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Summary

Multiple-Valued Logic (MVL) takes two major forms. Multiple-valued circuits
can implement the logic directly by using multiple-valued signals, or the logic can be
implemented indirectly with binary circuits, by using more than one binary signal to
represent a single multiple-valued signal. Techniques such as carry-save addition can
be viewed as indirectly implemented MVL. Both direct and indirect techniques have
been shown in the past to provide advantages over conventional arithmetic and logic
techniques in algorithms required widely in computing for applications such as image
and signal processing.

It is possible to implement basic MVL building blocks at the transistor level.
However, these circuits are difficult to design due to their non binary nature. In the
design stage they are more like analogue circuits than binary circuits. Current
integrated circuit technologies are biased towards binary circuitry. However, in spite
of this, there is potential for power and area savings from MVL circuits, especially in
technologies such as BiCMOS. This thesis shows that the use of voltage mode MVL
will, in general not provide bandwidth increases on circuit buses because the buses
become slower as the number of signal levels increases. Current mode MVL circuits
however do have potential to reduce power and area requirements of arithmetic
circuitry. The design of transistor level circuits is investigated in terms of a modern
production technology. A novel methodology for the design of current mode MVL
circuits is developed. The methodology is based upon the novel concept of the use of
non-linear current encoding of signals, providing the opportunity for the efficient
design of many previously unimplemented circuits in current mode MVL. This
methodology is used to design a useful set of basic MVL building blocks, and
fabrication results are reported. The creation of libraries of MVL circuits is also
discussed.

The CORDIC algorithm for two dimensional vector rotation is examined in
detail as an example for indirect MVL implementation. The algorithm is extended to a
set of three dimensional vector rotators using conventional arithmetic, redundant radix
four arithmetic, and Taylor's series expansions. These algorithms can be used for two
dimensional vector rotations in which no scale factor corrections are needed. The new
algorithms are compared in terms of basic VLSI criteria against previously reported
algorithms. A pipelined version of the redundant arithmetic algorithm is floorplanned
and partially laid out to give indications of wiring overheads, and layout densities. An
indirectly implemented MVL algorithm such as the CORDIC algorithm described in
this thesis would clearly benefit from direct implementation in MVL.
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Introduction

Multiple-Valued Logic (MVL) was used in early mechanical computers such as
Babbages analytical engines that operated in decimal [Babbage 1837]. However, since
the advent of the electronic computer, MVL has become less used. This is due to the
fact that the early electronic computers operated in binary. Subsequent generations of
computers also used binary as it is simple to implement. There has been some interest
in MVL in electronic circuits, and the Institute of Electrical and Electronic Engineers
(IEEE) holds a symposium on the subject each year.

Computer applications such as image processing require very high arithmetic
processing rates, and it is therefore necessary to explore potential areas of circuit
design that could increase the processing rate of an Integrated Circuit (IC). MVL
circuits have been shown to offer advantages of lower power and area for functions
such as multiplication |Kawahito87], and the CORDIC algorithm for vector rotation
has also proved itself useful [Yuen88]. Both of these functions are highly important in
modern processors, and so the potential of the use of MVL style circuits with the
CORDIC algorithm seems large. This thesis extends both MVL and the CORDIC
algorithm. The combination of the two in the limited example of a binary
implementation of a radix four CORDIC algorithm is shown. As and when current
mode MVL circuitry matures sufficiently, there are yet more potential advantages to be

gained by implementing the CORDIC algorithm using these circuits.



1.1: Thesis aims
This thesis explores MVL both at the circuit and algorithmic level, and
describes its applications in VLSI circuits. The introduction describes the aims and the

layout of the thesis. The context in which the thesis is written is also explained.

1.1. The thesis

1.1.1. Thesis aims

This thesis investigates the applications of MVL and its implementation both
directly using multiple-valued signals, and indirectly using groups of binary signals to
represent the single multiple-valued signals. The relative advantages and disadvantages
of MVL relative to the conventional techniques of using binary logic are also analysed.
An important part of this thesis is the assessment of MVL relative to binary logic so as
to give an indication of its suitability for various particular applications.

The direct implementation of MVL requires the construction of a set of basic
logical operations to allow a full range of functions to be implemented. These basic
logical operations are derived for ‘current mode' MVL. The operations are then
implemented in a common VLSI technology (CMOS) and they are assessed in terms
of ease of design, and ease of manufacture. The effects of the present trends in
computing technology on these designs is also investigated.

Indirect implementation of MVL has many applications. The evaluation of
elementary functions such as sine and cosine are examples of this. The CORDIC
algorithm which is capable of evaluating these functions by vector rotation is examined
as an application for MVL implementation. The algorithm is extended to produce
functions such as sinAxcosfi by vector rotation in three dimensions. MVL
techniques are applied to the extended algorithm, and the resulting circuit designs

assessed.



1.1: The thesis
1.1.2. Thesis layout

The rest of this chapter is devoted to providing a context for the thesis. Current
processing requirements are examined in order to find a motivation for the work. The
concept of MVL is described, and the problems it inherits from being not as well used
as binary logic are considered. Various number representations, and systems are
discussed, as there are many practical options in an MVL environment. Finally the
technology available for the production of MVL circuits, and the trends in the
technology are described.

Chapter 2 evaluates the state of the art in MVL. The many circuits designed in
MVL are described in categories according to the method used for indicating the value
of a signal. Within each category, designs are shown to be built up of similar basic
circuits at a level below that of the basic logic gate. In addition, the potential of MVL
relative to binary logic is assessed for both present and future production technologies.

In chapter 3, methods available for the evaluation of trigonometric functions
are described, including MVL methods. The CORDIC algorithm is examined in detail,
and MVL modifications described. The state of the art in trigonometric function
evaluation is shown to include MVL concepts.

Chapter 4 describes a new methodology for the design of MVL circuits using
the novel concept of non-linear encoding of current mode signals. This new encoding
strategy allows the designer to make much greater use of the ‘free' summing node
function than was previously possible. A worked example shows the methodology in
use, and then basic logical operations are chosen and designed using the methodology.
The methodology gives a good indication of how efficient the implementation will be
at an early stage, and shows that obvious operations such as a sum are not necessarily
the most efficient. The design of a cell library is considered, and a new set of
guidelines for library construction given for the type of MVL circuit produced by the
methodology given earlier. The results of test fabrications of MVL circuits are
assessed to give an indication of the effect of the production technology on MVL

circuits.
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In chapter 5. The CORDIC algorithm is extended to the three dimensional
case, and the error bounds of the new algorithm evaluated. The use of redundant
numbers and other MVL techniques are shown to be applicable with these more
complex function evaluations. This is followed by a detailed assessment of the
different variations of the new three dimensional algorithm relative to each other as
well as relative to the two dimensional CORDIC algorithm, and other methods
described in chapter 3.

Finally, in chapter 6, conclusions are drawn from the earlier chapters. MVL is
shown to be useful when the correct implementations are used for the correct

applications.

1.2. Current processor technology and uses

1.2.1. Current trends in computer use

The motivation for the design of new more powerful computers is clear. More
and more aspects of daily life involve computers. Increasingly, they are hidden from
view controlling everything from the brown-ness of a piece of toast emerging from a
toaster, to the routing of a telephone call to, say, Australia. As faster computers are
designed, so more and more CPU intensive applications are found. For example, the
United States Government has designated a set of computing problems as Grand
Challenges including problems such as accurate long range weather forecasting,
computer vision, and natural language processing. These problems will need
computational power of the order of 1 Terra flop/s to give useful results [Wah93].

As computers become embedded more and more in to commercial products,
more and more have to react in a non-binary manner to non-binary stimuli. The field
of fuzzy logic has started address this problem, and whilst reading this thesis, the
reader should be aware, that fuzzy logic is a non-binary logic; it is multiple-valued,
although it is generally implemented using binary logic. The technology in which

computers are constructed may change, in just the same way as for example the
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material used for the construction of a wheel has changed, but there will be computers
and they will be formed from logic in the same way that there will be wheels, and they
will be round.

The design of early computers was based around a single unit, the CPU which
performed one task at a time. In modern computers the CPU can spend a significant
proportion of its time managing input from, and output to, other units within the
machine that perform some tasks faster than the CPU itself could do them. Floating
Point Units (FPUs), graphics processors, and sound generators are all examples.
These units are designed to perform a small number of tasks quickly. They can do this
because all the tasks the particular unit performs are similar, and so a large amount of
effort can be put into making efficient designs for the operations used by all the tasks.
Operations like trigonometric functions are now starting to be performed by dedicated
hardware, rather than in software. For example, the INTEL 80387 includes specific
circuits for some trigonometric functions [Yuen88]. The design of functions like these

will become increasingly important in the future.

1.2.2. Multiple-valued logic

Multiple Valued Logic or MVL is digital logic using three or more states. Two
valued logic is referred to as binary logic, and is considered to be different simply
because it is used vastly more than all other types of logic in computer design. There
are two major implementation types within MVL:
1. Direct electronic implementation.
2. Binary implementation of MVL algorithms.
In direct implementation of MVL, the basic transistor level circuits are designed to
communicate with each other using multi-level signals on a single physical
interconnection. This type of implementation substantially reduces the number of

connections required for a given logical function. However, there are many problems
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to be overcome since most integrated circuit processes are aimed at binary digital
circuits, and hence other types of circuit are disadvantaged. Binary implementation of
MVL algorithms is the use of standard well known and understood binary logic to
implement algorithms formulated in systems with larger numbers of levels in each
signal. In this case, a number of physical connections carry a single signal. It would
be true to say that since the algorithm is implemented in binary, it must be possible to
represent it as a binary algorithm. However, one of the major considerations in circuit
design at present integration levels is the ease of design. So while it is possible to
conceive of these multiple valued algorithms in their binary implementation form, it
would often be counter productive to do so since time would be wasted in trying to
understand concepts in binary that are simple in MVL.

Examining binary logic, which is well known, it can be seen that a circuit with
for example two inputs, and no internal memory, can have only four states as shown
on the left hand side of table 1.1. The circuit can output a true or false result for each
state, so that for a two input, one output circuit, with no memory, there are sixteen
possible functions that can be created. These functions are shown on the right hand

side of table 1.1.

A B Output Functions

6o 0 10 10 10 10 10 10 10 1

6o 100 1210 0 1 100 1 100 1 1
rL 0 00 00 121 11 10000 1 1 1 1

p 100000000 11 1 1 1 1 1 U

Table 1.1. Binary functions of two inputs.

This is r* functions for a single digit output, where r is the number of values each
digit can take (the radix in simple number systems), and n is the number of inputs. It
is possible look at the various available functions, and there are few enough for it to be
reasonable to examine all the possibilities. The AND, OR and NOT functions are fairly
intuitive to us since they are used in everyday language. These composite to form
NOR and NAND which individually can form any function by combination with

themselves. In Multiple-Valued Logic the choices are not so easy to see. For four
|
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valued logic, there are 4294967296 or 2” functions to chose from for a two input one

output function.

1.2.3. Digital circuits
Binary circuits are an everyday part of life. They are well understood, and so it
is tempting when talking about them, to refer to binary circuits, as 'digital’ circuits.
While it is correct to say that a binary circuit is also a digital circuit, the converse is not
necessarily true, as MVL circuits are also digital. In this thesis, a circuit that is two
valued, will be referred to as a binary circuit, but when the word digital is used, the
circuit referred to uses signals that have a defined set of discrete values. There may be

two values, but there may be more.

1.2.4. Trigonometric functions

Basic trigonometric functions are usually non-linear functions of a single
variable. More complex functions are sometimes calculable as easily. For example the
CORDIC algorithm can perform a vector rotation as its basic operation. This can be
used as a vector rotation, or as a sine and cosine generator. However, often in a
computer programme, a sine or cosine would be calculated to perform a vector
rotation, and so it may be better to give the programmer the choice of how to use the
hardware. There are many other ways of calculating the sine and cosine, but for a
particular application one solution may be better than the others. The important factor
in the design of hardware for trigonometric function evaluation is the application, as
this will determine the requirements for the evaluator. The different methods available

for trigonometric function evaluation are explained in detail in a later chapter.

1.2.5. Number systems
In the past, many different number systems have been suggested (for example
[Swartzlander75]). Most have been aimed at a particular application and hence show

advantages for the operations that proliferate in that application. The most common
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number system in use is the binary two's complement form. In this system, for a
value A, the individual digits a, e {0,1} for O £i < n are each scaled by 2', except the

digit a,,_, which is scaled by the factor —2"~1. The value of A is therefore given by:

A—2-V . +2-VI+2-V1... 2°ao

This gives an integer in the range -2" 'S AS 2" ' - |.This range can be altered, and
commonly, the scaling or significance of each digit is altered giving fractional accuracy
at the cost of range. Basic arithmetic in this system is very simple, and important
events such as overflow easily detectable. The main restriction of this system is that
the carry is propagated successively from the least significant digit to the highest.
Hence the complexity of a simple addition is O(n), and the complexity of a
multiplication by a simple shift and add technique isO(n:). Much effort has been put
into reducing these complexities, for example [MacSorley61, Wallace64]. However, it
will be seen that other arithmetic systems can offer substantial benefits over the two's
complement scheme, indeed they often do so even when the assessment includes
starting with a two's complement number, and finishing after the conversion back to
two's complement has been effected.

Two possible unconventional number systems that might be considered useful
are residue number systems, and redundant number systems. Residue number
systems operate by having a number of data paths working in parallel, each of which
has much smaller value ranges than in a conventional data path. Each data path
operates modulo a different number. The data paths themselves are generally
constructed from binary circuits, but will operate much faster since they have shorter
carry chains. The modulus used for each data path is critical, if the moduli are
relatively prime, then the range of representable numbers A will be
0c A <J7J(moduli). For example, consider two moduli 3 and 5, table 1.2 shows the
representation of the values zero to fourteen. The useful fact about the system is that
linear functions such as additions and multiplications are performed simply by
performing that operation within each data path. No communication is needed between

the data paths. There is however, one problem with the residue number system. It is
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difficult to determine the whether one value is greater than another without converting

them into another number system, although methods are now available [Dimauro93],

A K H,
0 0 o
~r~ 1 1
5 ~T-~ ~T~
; 0 3
4 i 4
5 2 0
6 0 1
~T~ 1 5
8 2 5
9 0 4
10 ~~r~ 0
n ~T~ 1
12 0 5
13 i ~~T~
14 5 4

Table 1.2. A residue number system.

