

There are several features of LARD that could be used in the design of the
DMA controller to investigate performance and power efficiency when used in
co-simulation with other applications, but due to time constraints this is left for
future work.

A lot of work still needs to be done to implement the actual asynchronous
DMA controller. Even though most of data-path of the DMA controller could
be done without much problem, several diagrams and figures in this thesis have
shown data-path of the DMA controller could be built. However, control circuit,

especially in the transfer control unit still needs investigation.
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