A redundant number system is a number system in which any value can be
represented in more than one way. A commonly used redundant number system is the
Signed Binary Number Representation (SBNR) in which a variable A is made up of
digits a, each scaled by 2', but instead of each digit being a single bit, a, e {-1,0,1} .
This allows a number of representations of each number in the range -2" <A < 2",
for example, if -1 is represented as Ithe number 1can be represented as 11, or ill,
etc. The advantage of the redundant number system, is that adders can be constructed
that cause the carry to be propagated not more than two digits up the word. This
significantly increases circuit operation as addition becomes an 0(1) problem in terms
of time. As with residue number systems, this increases the time taken for a
comparison from an 0(1) problem for binary to an O(n) problem for SBNR. It will
be shown later that this can be reduced to 0(log2n). This increase in time delay for
this kind of operation can be overcome, to give fast implementations of many circuits.
Conversion back to binary from SBNR can be done using a conventional twos
complement adder to subtract the negative digits from the positive digits. The

advantages of an unconventional number system will be lost if they use the same clock
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cycle as full word length twos complement operations, since their advantages arc
obtained by operating correctly with faster clocks. Care in design is needed to ensure
that the advantages are not lost because of problems such as this. Redundant number
systems use non-binary signals, and so they can be viewed as MVL circuits, even
though they are often implemented by using two bits for each digit. It is possible to
create redundant number systems that are not radix two. These number systems can be
used to great effect when implemented in binary or multiple-valued circuits

[Kawahito88|.

1.2.6. Circuit production processes

The design of computing circuitry (whether electronic or otherwise) cannot be
done in complete isolation from information about the production processes used to
construct the circuit. The designer of a micro-processor does not necessarily need to
understand the doping profiles in the semi-conductors being use to construct the
logical gates, but an understanding of the kind of operation that can be performed
efficiently is important for the overall design to be efficient itself. For the design of
MVL and analogue circuits, more needs to be known about the transistors and other
circuit devices used as the linear, as well as switching characteristics of the devices are
used. This section give brief details of the various major production technologies.
Detailed figures are not given, as these vary from one fabrication line to another.
Instead, an insight into the similarities and differences of the technologies is given.

The Complementary Metal Oxide Semi-conductor (CMOS) technology is
derived from the older Negative and Positive Metal Oxide Semi-conductor (NMOS
and PMOS) technologies [Gise88]. This technology is, at present the most widely
used technology because of its low cost, and high circuit densities. The circuits are
constructed from N and P type Field Effect Transistors (FETs). These transistors act
as voltage controlled current sources, with a very high input impedance, and moderate
output impedance. In a switching mode, the transistor switches on when about | volt

is applied to the gate (the input) relative to the source (the common connection). The

10
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switch on or threshold voltage is affected by many parameters, and varies
considerably between transistors that are fabricated next to each other on a circuit. The
main use of CMOS circuits is in digital circuitry, as it is difficult to design high
precision analogue circuitry in this technology. This is due to the variability of the
transistor parameters. CMOS circuits operate at moderate to high speeds.

Bipolar technology is based around the npn, and pnp bipolar transistor
[Gise86]. Circuit densities are low, but transistor parameters vary much less than FET
parameters. Bipolar transistors act as current controlled current sources, with a
minimum switch on voltage of about 0.7 volts. This value is very stable. The linearity
of the transistor transfer characteristics is far higher than that of FETs, and
consequently, analogue circuits are often designed in the technology. The switching
speed of bipolar circuits is also high relative to FETSs, because the output impedance of
a bipolar transistor is low. Input impedance is considerably lower than that of FETS,
and so circuit fan-out can be a problem. High speed digital circuits are constructed
using bipolar transistors in a logic family called Emitter Coupled Logic (ECL). These
circuits are large, and dissipate large amounts of power [Haznedar91],

Bi-CMOS technology is a combination of bipolar, and CMOS technology.
Basic bipolar transistors are made available to the designer. They are large, but can be
used to drive bus lines, and other highly capacitive nodes. The correct use of relatively
small numbers of the bipolar transistors can greatly increase the overall speed of
operation of the circuit. The bipolar transistors can also be used as stable voltage
references, or for analogue circuits. This is clearly shown by the early production of
data converters in this technology [Haznedar91J. This technology is becoming more
and more widely used, and has potential for MVL circuit design in the future.

Charge Coupled Device (CCD) technology is often used to produce camera
input circuits, but can also be made to perform logical operations [Nash82]. The
technology is based on charge storage under the gates of multiple gate FETs. This

technology is described in more detail in a later chapter.
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Optical logic is emerging as a potential new technology for computers. Light is
used to indicate signal values, and gates are formed from composites of photo-
detectors, and Light Emitting Diodes (LEDs) |Osawa92]. One major advantage of this
technology, is that it is possible to construct devices whose inputs and outputs are on
different sides of a semi-conductor wafer. This allows very parallel data paths to be
constructed by stacking wafers. Integration techniques are already available for routing

light signals around the surface of an integrated circuit if necessary [Seymour88],

1.3. Summary

In this chapter, the thesis and the context in which it is written have been
described. The thesis deals with MVL primarily in a VLSI environment, but also
considers potential future technologies such as optical logic. A short introduction to
the concept of MVL has been given, describing both direct and indirect
implementations. The major differences between MVL and binary logic have been
explained. Number systems have been briefly described as many MVL number
systems are available. The current major fabrication technologies have been described

in terms of their characteristics that are relevant to MVL design.



Multiple-
Valued
Logic.

2.1. Introduction

Modern commercial computers are constructed from integrated circuits that
operate on binary signals. This is due to the way in which computers have evolved
over the past forty years. Multiple Valued Logic (MVL) is simply logic that can deal
with signals that have more states than the 'true' and ‘false’ or '1' and 'O available
with binary logic signals. Binary logic is, in effect a very simplified case of MVL.

The idea of using non binary signals in computers is not a new one. Indeed
some early computers were not even digital. Early digital computers such as the
analytical engines designed by Babbage [Babbage 1837], and most of the subsequent
mechanical computers did their computations in decimal. This seems an obvious
choice since humans also work in decimal, and so problems would be formulated, and
answers required in decimal. Early electronic computers suffered from large amounts
of electrical noise, and because of this, they were constructed using binary circuits as
this offers the largest possible noise immunity. As electronic computers evolved,
compatibility with old designs, ease of production, and the ability to use Boolean logic
for all parts of the design made the use of binary the accepted norm. For this reason,
digital design became further and further removed from analogue design.

Recently, as it has become possible to place whole systems on a single VLSI

chip, designers have started to put analogue circuitry onto their devices along with
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binary integrated circuits. This clearly shows that the original reasons for using binary
logic do not necessarily still hold. In addition, the wiring inefficiencies of binary are
starting to impact designs. Integrated circuit packages are having to provide more and
more pins to connect the 1C to the outside world. This can lead to circuits whose area
is defined not by the actual circuit, but by the ring of pads for connection to the pins of
the package which must be placed around the edge of the circuit. This is shown in a
diagrammatic form in figure 2.1. The power consumption of integrated circuits is also
becoming increasingly important as packing densities go up creating the risk of
overheating. A major factor in this power consumption is the large percentage of the

device taken up with buses, as these can have large parasitic capacitances to ground.
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Figure 2.1. An Integrated Circuit whose area is bound by the pad ring.

The use of higher radices in digital circuits reduces the number of pins required for the
circuit. In addition, it reduces the number of interconnections between the different
parts of the individual integrated circuits, and hence the area of the circuit.

In this chapter, the use of higher radix digital logic (commonly referred to as
Multiple-Valued Logic or MVL) is discussed. Initially, the potential of MVL is
examined in its three major forms: current mode logic, voltage mode logic and charge

mode logic. This is followed by an overview of the state of the art in the major areas
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of MVL design. Finally, the impact on MVL of the trends in production technology is
examined, and MVL is compared with binary logic.

The logic theory that provides a framework for the design of larger circuits,
and of whole systems is not examined. There are good books [Muzio86, Epstien93],
that can be used to gain an understanding of the subject. The theory of logic is a very
large subject, and a treatment of it would simply serve to obscure the multiple valued
circuit theory. Instead, it is sufficient to simply observe that there are sets of logical
functions that are capable of the generation of all other logical functions. Once free
from the limitations of binary circuits, there is a new and fundamental question to be
asked: "What is the best number of levels to use?". There is no absolute answer to this
question, but it has been shown [Hurst84] that higher radices have more potential for
efficient circuitry, although this is dependant on the nature of the growth of the
complexity of a circuit relative to the radix. The majority of modern practical circuits
today are radix 4 (quaternary). The reason for this is that it is the usually highest
attainable radix of the form 2,nl, and hence it is easy to encode from, and decode to

binary. Higher radices of the same form often suffer from too little noise immunity.

2.2. Current mode MVL

Current mode logic uses the flow of current to represent a signal value. This
contrasts with conventional voltage mode, in which the voltage level represents the
signal value. Current mode logic has been used previously in binary circuits, for
example in Current Injection Logic (known as 12L) [Texas], and current loop terminal
lines. Some of the advantages of 12L over MOS logic types include:

Large temperature operating range.

Low power consumption.

Radiation hardness.

Low internal stress voltage.

High reliability.

15
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The reason for a number of these advantages is that 1'L is a bipolar process. The use
of /2L gives CMOS levels of circuit density with some of the advantages of bipolar
technology. A similar circuit approach can be adopted in a CMOS technology, and
some benefits are still seen, especially for MVL circuits. CMOS technology is now so
widely used that for MVL circuits to be used they would have to be capable of being
fabricated in CMOS. In the following discussion, only CMOS circuits will be
described, but bipolar counterparts exist, and are equally well used.

The major advantage for CMOS current mode MVL, is not related to the above
advantages, but stems from Kirchoffs current law which states that the sum of
currents at a node in a circuit is zero. This allows a number of circuit outputs to be
connected together, and used as the input to another circuit as shown in figure 2.2. In
effect this is a circuit with a high fan-in. It would, in theory, be possible to connect
together as many inputs as required. If all that is required is a signal if any one of the
inputs is active, then this is possible. However, due to inaccuracies in transistor
parameters, it is not possible to construct a circuit that can accurately calculate how

many inputs are active, beyond a certain fairly small number.

Figure 2.2. Kirchoffs current law produces an MVL current mode signal.

Kirchoffs current law also gives rise to the other major difference between voltage
and current mode circuits which is fan-out. The effect of fan-in has been shown to be
that the input currents are summed, but if an output of a circuit is fed to more than one
circuit input, the current will be shared between the inputs, but not necessarily evenly.
The result will be undefined. This is due to the fact that the two inputs will have

I
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different impedances (which in turn is caused by transistor mismatches, and differing
wire lengths to the inputs), which causes the split of the flow of current to be uneven.

This is shown in figure 2.3, where it can be seen that /, splits into 12and /,, however
the ratio /2:/, is unknown .

So far only currents flowing from an output to an input have been considered,
but is possible to have circuit outputs that have current flowing into them. This means
that circuit outputs can source or sink currents or both. Circuits in which outputs either
source or sink currents but not both are referred to as uni-directional circuits as the
current only flows one way. Circuits whose outputs both source and sink currents are
referred to as bi-directional circuits. It should be noted, that since the sources of error
in a current mode circuit are largely unaffected by the direction of the current, the
number of levels obtainable with a bi-directional circuit is nearly twice that of a
unidirectional circuit. However there is a penalty in terms of circuit complexity, and
bi-directional currents need to be split into their positive and negative components

before they can be subjected to some kind of threshold operation.

Figure 2.3. The effect of connecting a single current mode output to a number of
inputs.

All current mode circuits are built up from the following basic circuit elements
although they are not always represented or implemented in the same way. The basic
five elements are:

1. Summing nodes.
2. Current mirrors

3. Switched current sources

17
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4. Comparators
5. Binary logic
These elements are described in more detail in the following sections. After this, the
partitioning of MVL circuits is examined. Important applications of MVL are then
described, with particular attention to adder circuits, and the layout of interconnect

intensive circuits such as the Wallace tree |Wallace64|.

2.2.1. Summing nodes
The summing node is often referred to as a ‘free function’ since no logic is
required to implement it. All that needs to be done to sum two current outputs is
connect those outputs together, and the result is the sum. This sum can be larger than
the radix of the circuit, and this must be compensated for. From an arithmetic

perspective, this is simply an indication that a carry to the next digit is required.

2.2.2. Current mirrors.

The two transistor current mirror is a very simple device, as shown in figure

2.4. Its operation in basic terms is as follows. The input current /. flows through
transistor AT,. If the resistance of AT, is too high, then the remaining current that
cannot pass through AT, charges up its gate (and that of AT,) reducing the resistance of
AT.. Thus the gate voltage of AT, is set such that if the difference between the gate and
drain voltage is small, a current of the same magnitude as /, will flow into the drain of
M2. The above description assumes that the width to length ratios of the two
transistors is the same. This need not be the case however, and this fact can be used to

great effect. If transistor A/, has a % ratio of aS, where S is the \Iil ratio of AT,

then the output current /,, will be a times the magnitude of 1,. Alterations in the w

ratio are usually made by altering the gate width because altering the gate length of AT,

relative to that of AT, will affect the symmetrical nature of the current mirror.
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Figure 2.4. A simple current mirror.

The drain-gate voltage of M2 is not, of course, always going to be small. The effect
of changes in the drain gate voltage for a typical current mirror are shown in graph 2.1
along with the ideal characteristics (Input current given on right hand side of graph).
These effects can be overcome by the use of more complex current mirror circuitry,
but more complex circuitry requires more area. There is a clear trade off between

accuracy and area.
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Graph 2.1. The output characteristics of a) an ideal, and b) a typical 2 transistor
current mirror.

The current mirror allows an addition to be turned into a subtraction, and vice
versa for uni-directional systems. It can also be used to produce multiple copies, of an
input, each multiplied by a constant factor. The simple current mirror is however, not
a perfect device as has already been explained. It has many potential problems, and so
more complicated mirrors such as the cascode mirror are sometimes used [Freitas83].
For bi-directional systems, a slightly more complicated mirror is required, but it
allows the inversion, and replication of an input current. In addition, it can be used to

I
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2.2: Current Mode MVL
split the bi-directional current into its positive and negative parts, i.e. a pair of uni-
directional currents. A small modification to the current mirror provides a dynamic
memory facility for current mode logic (Current89, Xu89, Current9l |. Placing a pass
transistor in between the gate of Mt and the gate of M2allows charge to be stored on
the gate. It is then possible to determine the amount of charge on the gate by using the
transistor as a current sink (or source for a PMOS mirror). Clearly, this is a dynamic

type of storage that would need to be regularly refreshed.

2.2.3. Switched current sources.
A current source is essentially the output stage of a current mirror. This source
can be used on its own to supply constant current, or more usually with a transistor in

series as shown in figure 2.5, to form a switched source.

Figure 2.5. A switched current source.

As with the current mirror, it is possible to use a single reference voltage to produce a
number of sources each with a different current output value. This can be done by
altering the width of the source transistor relative to the transistor used to produce the
reference voltage. The width of the switch transistor will be determined by the
maximum allowable voltage drop for the maximum current output. The input Viwldl is
a voltage mode binary signal, and as such it can be driven from conventional CMOS
binary circuits. It is possible to use a number of switch transistors in series and in

parallel, to produce a logical function of the input voltage mode signals.
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2.2.4. Comparators.

A comparator gives an indication of whether a signal is above or below a pre-
determined level. This is simply done by current subtraction as shown in figure 2.6.
The positive input current 1i is mirrored (making it negative /,,), and summed with a
reference current /, produced by a positive un-switched current source. The difference
in the currents /,, and /, either charges or discharges the nodes' parasitic capacitance
C(, according to whether /,, or Ir is greater. Hence an output voltage Vo is produced

that is high if  is lower than the threshold, and low if it is higher than the threshold.

Bi-directional comparators can be constructed using a current mirror to split the
positive and negative currents, and then uni-directional comparators are used on these

signals.

Comparators are required so that a current mode signal level can be restored.
The comparator is often combined with switched current sources, but it should be
noted that the communication between these two sections is a voltage mode binary
signal. Comparators require references to compare against. These can be generated
locally as with Kawahitos circuits [Kawahito87], or broadcast as a gate voltage for a
current source local to the current mode circuit to use. In practical implementations a
stable on-chip reference would be required for example [Sansen88], or accurately

defined transistor parameters as used by Kawahito et al.
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2.2.5. Binary logic.

Signals between comparators and switched current sources are binary voltage
mode signals. Hence this is an ideal place to use standard binary logic. This is used to
great effect by Current et al. [Current87] in the construction of a quaternary full adder
as shown in figure 2.7. The full adder inputs are two quaternary signals, and a carry
signal which is a binary current mode signal. All three of these inputs are joined
together to form a single octal current mode signal. Seven comparators are then used
to distinguish between the different possible input levels. The values shown on the
comparators are the switching levels, and are given in units of the standard unit
current. The output of these comparators is fed into binary logic, and from there to
switched current sources that provide a quaternary current mode sum output, and a

binary current mode output.

Comparator source

Figure 2.7. A quaternary current mode full adder schematic.

2.2.6. Partitioning current mode circuits
The basic building blocks for current mode MVL have been described.
However, there are many other ways of partitioning these circuits into logical blocks.
For example, a comparator is often followed by a switched current source, and so

designers sometimes combine the two functions together. Figure 2.8 shows two

22



2.2: Current Mode MVL
different methods of decomposing a comparator followed by a switched source. The
decomposition in figure 2.8a is that used by Kawahito ct al. |Kawahito87,
Kameyama88]. Kawahitos' circuits are slightly different to those shown in figure
2.8a, as their circuit makes use of a high accuracy depletion mode PMQOS transistors in
a diode connection instead of enhancement mode PMQOS transistors, and a reference

voltage. However, the operation of the circuit is still the same.

Threshold Detector +V

ref ref

Switched
Current
. Source
Current Mirror Comparator
ov ov
a) b)

Figure 2.8. Decomposition of a current mode circuit.

Decomposition of circuits is useful at a higher level. Consider a circuit the size
of a full adder like that in figure 2.7. This circuit can be decomposed into three major
sections: Decoder, Logic and Encoder as is shown in figure 2.9. This will be referred

to from now on as a DLE decomposition.

23



2.2: Current Mode MVL

The inputs from the previous circuits are summed together, and decoded. These
decoded signals are then passed through conventional binary logic if required, and

then encoded back into current mode MVL signals.

2.2.7. Current mode adders

With the importance of the summing node in current mode MVL, it is natural
that a full adder would be an important circuit building block. The adder described by
Current et al. [Current87] which is shown in block form in figure 2.10a has already
been examined. It has uni-directional inputs and outputs, and a simple decomposition
into the DLE form. Kawahito et al. [Kawahito87] use a different approach as shown
in figure 2.10b. The adder is used inside a multiplier which uses redundant numbers
as an inherent part of its design. The numbers are represented by bi-directional
currents and the adder is constructed in two distinct parts. The first part splits the sum
of the two bi-directional quaternary inputs into a carry, and the intermediate sum. In
the second stage, the carry from the preceding digit is added to the intermediate sum,
and the result is quantised. This circuit has been implemented in CMOS with a
depletion mode PMOS transistor, with very low threshold voltage variation. The first

stage of this design does not quantise the intermediate sum.
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Output
a)
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u
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b)

Figure 2.10. The two current mode adder types. Carry lines are omitted for clarity.

Current's adder, and the individual stages of Kawahito's adder can be seen to
be made up of the same three elements: a decoder which is a set of comparators,
optional binary logic, and an encoder consisting of switched current sources. These
two examples show the two methods available to us for dealing with a summed input.
One decoder can be used, followed by logic to determine the outputs, or a second
summed node can be used (the quantiser) which sets the input into the range of the

second stage.

2.2.8. Using current mode logic in networks
The use of current mode logic in a beneficial way relies upon the ability to
utilise the wiring advantages of the current mode logic. In this section, the use of
current mode logic circuits in Wallace trees [Wallace 64] is discussed. The advantages
gained with these implementations can also be apparent with other algorithm
implementations, but are particularly noticeable with this example, which was first

pointed out to the author by Dr Steve Summerfield of Warwick University.
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b)
Figure 2.11. a) An MVL, and b) a binary Wallace tree structure.

Wallace tree structures are notorious for being difficult to lay out efficiently.
They are not naturally placed in rectangular blocks, and routing large trees is a major
problem. With current mode circuits the routing problem is greatly reduced, as it is
with MVL. The reduction in current mode circuits is due to the fact that the inputs to
each full adder share the same physical input connection, reducing the number of
buses. There is also an MVL advantage due to the reduced number of wires in each
bus. This leads to great savings when laying out structures such as these in current
mode MVL. This is illustrated in figure 2.11a. Figure 2.1 Ib is a corresponding binary
voltage mode block representation. The thick lines are interconnection buses, and the
'i's show the inputs, and the 'o's show the outputs from and to the buses. The MVL
buses are half as wide, as it is assumed that quaternary signals are used, and hence
half the number of connections that would be required for binary. In addition, the
sharing of inputs in the current mode circuit greatly reduces the interconnection
difficulties. The bus area for the current mode quaternary circuit could be as little as

25% of that of the binary circuit.
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2.2.9. Major applications of current mode MVL

There have been a number of major applications reported for current mode
MVL. Major applications have been centred around the adder as it provides an obvious
use for the current summing node. There are many more applications yet to be
investigated. In a later chapter, other uses for the current summing node will be
shown, giving a much wider scope for possible applications. This section gives a brief
description of some of the more notable applications reported.

Kameyama has suggested the use of bipolar bi-directional current mode logic
in digital filtering, and decimal arithmetic circuits [Kameyama80, Kameyama81].
These circuits give large potential time savings over conventional binary circuits in
terms of gate delays (in the region of 80%). However, the gates for the two types of
circuit are very different, and so this is not a true indication of the speed advantage.
Kawabhito et al. [Kawahito87] constructed a 32 by 32 bit two's complement multiplier
by using bi-directional quaternary signals. Redundancy was used within the number
representation to remove the ripple carry used within conventional addition schemes.
The circuit used a 2pm CMOS process enhanced with depletion mode PMOS
transistors, and operated at the same speed as other multipliers available at the time. It
consumed approximately 50% of the power and was about half the size of its binary
equivalent. The circuit used a 30pA unit current. Similar techniques have also been
proposed for a division circuit with a speed proportional to the word length n, and a
multiplier with speed proportional to log« [Kawahito91J. These circuits were
designed in a 5pm CMOS process, and had a 40 to 70pA unit current. K.W. Current
[Current88] proposed the use of adders described earlier, and a ROM designed by
Stark [Stark8I] to produce a chip capable of performing Discrete Cosine Transforms
(or DCTs), and Inverse DCTs (or IDCTSs). This circuit offers potential savings of
around 20% of the equivalent binary circuit area whilst still operating at the 10MHz
pipeline clock rate required for video signals. The design was completed using a single
metal 2pm CMOS process, and a 50pA unit current. A prototype current mode radix 4

PLA structure has been reported [Pelayo91] using a 3pm single metal CMOS process,
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and a unit current of IOpA. Instead of the binary PLA structure of an AND plane
followed by an OR plane, this circuit used a NOR plane followed by a Truncated
SUM (or TSUM) plane, which gives superior results to the MIN plane, MAX plane
structure used in other MVL PLAs.

2.3. Voltage mode MVL

Voltage mode logic is the most commonly used form of logic used for binary
circuits. The relative voltage of a node indicates the value of the signal on that node.
Voltage mode logic is very easily observed. With discrete circuits, a voltmeter or
oscilloscope is connected to the node in question. MVL voltage mode circuits operate
in the same manner, but with more voltage levels on a single node. The big advantage
of voltage mode logic over other forms is its high fan-out (almost infinite for CMOS).
This makes it an ideal candidate for applications where buses are used to broadcast to a
number of circuits at once. Voltage mode circuits are usually ternary or quaternary.
There are many more examples of ternary design with voltage mode logic than there
are with current mode. To a certain extent, this can be attributed to problems with
resolution.

In this section, the potential of voltage mode MVL is examined by assessing
the power and time effects of using higher radices. Following this, the basic circuits
used in voltage mode MVL are described. Finally, the major applications of these logic

circuits are described.

2.3.1. Power and time in voltage mode MVL
It is possible to analyse the power dissipation of the bus structures of a voltage
mode circuit, in order to compare binary and MVL circuits. It is assumed that the
circuits all operate at the same frequency, and so the energy dissipated in a cycle can
be evaluated as a measure of power. With a large enough circuit, the charging and
discharging of nodes will average out. This allows a fairly simple model to be used

that assumes that at any particular time, an equal number of nodes is at each of the
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possible voltage levels. Further assuming that each node has the same capacitance
makes the model simple, without reducing its effectiveness for large circuits. It is
important to realise that this model does not include data for the circuits themselves, it
simply models the power used in bus driving within the circuits. The model is a circuit
containing n nodes, each with a capacitance of C farads, and the circuit is supplied
with a voltage V. In the binary case, at the beginning of each clock cycle, each node
can be at either logic level (i.e. either 0 or V volts), and at the end of each clock cycle,

there is a 50% chance that it will have changed. The energy required to change a node

is %CVZ, and so the total energy for all the nodes will be l—ncv~. For the MVL case,

consider a ternary (radix 3) system. There will now be only nlog, 2—0.63n nodes,
as each carries more data. The voltage between adjacent levels vr} is no longer the
maximum voltage change on a node. Table 2.1 shows each of the voltage changes for

the different starting and finishing logic levels.

Finish level
0 1 2
Start 0 0 1 2
level 1 1 0 1
2 2 1 0

Table 2.1. The change in level during a cycle for a ternary node.

There is the same possibility of each of the nine possible changes taking place, so the
energy used by each of the changes can be individually calculated, and then summed:
total_energy - 0.63n(|(0) +|(|cV B) +|(1c(2V 1,)2)
total_energy - 0.42nCV'q
The relative values of V, and V,, must now be considered. There are two realistic

possibilities:
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I. The voltage difference between adjacent logic levels is the same as a binary circuit,
1 e. V- vri. This possibility assumes that the binary system has its power supply
voltage as low as possible, for logic detection. This is applicable to situations where
ternary is used to reduce the device pin counts. In this case, the ternary system
consumes 68% more power than its binary equivalent. This causes a direct trade off
between power consumption, and the chip pin count. Also, an additional power
supply would be needed for the ternary circuits.

2. The power supply voltage is the same, i.e. V =2vri. This possibility assumes a
single power supply for both binary and ternary circuits, and would be used for
example when a small part of a binary circuit were to use ternary in order to gain some

advantage. In this case, the energy used by the ternary system would be:
total_energy =0.1InCV2
For this situation, the ternary circuit will use approximately 58% less power.
The above analysis has been extended to higher radices, and the results are
shown in graphs 2.2 and 2.3 for the first and second possibilities respectively. The
graphs show the average energy used per cycle for radices 2 (binary) to 8 (octal).

7
6

Energy ~
(Relative
to binary) ~

1
0
2 3 4 5 6 7 8

Radix

Graph 2.2. The energy used per cycle for bus structures of differing radices, but with
the same voltage step between levels.

Note that the energy shown in graph 2.2 is lower than might be expected for the

higher radices. It would not be unreasonable to expect the energy used to be

proportional to the square of the radix, since the radix is proportional to the maximum

voltage swing, and the energy is proportional to the square of the voltage swing. The
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reason that this effect is not seen is that a node rarely goes from one extreme value to
another, and the rarity of this event increases in proportion to the square of the radix.
This negates a very significant proportion of the increase. If the option of using the
same voltage step with a higher radix is used, then the power dissipation will increase

roughly in proportion to the radix, for small (slO) radices.

1

0.8

Energy 0.6
(Relative
to binary)
0.2

0
2 3 4 5 6 7 8

Radix

Graph 2.3. The energy used per cycle for bus structures of differing radices, but with

the same power supply.
With the constant power supply situation depicted in graph 2.3, the effect of reduced
voltage swings is markedly seen. In this case, the power supply voltage is the same,
but because the majority of level changes are not the maximum, less energy is used. It
can be seen from this graph, that if non-binary circuits are to be used, power
reductions may be available, even if bus drivers are less efficient at that radix. It can
also be seen that the advantages quickly become very small, and so radices of 3 or 4
offer the most promise. Clearly, the noise immunity of a higher radix circuit will be
smaller than that of a binary circuit in this situation. This noise immunity is likely to
become important when dealing with new binary circuits designed to operate at 3 volts
or even lower.

The time taken by a bus line to reach its required value is also an important
factor, when deciding whether MVL is practical in a particular application, or not. The
time taken may be dependant on the voltage supply, but in the simplest case it is not.
Assuming that the impedance of a transistor is constant, it is possible to calculate the
time taken relative to x, the time constant of the bus and driver, for the worst case level

transition, which will be a transition between the highest and lowest levels. For a T
I
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to 'O transition, in the binary case, the time delay is the time taken for the bus to reach
50% of its minimum value. For ternary and higher radices, this value is lower as
shown in figure 2.12. The figure shows binary, ternary and quaternary levels, and the
switching points (i.e. the voltage at which for example a 'O turns into a T) are at the
dotted lines. The arrow on each diagram shows the maximum voltage that can be

considered a 'O.

Figure 2.12. The switching points for a) binary b) ternary and c) quaternary voltage
mode signals.
One effect of the lower switching voltage for a 'O with ternary and quaternary signals
is that the time taken to discharge a capacitive bus line to that voltage will be longer.
Graph 2.4 shows the time delay on a bus line as a function of the radix. These results
are similar to those given by Baltus et. al. [Baltus90]. From this, it can be seen that the
speed of a bus is nearly halved (relative to binary) when ternary is used. This is
because of the smaller voltage differences between adjacent voltage levels. For this

reason, binary is likely to remain the choice for conventional buses in the critical path.

4
3
Time 2
1
0
2 3 4 5 6 7 8
radix

Graph 2.4. bus time delay as a function of radix assuming equal CR constants.
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2.3.2. Basic circuits in voltage mode MVL

Voltage mode circuits are used in many ways and of course, some circuits bear
little or no relation to the standard basic circuits. It is still useful to examine the basic
building blocks of the majority of voltage mode MVL circuits. This section does not
ignore bipolar circuits, but a larger emphasis is placed on CMOS circuits. This reflects
the proportion of published work on voltage mode MVL in the two technologies.
There are five basic blocks from which almost all voltage mode MVL circuits are
constructed from, whether they are ternary or quaternary. The blocks are:
1 The diode connected transistor.
2. The inverter.
3. The transmission switch.
4. Encoders.
5. Binary logic.

These basic building blocks are now described in more detail.

2.3.2.1. The diode connected transistor.

The diode connected transistor is a resistive element formed by connecting the
gate of an FET to its drain as shown in figure 2.13. This element is used extensively
to produce a voltage drop between two nodes. It can also be used to tie a node to a
default level, in much the same way as depletion mode devices are used in NMOS and
PMOS binary circuits. In the figure, the direction of the diode effect is indicated by the
dashed diode.

Figure 2.13. Diode connected a) NMQOS, and b) PMOS transistors.
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The diode conneeted transistor is used in other building blocks as will be seen later,
and can be used on its own to produce intermediate voltage levels between the power

supply voltage and ground [Mangin86].

2.3.2.2. The inverter.
The binary CMOS inverter shown in figure 2.14a is the most simple active binary
circuit. The transfer characteristics of the circuit are typically similar to those shown in

figure 2.14b. The figure shows a number of important values on the transfer

characteristic. The switching voltage, VMW is the input voltage at which the output
changes its value from one state to the other. The low output voltage, Vol, is the
voltage indicating a 'low' or 'O state. The high output voltage Vd is the voltage
indicating a 'high' or T state.

There are other important facets of figure 2.14b that should be noted. The
output transition is not a perfect one, i.e. the output voltage drops away from Vc

before the input voltage gets to Vsw, and this can be an important factor in accurately

restoring signals to their correct levels.

a) b)

Figure 2.14. An inverter a), and b) its transfer characteristics.
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The inverter is used in voltage mode MVL, but the usage is far more complex
than that of the binary case. The inverter is used to distinguish between adjacent logic
levels on a node, by constructing the inverter such that the switching voltage is at the
switching point as shown in figure 2.12. The switching voltage can be adjusted by
changing the width to length ratios of the N and P transistors relative to each other
|[Huertas81]. However, the ratio difference required increases exponentially as the
switching voltage approaches 0, or the supply voltage. More reasonable transistor
ratios can be used if a diode connected transistor is used with the inverter [Prieto88] as
shown in figure 2.15a. Typical characteristics for this type of circuit are shown in
figure 2.15b. The main problem with this kind of circuit is the shift in the vd ( or Vch
if the diode connected transistor is placed between the inverter and the power supply
rather than between the inverter and ground). This means that the logic levels are not
exact (sometimes referred to as a logic level being 'soft"). In extreme cases this could
cause an MVL circuit to detect an incorrect level. However this can be resolved by

cascading inverters, if necessary.

Vdd Vdd
V. -V Output
" out Voltage
0
0 Vdd
Input Voltage
a) b)

Figure 2.15. A modified inverter a), and b) its transfer characteristics.

Other modifications to the standard inverter are also possible. The supply lines

normally connected to VVdd and ground, can be connected to intermediate supplies
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corresponding to other signal values, or a signal itself can be used to power an inverter
| Watanabe87], This gives inverters that do not have binary outputs; they output either
the upper or lower supply voltages according to the value of the input. A further
modification that reverses the normal power supplies, and uses one supply as a
secondary input, results in a logical sum or product circuit (a logical sum circuit is
shown in figure 2.16a) |Watanabe88], An even bigger alteration is shown in figure
2.16b. This circuit is a non-inverting buffer, that outputs the input value incremented
by one (unless it is a maximum input value). This circuit has a pre-charged clock
input. The circuit given in figure 2.16b, is clearly no longer an inverter, but has the

same form of circuit.

a) b) b)
Figure 2.16. a) A logical sum, b) a level shifter and c) a permutator derived from an
inverter.
Another interesting modification to the basic inverter, for a ternary NMOS style circuit
is to add a P type FET in parallel with the input N type FET, and connect their inputs
together as shown in figure 2.16¢ [Aytac87]. This yields a modulo 3 incrementer or

‘permutator’, the truth table for which is shown in table 2.2.

Input Output
O 1
1 2
2 0

Table 2.2. Truth table for the permutator circuit.
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The inverter is generally used to drive a node to a particular voltage, as has
already been discussed. However, this is not always the case. For example Schultz et
al. [Schultz89] use a set of three equal strength inverters with binary inputs to drive a
single node to one of four possible values corresponding to 0, 1,2 or 3 inverter inputs
being high. There is also an additional inverter connected to the node by both its input
and output. This inverter reduces the voltage swing on the node, in order to make

decoding easier. The circuit used by Schultz is shown in figure 2.17.

Binary
Inputs

Figure 2.17. Inverter outputs ganged together to form a quaternary signal.

2.3.2.3. Transmission switch.

The transmission switch is a very commonly used device in voltage mode
MVL circuits. Transmission switches can be N-type, P-type or ‘perfect’. The so called
perfect transmission switch is an N-type and a P-type switch in parallel with each
other, and their gates driven as the inverse of each other. This removes the voltage
drop that sometimes occurs in N-type and P-type switches, because the voltage drop
occurs under different conditions in the two switches. A 'perfect’ transmission switch
is shown in figure 2.18a, and its symbol is given in figure 2.18b. When E is high,
and E* is low, the resistance of the switch is low, and when E is low, and E* is high

the resistance of the switch is high.
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E* E*
E
a) b)

Figure 2.18. a) A 'perfect' transmission switch, and b) its logical symbol.

This switch can very easily be used to set the value of a node to a logical value when
required by connecting a source of that logical value to one side of the switch, and the
node to the other side [Mangin86]. The switch can then be activated, setting the node
as appropriate. In the same way, the transmission switch can be used to set one node
to the value of another by connecting them together [Chew87], However, care must be
taken, because the switch is not an active device, and so there is a degradation of any
signal transmitted through it, and values stored on a node as charge, can be drained
away in an effect known as 'charge sharing’. Wu and Prosser |Wu88, Wu89] have
suggested the use of N, and P-type transmission switches that have differing threshold
voltages. Multiple implants give three threshold voltage variations for each type of
switch, and this allows logical functions to be formed, as the thresholds are set to

differentiate between each pair of adjacent levels in a quaternary system.

2.3.2.4. Encoders.

The design of encoders for ternary and quaternary voltage mode MVL is well
explored. There are two major types of encoder; multiple power supply, and single
power supply. The multiple power supply types simply connect the node to the
appropriate power line, whilst the single power supply types use varying resistive
connections to the power and ground lines to charge the node to a particular
intermediate voltage. The inverter structure used by Schultz et. al. [Schultz89] has

already been described. The three inputs each contribute equally to the quaternary
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output. However, it is possible to combine a pair of the input inverters, and discard
the fourth inverter used by Schultz, to produce an encoder of the form given in figure
2.19a [Shanbhag90]. This circuit relies on the resistive properties of the FETSs, but the
threshold voltage can also be put to use as shown in figure 2.19b [Singh87b], In this
circuit, the bus is precharged to 2.5 volts, and then either charged or discharged
through one of the four transistors in the encoder to the appropriate level. Discharging
through an N-type, or charging through a P-type FET results in the bus being fully
discharged or charged respectively, whilst charging through an N-type, or discharging
through a P-type FET results in an incomplete charging or discharging. Similar results

have also been reported for NMOS circuits [Singh87b].

a) b)

Figure 2.19. Encoders using a) resistive, and b) threshold voltage drop techniques.

The circuit used by Bhattacharya [Bhattacharya90] has many similarities to the CMOS
circuits described by Singh. Singh's circuit requires the MSB and LSB to be decoded
into four activation signals, one for each of the drive transistors. Bhattacharya's circuit
is the equivalent of a transmission switch: either the MSB, or a weakened version is
connected to the bus line according to the level of the LSB. The weakened version of
the MSB is created by passing it through an inverter with swapped power supply
connections. This is, in effect, the same as the N-type connected to VVdd, and the P-

type connected to ground in Singh's CMOS circuit. The circuit is shown in figure
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2.20. As with Singh's CMOS circuit, the bus line must he pre-charged to 2.5 volts

(assuming a 5V supply) prior to operation.

Vdd

Another notable use of threshold voltage drops is shown in figure 2.21 [Etiemble90].
The a, b and ¢ binary signals are formed from the MSB and LSB of the input, and

control which one, if any, of the pull down paths is used. The pull down paths

activated individually by a, b and ¢ produce approximately 0, vV , and 2VIp volts
respectively, where Vip is the threshold voltage of a P-type FET. The pull up
transistor is significantly more resistive than the N-type pull down FET. The fourth

level in this quaternary encoder is obtained by not activating any of the pull down

paths.
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Vdd

Figure 2.21. An encoder based on threshold voltage drops

Multiple power supply encoders are inherently simpler than single power
supply encoders since all that is required is to switch the appropriate voltage onto the
node. This can be done by the use of transmission switches [Mangin86], or binary
logic followed by a very simple driver [McCluskey82, Wu90], The use of
transmission switches for Mangin's quaternary encoder is shown in schematic form in
figure 2.22a. The power supplies M0_3 (which are the logic levels for the four logical
levels) could either be external to the IC, or generated on chip as Mangin suggested.
The simple encoder described by McCluskey, and Wu is shown in figure 2.22b. The a
and b signals are derived from the two binary inputs required to represent a ternary

signal.
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a) b)
Figure 2.22. Multiple power supply encoders, a) Transmission switch based, b) A
simple driver.

2.3.2.5. Binary Logic.

As with current mode logic, standard binary voltage mode logic is used within
voltage mode MVL circuits. In some cases, though it is really the MVL that is being
used inside the binary circuit, for example the binary full adder designed by Schultz
[Schultz89] contains a single quaternary node. Part of the decoding of this signal is
binary logic. In McCluskey's modulo 3 adder [McCluskey80], a Decode Logic
Encode form similar to the current mode form described earlier can be seen.

Apart from the five major components already discussed, there have been other
building blocks reported, but they have been constructed from the basic circuits that
have been described. One noteworthy larger size building block in voltage mode logic
is the T-gate [Chew87], This circuit is basically the ternary version of a multiplexer:
one of three inputs is fed to the output depending on the value of the ternary selection
input. A transmission switch version of the circuit is shown in figure 2.23. The
numbers by the inverters are the logical switching levels of the inverters. Only positive
switch inputs are shown to the transmission switches, but clearly inverted switch
inputs would also be applied (to the P-type FET). A binary multiplexer can be used to
implement logical functions directly from their truth table [Horowitz80], The T-gate

can be used for direct implementation of ternary functions in just the same way.
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2.3.3. Applications of voltage mode MVL

Voltage mode MVL has a number of applications. This section examines some
of these applications. It was shown earlier, that high speed buses are not practical in
simple voltage mode MVL circuits, but this does not preclude its use. For example,
Etiemble et. al. [Etiemble90] use a four valued bus structure for inter-processor
communication in a massively parallel architecture. The limiting factor in this
architecture is not bandwidth, but pin count, and so either MVL or time domain
multiplexing is needed. The use of a BIiCMOS process gave satisfactory speed
performance, and a reduced encoder area. Other bus structures have been reported
[Baltus90, Kaliman88] using differential signalling. Differential voltage mode MVL
does not give advantages over conventional single ended binary, but it is better in
bandwidth terms than binary differential signalling. Kaliman et. al. designed a ternary
ring LAN based on a twisted pair wiring system. The three signals used are a positive,
negative, and no difference between the pair of wires, which are detected using a pair
of opto-electronic switches connected to the twisted pair in an opposite polarity to each
other. Baltus et. al. established a method for the implementation of MVL differential
signalling, by showing that a twisted set of n wires can be used instead of just a
twisted pair. In this case, there would optimally be n possible levels that each wire
could take. This gives simple differential interfaces (Kaliman's is not a simple

differential system since no difference must also be detected) that have superior
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bandwidth performance to that of a binary differential interface using the same number
of wires.

Logical functions can either be directly implemented on ICs using custom logic
gates designs, gate array designs, or logic arrays. In MVL, logic arrays can be created
[Shanbhag90], These logic arrays operate in quaternary, and can be used in a
quaternary environment, or be used as part if a larger binary circuit, when encoders
and decoders are added to the circuit. A 2pm CMOS process was used to design this
circuit. Gate arrays have been reported for the specific application area of pattern
matching [Hanyu87]. Pattern matching circuits are used in Artificial Intelligence (Al)
processors, as a building block. These circuits use a standard NMOS process with the
addition of the choice of 4 threshold values for the transistors. This work was
extended to the design of an Al processor [Hanyu88], The multiple threshold values
of the transistors were replaced by a new MOS device similar to an EPROM transistor.
This device, called a FLOTOX device isa FET with an extra gate above the first gate.
The lower gate is allowed to float (i.e. it is unconnected), and the amount of charge
stored on the floating gate can be controlled by the upper gate. In addition, Silicon On
Sapphire techniques are used to allow the back bias of the FETs to be individually
controlled, and hence the threshold voltage can be electrically altered. The use of MVL
in conjunction with these devices allowed a very compact design to be constructed.

Some voltage mode MVL applications are small extensions to binary circuits
that improve the performance of the binary circuit. For example, Schultz et. al.
presented a binary full adder, with a single MVL node [Schultz89J. The encoder part
of the circuit is shown in figure 2.17, and this is decoded using 3 inverters with
modified switching voltages. The sum output is then created using a small amount of
logic. The whole adder circuit is shown in figure 2.24, with the numbers by the
inverters indicating the logical switching level of the inverter. The advantage is seen in
the carry propagation, since there are just two inverters between the carry input and
carry output of the circuit. Hence, a pair of words are added more quickly than with a

standard binary circuit.
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Quaternary
Node

Katter et. al. [Katter90] showed how to design binary circuits such that if all inputs
were set to 2.5 volts (i.e. half the supply voltage), the outputs should all be at 2.5
volts. This allows a device to be quickly tested, and the majority of failures would
show up using this kind of circuit. The circuit uses depletion mode NMOS and PMOS
devices which requires a number of extra processing steps during fabrication, and
hence is expensive. In addition to this, extra transistors are used which in turn means
lower gate densities, and higher power consumption. The disadvantages of these
circuits make them impractical at present, but this is an area which shows some

promise.

2.4. Charge mode MVL
Charge mode logic can be split into two basic types: Charge Coupled Device
(CCD) logic and Switched Capacitor (SC) circuits. CCD circuits store charge in
potential wells beneath the gate of an FET. Whereas SC circuits use capacitors, often
created using a pair of polysilicon layers, and FETs as switches. In the next section

CCD circuits are described. Following this, MVL SC circuits are examined.

2.4.1. CCD MVL circuits
CCDs are derived from analogue circuits known as bucket brigade delay lines.
These were first integrated in the late 60's in switched capacitor form, but Boyle and

i
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2.4: Charge Mode MVL

Smith |Boyle70| suggested a technique that allowed charge to be stored under
transistor gates. The basis of the technique is that a single FET can have a number of
gates, and a potential well can be produced beneath a gate, allowing charge storage for
a significant period of time. This charge can then be moved from one well to another
as shown in figure 2.25. In figure 2.25a the charge is shown in the well created by the
voltage on gate A. In figure 2.25b, the voltage of gate B is made equal to that of A, so
that the charge is shared between the two adjacent wells that effectively form a single
large well. In figure 2.25c¢ the voltage on A has been reduced to the minimum level
removing its potential well. The minimum voltage is marked on the diagram as zero,
but it would be slightly above 0 volts. Using this technique, the charge drops into the
well beneath B. The charge is shown in the diagram at the bottom of the depletion
region to ease understanding. However, the charge will in fact accumulate at the top of
the depletion region near the gate. A three phase system has been shown here, but two
phase systems can be created by varying the oxide thickness beneath the gates of the
CCD |Millman87], The effect of this is to maintain isolation of one data bit from the
data on either side of it in the CCD.

MVL CCD circuits can be produced by allowing for a variable amount of
charge in each potential well [Butler88], Four logic levels is practical, and a good
choice, since conversion to and from binary is simplified. Eight levels (the next
practical choice) is difficult to obtain due to difficulty maintaining accurately sized
charge packets. Noise is not much of a problem since it causes errors of only about 3
percent of a charge unit using quaternary logic. Transfer of charge from one well to
another can be done to a high accuracy, so long as the clock is slow enough. There is
a direct trade-off between clock speed and charge transfer accuracy since the well acts
like a capacitor being charged through a resistor. However, this has limits, because of

the 'dark current effect'.
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Figure 2.25. The movement of charge in CCD circuits.

Logic in CCD MVL is based upon four basic circuits. These circuits allow the
construction of any logical function. They are:
1. Constant. A constant source is produced by supplying charge to a well of known
size. The well fills to its maximum capacity, and this known amount of charge can
then be passed to another circuit.
2. Adder. Two wells can be made to supply their contents to another single well. The
contents of this well is then the sum of the initial two values.
3. Threshold. If more charge than a well has capacity for is supplied to a well, it will
overflow, and this can overflow can be used to detect that a signal has a value greater
than the threshold. Composites of this cell can easily be constructed which detect a
series of thresholds, and is well suited to MVL applications.
4. Inhibit. Instead of determining the gate potential for a well by a clock signal, as

would be normal, the gate can be tied to a well in which the result of a logical
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2.4: Charge Mode MVL
operation is being stored. This allows the path of one signal to be affected by the
results of another signal path.

The basic logical circuits described above have been used to produce a number
of different larger circuits. Abd-El-Barr ct al. |Barr88] described how to produce
efficient unary functions from these circuits, and provided more efficient results than
had previously been obtained for more than three quarters of all unary functions. This
work has been extended |Barr89, Barr90] to the production of dynamically
reprogrammable PLA structures. In addition, a method for the decomposition of a
function in order to allow direct implementation on a single row of the PLA structure
was given. A radix independent method for the synthesis of functions has been shown
|Zaky90J. This method directly yields circuit implementations that are heavily based
on the efficient overflow circuit. CCDs can also be used within fairly small binary
circuits to reduce circuit complexity. For example, Manzoul et. al. [Manzoul87]
suggested its use in binary adders. The use of a radix 4 CCD carry look-ahead array
reduces the number of arrays needed from three to one for an 8 bit adder. The savings
available vary with word size, and there are regions where there is no gain from this

type of circuit [Manzoul88].

2.4.2. Switched capacitor MVL circuits

Switched capacitor circuits have been designed for use in MVL applications. A
switched capacitor circuit is in fact a hybrid of charge and voltage mode circuits. This
is because the charge is held on capacitors which have well defined capacitances, and
so the voltage across the capacitor is also well defined. Whilst the signal value is
determined by the amount of charge on the node, the output of a circuit can be a
specific voltage, which is converted to a charge by the input stage of the next circuit.
This is shown in figure 2.26. where the output voltage V is fed via switch A to a

capacitor. The charge Q on the input node of the device is:

48



2.4: Charge Mode MVL
This happens during the < clock period, and during the <2 clock period, the value of

that charge is connected to the rest of the circuit (although its sign is changed).

There are four main building blocks in switched capacitor circuits [Ho89J.
These circuits are all extremely similar, but each has a different clocking procedure.
The circuits contain an operational amplifier, so that charge levels are easily
maintained. This fact would make this type of circuit ideal for ASIC designs. The
building blocks are:
1. Gain stage. This circuit outputs a fixed multiple of its input. This is done using
ratioed transistors.
2. Adder. The charge stored on two capacitors is transferred to a single capacitor. This
gives the sum of the inputs.
3. Integrator. A single input adder, that is not cleared at the beginning of each cycle.
This clearly has limits, as the circuit has a limited range. Overflow (or underflow)
causes the integrator simply to remain at its maximum (or minimum) output value.
4. Comparator. The circuit outputs an indication of which input is greater in value.
Ho and Smith [Ho89] suggested the use of these building blocks in the production of
a fixed point multiplier that is topologically base independent. This is attractive, since
if high radices become practical, they will enhance this design with little need for
modification. It has also been shown that these types of circuit would be useful in the
production of binary to MVL, and MVL to binary converters that could cope with a
number of different radices [Ueno89], This is a particularly attractive proposition if
non 2' radices are available since then, a single converter could be used for the

different digits in a system residue number arithmetic.

t
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2.5. MVL memory
To a large extent so far, memory circuits have been ignored. The design of
large scale binary memory circuits has become very different from conventional binary
logic design, and this is also true of MVL memory circuitry which has followed the
advances made in binary memory circuits. The design of multiple valued memories
has been examined by others [Rich86, Etiemble92]. This section gives a brief
overview of MVL memory technology. Memory is examined in two parts: register

memory, and large scale memory.

2.5.1. Register memory

Register memory consists of latches, flip-flops and similar circuits that are
generally used in sets of a few digits. The two main types of latch are shown in figure
2.27. Both are current mode circuits. Figure 2.27a is the block diagram of a basic
latch, in which a quantising circuit produces two outputs, one of which can be
switched to be its input. With the switch in position A, the output is a quantised
version of the circuit input, but in position B, the last input is retained indefinitely.
This switch can be created in a number of ways. K.W. Current et al. [Current89,
Current91] switches the voltage on a diode connected transistor since this will remain
stable during the transition of the circuit from its sample state to its hold state. This
system is used for both unidirectional and bi-directional circuits. Xu's quantiser
[Xu89] feeds back a positive, and negative version of the signal that cancel each other
out. When the input is disconnected, so is the negative quantised signal, and the
positive signal is latched Figure 2.27b shows a different system. The input is fed to
the gate of a diode connected transistor during one clock phase, and then during
another clock phase, the transistor gate, and the capacitance connected to it, is
disconnected from the drain. The drain is now connected to the output so that the
transistor acts like the output stage of a current mirror. Lee et. al. [Lee92] showed this

circuit used in conjunction with a quantising circuit to provide a latch. More recently, it
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2.5: MVL memory
has been suggested |Karasawa93], that MOSFETs with a staircase like transfer

function could be used to form an MVL latch.

Feedback InPut-----A e e ° utPut
Input JB “1
A N_ Quan- -~ oytput H
~ ftiser J i
Gnd T
a) b)

Figure 2.27. Two current mode latch circuits.

Flip-flops are not well defined in MVL. For example, considering the binary
JK flip-flop, it is not obvious what the ternary extension should be, indeed even the
number of inputs is unclear. Wu and Prosser have suggested a ternary three input
‘JKL Flip-Flop' [Wu88], but this gives the circuit an unnecessarily high 27 possible
functions in comparison to the four possible with the binary JK type. Even the two
input ternary JK type of Webb et. al. |[Webb91] does not use all of its nine possible
functions uniquely. The construction of these types of flip flop is usually done from

the basic voltage and current mode building blocks described earlier [Etiemble80].

2.5.2. Large scale MVL memories

The use of MVL in ROM circuits is an area in which the commercial potential
of MVL has already been shown. INTEL used a four-valued ROM in the 8087 maths
co-processor, and in other devices [StarkS I. Silio83]. The benefit of this circuit over a
binary equivalent was a reduction in area. This was due to the reduction in the number
of cells required in the ROM. Although the four valued cells were larger than their
binary counterparts, they were not twice as large, and more significantly, there needed
to be half as many gaps between cells to prevent wires shorting. INTELs approach
was to use a number of different widths of transistors in the ROM cells, but it would
also be possible to use multiple supply rails to tie the ROM transistors to (Cho88], or

multiple implants to alter the transistor characteristics (Rich86).
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2.5: MVL memory

Large scale memories that can be written to have had some successes in MVL.
The most notable of these is the 4Mbit dynamic RAM constructed from a | Mbit RAM
with modified input and output buffers |Horiguchi88j. One of 16 levels is stored on
each memory cell capacitor. This circuit is set up for file storage applications, and is
ideal as a store in between main memory, and disk storage, that greatly reduces the
effect of "thrashing" [Dube90|. Static RAMs have also been suggested [Ishizuka90],
using a number of transistors with different threshold voltages. It has been shown that
just two threshold voltages can give a radix 4 memory cell. Another writeable memory
type is the Content Addressable Memory (CAM) which can be used in artificial
intelligence applications, and caches. An efficient MVL CAM can be designed using
floating gate MOS transistors [Hanyu90], and more recently efficient circuits have
been reported using just conventional MOS transistors [Aragaki92], In this case, both
time and area improvements resulted from the MVL design. As with binary circuits,
novel technologies sometimes lend themselves particularly well to the design of
memory circuits in MVL. The floating gate MOS transistor has already been shown,
and another important example is the Resonant Tunnelling Diode (RTD). The RTD is a
two pin device which has a sawtooth I-V characteristic as shown in figure 2.28a.
When combined with a resistor in series, an |-V characteristic results that has multiple
hysteresis loops in it such as that shown in figure 2.28b, and can thus be used as a

multiple valued storage element |Wei91, Shieh93].

a) b)

Figure 2.28 I-V characteristics of a) and RTD b) an RTD in series with a resistor.
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2.6. Testing MVL circuits

In an earlier section it has been shown, that MVL can be used to test binary
circuitry. However the testing of MV L circuits has not been addressed so far. Testing
is a very large subject, and a full investigation of the subject would be excessively
lengthy in this context. Instead, a brief insight into the testing of MVL circuits is
given. The testing of MVL circuits can be split into two major areas: the provision of
circuits to enable testing, and the generation of test vectors to apply to the circuits.

Both of these areas are now described.

2.6.1. Circuits for MVL testability

MVL test circuits have closely followed their binary counterparts, and so
concepts like scan testing are well known in the MVL community. It is possible to
construct Built In Logic Block Observation (BILBO) circuits for MVL (Rozon88,
Rozon90]. And the area overhead for scan testing can be greatly reduced by using
ternary clock signals [Hu86, Wu93J. These overhead reductions can easily be applied
to binary circuits as well, by introducing a ternary clock into the circuit. Another well
known binary technique, is to use a Multiple Input Shift Register (MISR) to compress
the test output data, in order that a small amount of data can be used to check the
operability of a circuit. One drawback of MISRs is that there is a small possibility of a
fault masking itself (known as aliasing), so that a faulty circuit gives a correct MISR
output. MISRs can be applied to MVL circuits [Edirisooriya92], with an added
advantage, that the aliasing probability is lower for the MVL MISR. Cellular arrays are
a quick and easy way to design logic circuits, and can be designed for ease of
testability (Kamiura92]. Indeed, this has been extended to provide a cellular array that
is also diagnosable and repairable [Kamiura93]. Clearly, this level of fault tolerance

could be a big advantage in certain applications.
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2.6.2. MVL test vector generation

The generation of test vectors is a big problem. Methods for stuck at x
detection have been proposed [Whitney88] using a method known as 'partial
differences'. In addition, test sets have been produced for a fairly standard set of
voltage mode ternary building blocks [Rozon91). These can be used to construct test
vectors for any circuit constructed from the building blocks. Test pattern generation
has also been devised for PLA structures in MVL |[Nagata93], and these patterns can
also detect the position of some faults, giving the potential for fault correction. At a
high level, ternary systems can be made fault tolerant by applying methods shown by

Xu et. al. [Xu88],

2.7. MVL and VLSI production processes

The design of VLSI circuits cannot be totally devoid of consideration for the
process in which it is to be manufactured. In this section, the interaction between MVL
and the process it is manufactured in is examined.

It is possible in binary logic design to settle on a process type, for example
CMOS, and then to design to a typical set of design rules. When the time comes for
fabrication, the circuit can then be scaled such that all the rules used in the layout of the
circuit obey the rules actually specified for the process. For a number of years, this
was a perfectly satisfactory way of working, as the relative sizes of most of the
components of a VLSI circuit remained roughly the same. However, as circuit
dimensions have become smaller and smaller, the dimensions of components such as
contacts between metal layers have not kept pace with other circuit components such
as wire widths. This means that older circuits are less efficient than they might be in a
new process. In addition to these problems, the smallness of modern integrated FETs
has brought new effects to a level at which they must be considered. This is not much
of a problem for binary circuits, but for MVL it can have a profound effect. This
section investigates the effect of the trends in VLSI production processes on the use of

MVL.
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There have been many papers published that describe analogue circuits, and
converters that have accuracies equivalent to eight to ten bits, that operate at very
reasonable speeds. For example Nakamura et. al. [Nakamura9l ) produced a digital to
analogue converter with 10 bit accuracy, operating at 70MSamples/s. Because of this,
it would not be unreasonable to assume that MVL circuits should be capable of
operating with as many as 1000 levels. The reason that MVL circuits don't operate at
these levels is mainly due to the production process. There are many parameters in the
production process, such as doping densities, and oxide thickness, which affect the
parameters of the transistors produced. These parameters vary across the device like
the example shown in figure 2.29. To minimise the effect of this variation, transistors
whose parameters must be matched, need to have a common centroid [Shyu84,
Bastiaansen91], In small circuits, this can be done by using circuits such as that
shown in figure 2.30. This diagram shows two transistors in series, but they have
been split into a pair of parallel transistors each to give a common centroid for the

composite transistors [Nakamura91],

Figure 2.29. A slowly varying device parameter (Oxide thickness in Angstroms).

Other parameters such as threshold voltage, and edge effects are not slowly varying,
and so other techniques such as unit transistor layout, and the use of active mirrors
rather than simple passive mirrors need to be employed [Nairn88], It may also be
possible to alter the power supply voltage to reduce the threshold voltage effects

[Yamakawa86],
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Figure 2.30. A VLSI layout of a pair of transistors in series, with common centroid.

The most used technique for reducing errors in analogue circuits is simply that of not
using minimum size transistors. Transistor sizes in the region of 10pm by 10pm are
not at all uncommon, and as a result, analogue circuits make much less of the
advantages available with modern sub-micron semi-conductor processes. As the
processes shrink, other effects can cause problems. For example, when the gate length
becomes small, the proximity of the source and drain doped areas to each other means
that the field under the gate is affected, altering the transistors parameters. This is the
'short channel effect' [Viswanathan85], MVL circuits attempt to compete with binary
circuits in terms of time and area, and so circuits that use 10pm long gates, and are
therefore large and contain high parasitic capacitances are not particularly practical.
Instead, large numbers of MVL designers seek to alter the process the circuits will be
fabricated in, by introducing additional devices such as high precision depletion mode
PMOS transistors [Kameyama88], or multiple threshold voltages [Hanyu87J. Despite
these novel device types, commercial circuits would need to be able to operate over
wide temperature ranges which can affect the threshold voltage. However it is
interesting to note that this temperature dependence reduces as the gate length gets
shorter [Tzou85], and so it is likely to be less important for MVL circuits than for
analogue circuits, where it is a major problem [Sansen88]. There is already the
knowledge available to MVL designers to allow many more levels in their circuits.
Advances in analogue technology may in the future make larger numbers of levels a
practical option, or may increase the yield of existing designs to a stage where they are

commercially viable.
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2.8. MVL and optical technology

MVL does not necessarily have to be implemented in an electronic circuit. An
example of another method of performing logical operations is Optical logic. Optical
logic is a relatively new area of research, based upon communicating signals as beams
of light rather than as electrical signals. There are many advantages to be gained from
this approach:
1 Negligible crosstalk.
2. High bit rates due to the lack of an equivalent to electrical parasitic capacitances.
3. Electrical isolation between the ends of the signal connection, reducing the ground
loop problem.
4. Low noise in an enclosed system.
5. A single connection can carry a number of independent signals at different
frequencies.
6. A connection off the integrated circuit does not need to be at the edge of the circuit,
and hence the pad ring problem is removed.
Many of these advantages were examined by Hurst, when he examined the possibility
of using optical fibres for MVL communication [Hurst80j. Hurst recognised the
opportunity to use optical signals in a similar manner to that described by Kirchoffs
current law. A set of fibres carrying signals fused and then fed to a single output
provides an output light intensity equal to the sum of the inputs. The logic associated
with optical technology either uses a single input connection with inputs at different
frequencies [An92], or a threshold function based upon the intensity of the input
sources, and the required function from the gate [Osawa92], in much the same way a
current mode logic operates as described earlier. From this, it can be seen that optical
technology is potentially well suited to MVL use. In addition to this, current mode

circuit concepts should also be appropriate for optical MVL circuits.
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2.9 MVL versus Binary logic

There has already been some discussion in this chapter on the relative merits of
MVL and binary logic. Voltage mode circuits have been examined, and it has been
shown that bandwidth increases that would be expected from these MVL circuits will
not actually appear in practice. Current mode logic has not been directly compared to
binary logic simply because the comparison is so heavily affected by the choice of the
current unit, and by the fabrication process. The higher the current unit, the higher the
speed, and the higher the power dissipation. The power dissipation is static however,
and so simply lowering the clock frequency of a circuit will not affect power
dissipation. The fabrication process has a great effect on the performance of these
circuits, as the variability of parameters such as the threshold voltage affects the choice
of current unit, and hence power and speed. There are, however practical results from
which conclusions can be drawn. For example, the multiplier designed by Kawahito et
al. [Kawahito87] has shown that power and area advantages are available when
current mode MVL is used. Consequently, current mode logic appears to be a good

choice for further development.

2.10. Summary

In this chapter, the methods used in designing, fabricating, and testing MVL
circuitry have been examined. As the circuits will always have to interact with binary
circuitry to some extent, converters to and from conventional voltage mode binary
logic is important. This causes radices that are integer powers of two to be favoured.
The only radix that is in common use which does not fall into this category is radix 3.
This radix has been used extensively as a 'first step' away from binary. MVL concepts
have been applied to many different logic types, and fabrication technologies, with
varying degrees of success. The use of a four valued ROM in the Intel 8087 maths co-
processor [Stark81 ] proves that MVL can be commercially viable. However, trends in
CMOS fabrication processes mean that it is becoming increasingly difficult to design

efficient MVL circuits. This is especially true of voltage mode MVL, since the
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2.10: Summary
proposed reduced voltage power supplies would give even smaller ranges for the
circuits to operate within. Newer devices such as RTDs could well give rise to much
more efficient MVL circuits, due to their non-binary nature. New technologies such as
optical logic may also benefit from the use of MVL. In the near future, it seems
unlikely that MVL circuits will gain wide acceptance, but this is probably more to do
with the fact that the whole of digital circuit design and production is tuned to the

needs of binary than anything else.
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3.1. Introduction

This chapter will look at the evaluation of elementary functions such as sines
cosines tangents, and natural logarithms. These functions are non-linear, and generally
are functions of just one variable. Combinations of these functions are also examined,
and it will be seen that these combinations can be as quick to calculate as the individual
functions themselves. The motivation for implementing such functions is clear. There
are many operations taken for granted in computing today that use functions of single
variables very heavily. Frequency analysis (using the Fourier transform), Givens'
rotations, basic geometry, and rotating an object on screen using a CAD package are
obvious examples. As a consequence scientific calculators invariably have these
functions, and any software language of a higher level than an assembler would be
incomplete without them. The example of the Fourier transform shows why these
functions are needed in hardware. To take the Fourier transform of a 512 pixel by 512
pixel image for example, it would be necessary to calculate more than 4 million vector
rotations (conventionally done using multiplication by stored sine and cosine values).
A single vector rotator would have to complete one calculation every 10ns to achieve

television rate throughput.
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The different methods of evaluating these functions fall into four categories:
Non-iterative, Quadratic convergence. Linear convergence, and Hybrid. Non-iterative
methods are table lookups in general and produce very high speed results, but the cost
quickly becomes prohibitive as word length increases. Quadratic convergence is
obtained from Taylor series expansions [FarmwaldSl], and similar methods. These
methods rely heavily on multipliers and dividers, which are themselves complex
functions in VLSI. Linear convergence is found in algorithms such as the CORDIC
algorithm which provides roughly one bit of accuracy per iteration of the algorithm.
Hybrid techniques take the best of a number of these individual techniques, and
combine them to form more efficient solutions.

This chapter starts with a brief look at elementary functions. This gives us
information on what an elementary function evaluation algorithm will be required to
produce. Following this, non-iterative, quadratic, and linear convergence algorithms
will be examined. The CORDIC algorithm which has linear convergence is examined

in detail. Hybrid algorithms are mentioned in these sections where appropriate.

3.2. Nature of the problem

Functions such as sine, log and square root are inherently non-linear, and
hence their range of convergence is important, as the output can be non-linear,
discontinuous, complex, and can even go to infinity. An example of this is the tangent
of an angle as shown in figure 3.1. We can see that this function is non-linear,
discontinuous, and goes to infinity. This function also has the property that it is
repetitive all the way to £00. Some other functions, for example the square-root of a
number (also shown in figure 3.1), are non-repetitive, and also in some ranges (<0 for
a square-root or a logarithm) the function is not a real number (i.e. it is complex).

Repetitive function algorithms need only to be able to calculate a large enough

range of the function to be able to reproduce the rest of the function. In the case of the

tangent, the range 0 to -y is sufficient. However, for the square-root, the range

required would be the entire range of positive numbers representable with the data type
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used in the algorithm. Some algorithms such as the CORDIC algorithm cannot cope
with the full range in their basic form, and so work has to be done to increase the

range in which the algorithm operates |Hu91],

3.3. Non-iterative algorithms

One simple way to evaluate functions quickly is to pre-calculate the function
for all possible input values, and store the results in a Read Only Memory (ROM). The
input indicates the function to be evaluated, and the value that the function is to be
evaluated for. The ROM acts as a look up table, and the output is the stored result for
the input value and function. The problem with this, is that every possible input value
and function have to have their output stored separately. For word lengths less than 8
bits, this doesn't matter, but as the number of bits rises, the size of the ROM quickly
becomes impractical. For each new bit on the input, there are twice as many input
combinations, and one more output bit required. This more than doubles the area used

for each additional bit. In general

Number_of_ functions x 2 X Output_Word_ Length
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3.3: Non-iterative algorithms

hits of storage are needed for fixed point numbers. This method is fastest, but is only
usable for small word lengths. With floating point numbers, the problem is vastly
increased as the input word length effectively becomes

Inputs Mantissa_ Length +
Clearly, a repetitive function can reduce the memory requirement by a significant

factor, but this quickly becomes less significant as word length increases.

3.4. Algorithms with quadratic convergence
Another system that can be used for function evaluation calculates a series
expansion of the function using the Taylor series [Farmwald81 J. The Taylor series for
various functions are shown below. There is a heavy requirement for multiplication
and division. A 64 bit result would require about 20 multiplications or divisions.

These would have to be done in series, and consequently, this method is quite slow.

Implementations of the Taylor series, combined with a table look up for the

first few bits have been shown [Farmwald81, Ohhashi85], as a very effective hybrid.
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3.4: Algorithms with quadratic convergence

The result is a 32 bit floating point function generator that can calculate the square-
root, the reciprocal, and the reciprocal of the square-root. The circuit requires
approximately 30K bytes of ROM, two multipliers, and two adders, as shown in
figure 3.2. There is an 8% error between the LSB value calculated by the circuit, and

the same function calculated on a VAX.

Mantissa

Parity Output
Function

Exponent

Figure 3.2. A hybrid ROM-Taylor Series Circuit [Ohhashi85],

3.5. Algorithms with linear convergence

Another way to calculate functions of a variable, is to use digit by digit
approximation algorithms such as those proposed by Specker [Specker65], or Voider
[Volder59], or by using chebyshev polynomials |[Hwang87j. These algorithms need
more iterations to get a result to the same accuracy as the Taylor series, but the
iterations can be considerably faster, due to the reduced complexity of the calculation.
The following section will examine the most popular digit by digit algorithm; the
CORDIC algorithm as proposed by Voider. This algorithm has been the subject of

much discussion due to it's simplicity of design, and flexibility [Fulcher89,
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Dewilde92|. Following this radix 4 and 16 algorithms with similarities to the CORDIC

algorithm will be examined |Rodrigues8l, Ercegovac73].

3.5.1. The CORDIC algorithm

3.5.1.1. Origins

The Coordinate Rotation Digital Computer or CORDIC was first suggested in
1959 by Jack E. Voider |Volder59], His motivation was a need for accurate
calculations on board an aircraft for navigation. The system was capable of quickly
computing vector rotations, and performing Cartesian to circular coordinate system
conversions. The same hardware was also able to multiply, divide, and convert
between binary and mixed-radix number systems.

CORDIC is based on reducing a rotation into a set of smaller sub-rotations.
The sum of these sub-rotations is the overall rotation required. If a vector R is
considered, that is to be rotated through an angle A. If |A is greater than 2n, then

rotating by the A modulo 2n will have the same effect. The sub-rotations used in an

iteration is greater than ~ the sub-rotation used in the previous stage, so the maximum

rotation is at least +2 x first_sub_rotation _an%le

3.5.1.2. Basic CORDIC algorithm

Rotating a vector is a fairly complex operation involving multiplications, which
is best avoided if possible. One way to do this is to perform a pseudo-rotation which
simply moves the end of the vector along a perpendicular to the original vector. The
effect is to rotate the vector through an angle say a, and extend it a little. This

extension is ignored for now, but it will be discussed again later. The vector (X,,,K0)
becomes (X,,K,) where
X, = X0- Kitana
and
T, = YO+ XOtan a
this is shown in figure 3.3. We do a number of such rotations by fixed, and carefully

chosen angles, which combine to form the correct angle of rotation. We can make
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tan« equal to | for the first iteration of the algorithm, 2—f0r the second, 4—for the

third and so on. For the (i'-I)th iteration, tan«, will be 2"'. The pseudo rotation
rotates the vector by exactly the angle «,, but note from the diagram that it also
extends it. We will ignore this extension for the moment, so that the iteration is

simply:
and

where
dt- 2™

The + simply indicates the fact that the rotation can be in either direction.

Y
il

Figure 3.3. A CORDIC pseudo-rotation.

Clearly, it is important to keep track of how much the vector has been rotated.

For this purpose, another register, conventionally the Z register, is used. A pre-stored

value for a ( is either added to or subtracted from the Z register at each iteration:
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ZIt,-Z ltal

To start the process, it is necessary first, to consider what is required of the CORD1C
machine. The functions fall into two categories called ROTATION, and
VECTORING. ROTATION starts with a vector, and rotates it through an angle. To
do this, the X and Y coordinates of the vector are loaded into the X and Y registers,
and the angle through which the vector is to be rotated is loaded into Z. For each
iteration, Z is forced towards 0 by doing a positive rotation if Z is negative, and a
negative rotation if Z is positive. In VECTORING mode, Z starts equal to 0, and X
and Y are loaded with the coordinates of the vector as before. This time, at each
iteration Y must tend to zero, so a positive rotation is performed if Y is negative, and a
negative rotation if Y is positive. The result, is X as the vector magnitude, and Z as the
vector argument (angle).

As has been seen, the rotations performed on the CORDIC iterations are not
perfect rotations, but rotation extensions. For a rotation of tan'12~*, both the X and Y
values are extended by a factor of V1+ 2'2i. These extensions combine to form an
overall extension or scale factor which is conventionally called K. The problem of the

scaling factor is dealt with in more detail later in this chapter.

3.5.1.3. Error and Convergence

As a set of CORDIC iterations is performed, two things must be ensured, first
that the values in the registers do not become greater than the register can handle (i.e. it
overflows), or that an accumulation of rounding errors causes the final result to be in
error. For this reason, extra bits are required at the top and bottom of the word to
guard against errors of this kind. In addition, it is necessary to ensure that enough
iterations of the algorithm are performed in order for the output to be accurate to the
desired number of bits.

Walther suggested that, for an n bit result, n + log2n bits are needed in the
registers to maintain accuracy [Walther71]. His argument was that each iteration could
produce an error no larger than the least significant bit of the word. The sum of the

errors could therefore not affect any more than the lowest log, n bits of the word.
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However, in 1992, Y.H. Hu developed error hounds for the CORDIC algorithm that
show that more bits are required than were previously thought [Hu92], These bounds
included Walther's extension [Walther71] which will be mentioned later in this
chapter. The errors are made up from two areas, the approximation error, and the
rounding error. For the purposes of this discussion, it will be assumed that a b bit
result is required after n iterations. The b bits are made up of 1 sign bit, and b-1
fractional bits.

The approximation error is the difference between the required rotation, and

the rotation actually performed by the algorithm. It is known that:

tan'12"" a au, %—tan'12~
when i is in the range of interest (sO). So long as the required rotation angle z0 is
within range, i.e.
W -2 «..

the remaining rotation z,after any iteration i will be given by:

Hence the approximation error e, z,) is given by:

pprox

€approx
In other words, the error approximation is smaller than the angle the vector was last
rotated through. This effect is shown in figure 3.4. In this example the angle rotated
through is zero (for the sake of simplicity in the example). The first rotation is in a
positive direction, and all the following rotations are in the negative direction. The
approximation error is the difference between the first iteration shown, and the sum of
all subsequent iterations. This difference is smaller than (or equal to) the last rotation

performed.
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Angle

Figure 3.4. The error in a rotation using a set of sub-rotations as in the CORDIC
algorithm.

The rounding error is the error caused by the finite length of the words used in
the iteration. At each iteration, additive quantisation noise is introduced into x, and vy,.

In a b bit signed fractional number, this error and ei(y) is given by:

h«)|*2"*land

We can consider a single variable e, to be the worst case of e,(*) and e<®' In this

case, the final error is the sum of the individual errors propagated to the output

through subsequent iterations. The overall error in either xnor yn, edd will be:
k— I*k -1+

However, because x decreases as y increases, and vice-versa, the combination of the
two errors is not as large as this. If the distance between the end of the vector, and the
point at which the end of the vector should be is referred to as E, then E will be the
magnitude of the combination of the error in the x direction, and the error in the y

direction:
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If the vector is pre-scaled, then there is nothing more to do, and so the error is
unchanged. However, if the vector is post-scaled, then the error is scaled with it.
When both errors are evaluated together, it is possible to build tables for the internal
accuracy, and number of iterations relative to the number of bits of output accuracy.
The results show that there is a trade off between internal accuracy, and number of
iterations. An acceptable balance seems to be, for an b, bit internal accuracy:

bi *>b + log2b + 2, and
n—b+2

Considering overflow, if two fractional numbers are input, then if both x, and
y inputs are maximum (i.e. just less than 1), then the vector length is maximum. This
can be rotated to make a maximum x by rotating the vector onto the x axis. This will
give a maximum value of less than V2 . This must be increased by the scale factor, so
that the maximum result is approximately 2.3. Hence two guard bits are needed, and a

sign bit at the top of the word.

3.5.1.4. Walther's extension

In 1971, Walther proposed an extension to the CORDIC algorithm to allow the
computation of hyperbolic sines, and cosines [Walther71J. He also showed how to
form other functions using multiple passes of the basic CORDIC system. The basic
idea behind the extension proposed by Walther was that changing the sign of the
addition/subtraction in the equation for x, changes the coordinate system. Also, if
there is no addition/subtraction to x, a linear system is produced. Walther introduced a

new factor called m which can take the values (1,0,-1). The CORDIC equations now

become:
*.1- X, £md,Y,
Ym - r, T 6,X%,
Z,, " Z *a,
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For the circular system, m=1, and at—tan~'5(. It can be seen that this makes the

equations the same as for the simple CORD1C described earlier. For multiplication and

division, m=0, and «, - d, so that the iterations become a shift and add of X to Y: a
serial multiply. The hyperbolic functions are formed by setting m to -1, and
a, - tanh’16,. This set of equations can be arrived at by analysing the hyperbolic case
in the same way as the circular case was derived earlier in this section. The scale factor

for these extended equations is:

for an iteration with a shift of 6,. The iteration sequence is slightly different for each
coordinate system. For the circular system i increments from zero, for the linear
system i increments from 1, and for the hyperbolic system, i increments from 1, but
some iterations are repeated. The repeated iterations are k, 3k-»-1,3(3k+1)+1, and so
on with k starting at 4. The reason for these repeats, is to maintain convergence for the

algorithm. The algorithm does not converge for m=-1 since:

a, - V txXj <a,., no longer holds.

However, the following equation does still hold:

So by repeating a small number of iterations, the hyperbolic rotation can be made to

converge. This means that <} is no longer simply 2"*, instead:

- ~ ifthis iteration doesn't need to be repeated

di| = & otherwise.
These extra rotations add very little overhead to the computation, as only four extra
iterations would be needed for a 128 bit result (4,13,40, and 121) .
Apart from the functions that can be obtained directly from the CORDIC
system, it is possible to combine results to form other functions. The most useful of

these functions are given below:
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sin0
tan 6
cos 0
tanh 0 sinh 0
cosh 0

e° - sinh 0 +cosh 0

log,0 2..Nh-"(2) wherex O+landy-0- I

\/O - IJx2- y2where x=0+—and y=0- —
v 4 -~ g

3.5.1.5. Hybrid Taylor series and COKDIC
In 1982 Ahmed suggested a combination of CORDIC, and the Taylor series
for vector rotation [Ahmed82]. The first term of the Taylor series for sine Z is simply

Z, and it is possible to perform the last of our CORDIC iterations using this

approximation, rather than <. Hence after the last CORDIC iteration, a final iteration,

as follows is performed:
X,~Z,Ym

Ym+Z mXm
It has been shown by Ahmed that only N % (where n is the number of

bits of accuracy required in the output) iterations of the CORDIC algorithm are needed

followed by the final iteration as given above. Timmermann et al. extended this work

to include vectoring mode [Timmermann89al. In this case 3—+ 0.472 iterations of the

CORDIC algorithm are used followed by the iteration:

However, to calculate Xmt,m CORDIC iterations must be performed, at which

point:
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Xmi - xm
The advantage of these techniques is that they speed up the calculation of the function,

but multiplication and division are now required in the final iteration.

3.5.2. Range extension
It is easy to see that the range of convergence of the CORDIC algorithm is an

important factor. In the linear case (m=0) the range of convergence, is:

s 1for vectoring, and

|ZIn's 1 for rotation with the shift sequence 1,2,3...

We can increase the range of convergence by using a sequence -Af, -M+1... 0, 1,2.

In this case, the range of convergence is:

I *

Y,

s 2nt for vectoring, and
|Z,J £ 21 for rotation.

It is important to remember that this will increase the number of bits required at the top
of the word to stop it from overflowing. M+ 1 extra bits will be needed.

With cyclic functions such as sine or tan, all that is really needed is enough of

the function to be able to calculate the rest of the function simply. 0 to y is sufficient

for the given examples, but, as Hu pointed out [Hu91J if the angle representation
given by Daggett |Daggett59] is used, then a range of +n is useful since no conversion
needs to be done at all on the angle data. The angle representation uses a scaled two's
complement number as shown in figure 3.5, so that the range of a value a in this
representation is given by:

-n <as X
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Jt JT o e Jt
-71 , 4 Do-i
MSB LSB

Figure 3.5. Daggett's number representation.

An obvious way to increase the range to this level in the circular case would be to start

the iteration sequence -2,-1,0,1,2... instead of 0,1,2,3..., and this would increase the

range to roughly J_rth which is fine. However, this necessitates right shifts, which

will increase errors greatly, and the range ji can also be obtained using the sequence
0,0,0,1,2,3... as well, which does not have the undesirable right shifts.

The hyperbolic case is non-trivial for two reasons. Firstly, the hyperbolic
functions are not cyclic so that a very large range is desirable for a general purpose
function evaluator, and secondly the rotation angle is tanlT12" for the hyperbolic
case, and for isO, tanh'12~" is a complex number. This can be solved by performing a

slightly more complicated rotation of tanh~'|l - 2":  J when isO. In this case no extra

iterations are required when /'sO since:

[ > W
tanh-|(1-2-2W )

The range of convergence for these rotations is:

Om, “ j?,anh'"(,-2 'r'")+ tanh-'(2-w)+ y tanh '(2-)

M determines the range, and is the maximum negative value of i. N determines the
accuracy of the calculation, and in total there are M+N+1 iterations. The range
increases sharply, but care must be taken to prevent overflow since the range increase
also implies an increase in the maximum values in the registers. However, as the
scaling factor is less than 1for the hyperbolic case, there is potential for large errors
since the vector lengths are reduced by the scaling factor, and the errors will increase

with the vectors when they are post-scaled. The scale factor is now:
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This scale factor can very quickly become very small (k < 10"4 for M=4). Clearly, the
smallest possible range should be used, as the higher the value of M, the larger the
number of extra bits will be required at the low end of the word to protect against

errors.

3.5.3. Scale Factor Compensation
Previously, it has been assumed that scale factor correction would be done
only by the obvious pre- or post-scaling using a multiplier or divider. This is a
reasonable option which has been used [Steer77, Dixon90] but a number of methods
have been developed to compensate for the scale factor within the algorithm itself.
Despain developed a technique called the 'Compensated CORDIC Method'
[Despain74]. The basis of this method was a magnitude correction at each step. The

basic iteration as described by Voider is now modified to:
X, t-X,+b:X,dl +a,YA

YN-Y'+bM-aM

Where b, e{0,1} indicates the sign of the rotation correction, b, is not allowed to be -1
since this seriously affects convergence, a, indicates the direction of rotation. b( can

be pre-calculated. The only problem with this is that the angle rotated is no longer

tan"1”, and convergence is not assured. A small number of iterations must be

repeated. Despain wished to calculate 32 bit numbers, and reported that only shifts of
8 and 21 bits needed to be repeated for this purpose. This was found by a heuristic

search.

Haviland and Tuszynski [Haviland80] used a standard CORDIC iteration to

produce the intermediate results X*tl, and . These become the final result of the

iteration normally, but if a scaling factor iteration is required the result is found by:

XM -XI\\zd1)
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To ensure convergence in the hyperbolic case, double iterations of the CORDIC
iteration given by Voider are sometimes required, as has already been discussed. To
compensate for both the scale factor and hyperbolic non-convergence, 11 extra
iterations arc needed for a 24 bit output.

As Ahmed pointed out, it is possible to perform a scaling and CORDIC

operation in parallel. This leads to the iteration:
Xltl - X, +malYiSi +bIXIdj + bAmayrf

YM -Yi-alXidi +b,YIldl -b iatX t f

There is clearly a small time penalty from having more values to add together, and
more circuit area would be required. However, convergence is assured with no extra
iterations than the algorithm as extended by Walther. Despite the fact that there are
more terms, these equations should take no longer than the equations given by
Despain since a Wallace tree of adders requires two rows of adders for three or four

terms.

3.5.4. Floating point CORDIC processors

Floating point numbers are widely used, especially in high level languages to
aid programming. Floating point numbers simply take away from the programmer the
need to constantly check that a value is within range, and shift it accordingly. The use
of CORDIC in a floating point environment has been discussed many times for general
application, and specific applications [Chown90a, Chown90b, Walther71,
Harding91, Steer77]. The floating point CORDIC processors can be split into three
constituent parts: floating point pre-processing, floating point post-processing, and the

integer CORDIC module. This is shown in figure 3.6.
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Exponent
Information

Figure 3.6. A floating point CORDIC processor.

3.5.4.1. Floating point pre and post processing

The basic idea behind a floating point CORDIC processor is that the input
floating point x and y values are normalised relative to each other, so the most
significant bit of the mantissa in both x and y registers has the same significance. The
pre-processor does this, and gives input exponent information to the output post-
processor, which combines this information with the mantissas it has re-normalised.
This pre- and post-processing seems fine at first sight, but it introduces errors that the
user must be aware of. Consider the vector (0.5 x 210,0.5 x 2'15), or written in full in
binary (1000000000,0.000000000000001). This vector is easily represented by two
floating point numbers with 24 bit mantissas, and 8 bit exponents, as is the angle
between them (0.5 x 2-24rad). However as the angle representation is still fixed point
in these floating point CORDIC processors, the 0.5 x 2“5 would be lost if a 24 bit
fixed point representation was used for the pipeline. It is possible to make the rotation

angle a floating point number as has been shown by Hekstra et. al. [Hekstra93J.
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3.5.5. Redundant CORDIC processors

Redundant number systems can be of great advantage to CORDIC processors,
hut they introduce some interesting problems. A single shift and add iteration can be
done in time 0(1) rather than in time O(n) for an n bit word which should speed up
the algorithm greatly. However, the sign of Z (the angle register) for rotation, and the
sign of Y (the Y component register) for vectoring must be evaluated at each iteration
to decide on the direction of the next rotation. The evaluation of sign isan 0(log, n)
problem for redundant numbers, since the sign of the word is the sign of the first non
zero bit, which could be anywhere in the word. Hence all bits of the word must be
tested. It would clearly be possible to create a tree structure of cells to evaluate the

sign, and this would have a delay of time 0(log2n). The structure is shown in figures

3.7 a), and b).

Bitno. 7 6 5 4 3 2 0

+
Output

Figure 3.7. a) A sign evaluation circuit for SBNR
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A ' k 1 A A A’
1 =-mmme- <
0 0 0
MUX MUX O I I
1 | 0
a X .

Figure 3.7. b) Cell details for a sign evaluation circuit.

3.5.5.1. The Variable Scaling Factor Method

There are a number of ways to get round the problem of sign detection, to stop
us from having to evaluate the sign of the word at each stage. The first was suggested
by Ercegovac and Lang (Ercegovac90J, and gets around the problem by not doing a
rotation if the sign of the register is not apparent from the first two bits that can contain
non-zero data. Note that these two digits are the most significant two digits for the first
iteration, and shift down by one digit at each iteration. The only problem with this

system is that the scale factor K is no longer a constant. K is given by:

where a, is £{1,-1} in the conventional CORDIC algorithm, and represents the

decision made at each stage of which direction to rotate the vector. In Ercegovacs'

redundant implementation, ai is E{1,0,-1}, as no rotation takes place in certain

iterations. The method used to calculate K is first to calculate a value P where:

This can be done by a simple iteration of the form:

" P, *\ai\2-Z Pi

Following this, K is calculated by taking the square root of P. Since Ercegovac's
implementation is on-line, an on-line square root algorithm is used. The scale factor

must be removed by division after completion of the standard CORDIC iterations.
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Techniques for removal of the scale factor during the CORDIC iterations are of no use

here since K is not known until some time after the last iteration.

3.5.5.2. The Double Rotation Method

In 1991 , Takagi, Asada and Yajima |Takagi91 ] proposed two methods for the
use of redundant numbers in the CORDIC algorithm that give a constant scale factor.
The methods are closely related to each other. They are the Correcting Rotation
method, and the Double Rotation method. The Correcting Rotation method is a
generalisation of the Double Rotation method.

In the Double Rotation method, each iteration is made a little more complicated
by making the rotation from a pair of smaller sub-rotations. If the two sub-rotations
are in the same direction, the overall result is a rotation in that direction, but if the sub-
rotations are in different directions to each other, then no rotation of the vector occurs.
However, in this case, the vector extension does occur, and so the scale factor is

constant. The effect in the angle register is shown in figure 3.8.

Angle Angle

Iteration

Figure 3.8. The double rotation method.

The equations for the iteration are shown below:
9,2-|-|Ki-p,2-,-4X,

YM =Y l+ql2-1-"Xt-p 12 It-*Yi
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Zu, - Z -<7,2tan '2°"']

g, and /j, are composites of the two rotations, and are calculated directly from the

angle register Z. Three digits of Z are used at each iteration as shown below:

where z* is the Mh fractional bit of Zu.

This method increases the complexity of the iteration, but keeps the number of

iterations to n for an n bit result. The selection of g, and p, is simple, requiring only a

small constant number of digits. The complexity of this algorithm is O(n).

3.5.5.3. The Correcting Rotation Method

The Correcting Rotation method uses the fact that the extra rotation done at
each iteration is not strictly necessary. Provided enough bits of the angle register are
examined, a double iteration every few cycles is sufficient. An example of this is

shown in figure 3.9 with a double rotation every three cycles.

Angle

i+l i+2 i+3
Iteration

Figure 3.9. The correcting rotation method.

The diagram is somewhat simplified by the assumption that:
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tan"'2"-" - -2tan'12-'

In other words, it is assumed that the angle rotated through at each iteration is half that
of the previous rotation. This assumption is reasonable, and becomes more accurate as
i increases. A correcting rotation is performed every m steps. The variable m is called
the correcting period. The equations for a single iteration for this method are the same
as for the conventional CORDIC algorithm, and every m iterations, the last iteration is
repeated. At each iteration, however the number of bits that needs to be evaluated is
different. This can be simplified to a constant of m+2 digits. The selection of a
positive or negative rotation is then made depending upon the sign of those m+2
digits.

This method gives us the ability to trade off time for a single iteration (when
the selection process is in the critical path), and the number of iterations. In the case of

m=2, the iteration pair can be combined to form the Double Rotation method.

3.5.5.4. Branching CORDIC Rotation
The Branching CORDIC Rotation was suggested in 1991 by Duprat and Muller
[Duprat91]. The basis of this technique, is that two CORDIC engines are operated in
parallel, and while it is clear which direction to rotate in, the two engines perform the
same operations. When the sign of the angle cannot be evaluated by evaluating three
digits of the redundant number representation of the angle, branching occurs, and the
two engines rotate in different directions. The branching effect is shown in figure
3.10. For the following iterations, the two engines operate independently, until one of
the branches is shown to be incorrect, at which point the values of the registers from
the correctly rotated engine are copied into the other engine. One branch must be
incorrect if the other branch needs to branch, or rotates in the direction that it rotated
when it first branched. When the branch occurs, the 'positivel engine rotates in a
positive direction, and the negative engine rotates in the negative direction. For

subsequent iterations, if the positive engine does not rotate in a negative direction, the
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negative engine result must be incorrect since the sum of all subsequent rotations
cannot converge to the same angle for the two engines. Similarly, if the negative

engine does not rotate in a positive direction, the positive engine result must be

incorrect.

Angle

Figure 3.10. The Branching CORDIC Rotation.

Figure 3.11 shows the algorithm operation, and is taken from Duprat and Muller's

paper. The s variable is the three digit approximation of the angle register.

Figure 3.11. The branching CORDIC algorithm (from [Duprat90]).



3.5: Algorithms with linear convergence

This algorithm has a small number of digits to be evaluated for the angle
register, and a simple iteration (the equations arc the same as the conventional
CORDIC algorithm). However, time must be allocated to allow transfer of the data
from one of the CORDIC engines to the other. This will either reduce the clock speed,
or increase the number of cycles used. In the later case, it is no longer possible to
determine how many cycles the algorithm will take, although an upper bound can be

found.

3.5.6. Multi-Dimensional systems
So far only 2 dimensional coordinate systems have been considered. Delosme
and Hsiao [Delosme90, Delosme89] have expanded the CORDIC algorithm to include
three and four dimensional cases. The approach they have taken, which, it will be
shown later, is not the only practical approach, is to use the three Cartesian
coordinates x, y, and z, and rotate the vector formed by them about the directions

(1,1,1), and (1,-1,1). This leads to the following iteration:

Where:

S=yx, +tny, ty,z

The shift sequence is modified in a similar way to that for producing hyperbolic

functions. The optimal sequence repeats iterations roughly as k, 2k-\, etc.

3.5.7. CORDIC Applications
The CORDIC algorithm has many applications, and a full description of all the

applications, and examples of use would take many pages to do the subject justice. A
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description of this kind is outside the scope of this thesis. Instead of this a brief
description of the more notable papers is given. The reader should be aware that the
papers referenced here are simply examples, and by no means an exhaustive list. The
Fourier transform is one obvious application for the CORDIC algorithm, and the
algorithm has been used for this purpose for many years |Despain74). Other
applications include phase detectors for digital FM de-modulation |Ginderdeuren85|,
chirp z-transform processors in which the scaling factor is not an overhead [Hu90],
Hough transformations [Timmermann89b], digital signal processing
[Timmermann91], and singular value decomposition [Cavallaro87, Lin90, Lee91]. N-
Dimensional CORDIC has applications in Householder transformations |Hsiao91J.
The CORDIC algorithm has been used in a number of commercial devices, including
the Plessey PDSP163XX series [Dixon90], Hewlett-Packard calculators [Walther71],
and the Intel 80387 (used inside high power PCs) [Yuen88]. In addition, non-
commercial CORDIC systems have been designed for image processing [Vaudin87],

and general processing [Haviland80J.

3.6. Higher Radix Algorithms

It is possible to evaluate certain functions at higher radices. If a redundant
radix 4 system is to be used, as Rodrigues et al. suggested [RodriguesS 1], then the
selection process will be similar to that in the CORDIC algorithm, but instead of a
selection s, from the set {-1,0,1}, j, is selected from the combination of two of these
sets i.e. {-3,-2,-1,0,1,2,3}. It should be noted however that +3 is difficult to generate
as a variable multiplier relative to all the others which are simple shifts and/or
negations. The set {-2,-1,0,1,2} is still redundant, and so this reduced set can be used
for our selection. Figure 3.12 shows the {-3...3}, and {-2...2} sets over two
iterations to show the redundancy in each.

With a CORDIC style iteration, it is preferable to do the same amount of

rotation at an iteration i, whatever the data, to keep the scale factor constant. However,

the scaling factor K for the CORDIC algorithm is accurate to n bits after o cycles,
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and so iterations after this have no effect on the scaling factor. This means that a radix
4 approach can be used, using the selection set {-2,-1,0,1,2} without having to

calculate the scale factor, so long as a standard radix 2 approach is used for the first

+1.
_”__Z__l iterations.

i i+l i+2 i i+l i+2
Iteration Iteration
a) b)

Figure 3.12. The selection sets a) {-3,-2,-1,0,1,2,3} and b) {-2,-1,0,1,2} over two

iterations.

The equations for the radix 4 iterations are:

*ei -*i +

Zlo = z + tan"15(4"

where the selection variable s is given by:
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s-.0 otherwise

This gives a 25% reduction in the number of cycles required for a given accuracy of
results. Rodrigues also described algorithms for division log, exponential, tan cot and
tan'l Each of these algorithms converge at a rate of two bits per iteration.

Ercegovac described an algorithm for the calculation of logarithms divisions

and exponentials [Ercegovac73]. The system is based on radix 16 redundant numbers.

So ifa simple set of factors £,can be found that makes a=/,and:

a

M+ 1 factors are used in the approximation. An iteration can be formed to calculate

Injc of the form:
Li-1,- Inbt

Where /, is an approximation of Injc, and In/?, is a stored constant. /, is set to zero,

and hence the final result Imis given by:

It is now necessary to consider how to find a set of numbers b, that will allow

any number to be represented to the required accuracy. Ercegovac showed that this can
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be done by making ¢>,-1 +5,16" where 5, is a selection digit such that

5. E{-8,...,8}. He called this process multiplicative normalisation, as the s, values are

found by normalising x to 1:

*TJI(+i'16 )" 1

The selection digits are found by the following algorithm given by Ercegovac. In the

algorithm, r, is the scaled remainder (in binary two's compliment form) and is given

by:

1.

r - -0
Theyth bit of r, is r, T he multiplicative normalisation algorithm:
i—O
LY sy
0
0 if —s JO<1
8 0

where:

a)

r\*-*o(l +*0)-1
for0O</s M

i—i+l

sign(sj) — -sign(r,)
if i< then

r,tl — 16r, +s, +5(,16'i*1
otherwise

ru\ 16r, + st

u, is a step dependant rounding constant given by:

«

u,jare bits found by the Boolean functions:
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and K,, K2,and K indicate (i.e. are high during) the iterations /=1, /=2, and

/>2 respectively.

b) f( is the scaled truncated unsigned remainder:
(m+3)
C) 5

The combination of the two algorithms shown above was reported by
Ercegovac, and this produces a result at a rate of four bits per iteration. Division and
exponential algorithms of a similar type were also shown. Returning to the logarithm
evaluation, Ercegovac showed that the memory storage requirement can be greatly

reduced by the approximation:

This is a Taylor series expansion making the algorithm a hybrid type.

3.7. Summary
In this chapter a number of different methods for calculating elementary
functions have been shown. Different algorithms have different costs and benefits.
The fastest of all is ROM table look ups, but they are not practical for more than about

20 bits, even with the best of today's memory technology. When fast multipliers are
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available, series expansion can be a good solution, but with dedicated hardware,
algorithms such as the CORDIC algorithm provide the most promising results. The
ability to use redundant number systems can increase the algorithms throughput
greatly. The numerous applications of the CORDIC algorithm shows that the tightness
of the range constraints is not always a problem. The algorithm can be pipelined, and
this gives benefits as the shifts used by the algorithm can then be hard wired. The
CORDIC algorithm has been extended to three and four dimensions, but it will be
shown in a later chapter that there are other ways to do this, and a generalised multi-
dimensional case will be developed.

Redundant number systems, and higher radix methods are clearly of use in the
context of elementary function evaluation, in the algorithms themselves, the number
systems that the algorithms use, and in the hardware they are implemented on (for
example multipliers for the Taylor series expansions). Table look ups require vast
amounts of memory, and so any technology that can increase memory storage

capacities will be of use in this area.
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A design

) methodology
for MVL
circuits

4.1. Introduction
In a previous chapter the state of the art in MVL circuit design was described.
The theory of building general combinational logic circuits from voltage mode circuits
is well known, but the use of current mode circuits is not. Indeed current mode
circuits tend to have been designed for a specific purpose [Current88], and have not
been built up into sets of logical functions. One reason for this is that voltage mode
circuits tend to be radix three (or ternary), whereas the current mode circuits are
mainly radix four (or quaternary). This makes the choice of function easier in the
voltage mode case. For two input functions, there are more than five orders of
magnitude fewer ternary functions than there are quaternary functions. The aim of this
chapter is to describe a method for the design of current mode circuits that will allow
the best possible use to be made from current mode MVL design. Once it is possible to
design current mode MVL circuits easily, a basic set of cells capable of generating any
logical function is required. These are described for a quaternary system. The use of
current mode MVL circuits in a cell library is also discussed. Finally, the design of
three MVL circuits in VLSI is discussed, along with details of test results from the

fabrication of these circuits.
Optical logic is very different to electronic logic, but as has already been

pointed out, some optical circuits operate by having a thresholding function
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4.1: Introduction
[Osawa92]. This makes the design style very similar to current mode MVL as optical
signals can be summed easily. Specific mention will not be made to optical circuits in
this chapter, but it is worth noting that this potential new logic type would be highly
compatible with a large amount of the design and methodology described in this

chapter.

4.2. An MVL design methodology

Circuits designed using current mode MVL will only be efficient in terms of
time area and power if they take full advantage of the summing node. Because of this,
any methodology for current mode MVL design must focus on this. Circuits can have
many inputs, that enter the cell by the same physical connection, and these can be
formed in a manner of the designer's choice so that the decoding logic is simple. As
was noted in an earlier chapter, current mode circuits can generally be decomposed
into the free summing function and three distinct sections: a decoder, binary logic
(which is not always present), and an encoder circuit. This form is shown in figure

4.1.

Figure 4.1. The DLE decomposition of a current mode circuit.

The inputs to the circuit are summed on the input node and fed to the decoder. The
decoder produces a set of binary signals each of which indicates whether the input
current total was above or below a particular current level. These signals can then be
adapted by the binary circuits to form signals that can correctly operate the encoders
which provide the current mode output signal. This structure has been shown in
Current's Quaternary Full Adder (QFA) [Current87J. The currents are encoded in a
linear form, i.e. the value "1" is encoded as 10pA, the value "2" is encoded as 2()pA,

and so on. These individual inputs are summed together so that the decoder input is
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directly proportional to the sum of the input signal values. The decoder thresholds then
distinguish each possible input level from each other, and the binary logic drives the
outputs so that they are linearly encoded modulo 4 sum and carry outputs. This in
itself is a useful circuit, but many different and useful logic circuits can be constructed
in the same form. The important factor is that almost any part of the circuit can be
modified, and this may result in a different function from the circuit. If a circuit has
two input values x and y, and they have been encoded as currents using the functions
A(), and B() respectively, then when they are summed together, the sum is equal to
A(x)+B(y). The functions A() and B() may be linear, and may be (but are not
necessarily) the same as each other. The summed current is then decoded and acted on
by the logic, which can be represented by the function C(). Hence the final encoding is
C(A(X)+B(y)). In the full adder example, the are two outputs, and each has its own
function C(). The carry function is in effect a quantised division by four, and the sum
output is a modulo four function.

The choice of the functions A(), B(), and C() is not easy to automate. An
iterative method for finding the functions is described below. It is a very simple
method, and it may fail to find a set of functions that will work. Even if it does find a
set of functions, they may not be the best functions in terms of implementation. This
method should however, with the help of a little intuition from its user provide a fairly
quick method for finding A(), B(), and C() in most simple cases. The algorithm which
is demonstrated later is as follows:

1. Choose arbitrary functions for A(), and B(). In the first instance, a linear
encoding is probably best, unless the user has prior knowledge about the desired
function of the circuit.

2. Form atable of A(x)+B(y) and the required circuit output for all x,and y.

3. Use this table to form a new table of which outputs should be produced for a
given A(X)+B(y).

4. If more than one output value is required for one value of A(x)+B(y), then

either A() or B() (or both) must be changed, and all previous steps repeated.
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4.2: An MVL design methtxlology
5. As long as the highest threshold needed is within the available resolution,
select threshold levels, and form C() using threshold function outputs.
Otherwise, either A() or B(), or both, must be changed, and all previous steps

repeated.

4.2.1. A worked example: The maximum function

To make the operation of the algorithm more easy to understand, an example is
given below. The function chosen is the maximum function of a pair of variables. This
is not a simple function to implement and was deliberately chosen for this reason. It
should give a better understanding of the algorithm than would be gained from a trivial
case. The first stage is to choose A() and B(). As the function is unaffected by the
order of its inputs (MAX(X, y)= MAX(y, X)) the same encoding is chosen for both
inputs. To start with, a simple linear encoding is used as shown in table 4.1.

input A(input)  B(input)
0 0

WN -
wN— O
WN -

Table 4.1. First encoding functions in current units.

The function outputs are shown in current units. A current unit is the difference in
current between two adjacent logic levels, and is typically 10 to 50 pA. The linear
function is used first as it is simple to calculate, and produces a small range of
summed currents with no gaps that represent wasted logic levels.

The next stage (stage 2) is forming a table of A(x)+B(y), and the output
required for all x and y. This table is shown as table 4.2. The first two columns give
each possible x for each possible y in a similar manner to that of a binary truth table.
The next two columns give A(x), and B(y) in current units as the encoding is linear
these are the same as the first two columns. The final two columns show A(x)+B(y),
and the maximum of x, and y. It is the relationship between the data in these two

columns that is important, as will be seen at the next stage.
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X y A(X) B 8/) AX)+B(y) MAX(xy)
0 6 0 0 6
0 i 0 1 1

0 2 0 2 2 2
0 3 0 3 3 3
1 0 1 0 1 1
1 1 1 1 2 1
1 2 1 2 3 2
1 3 1 3 4 3
2 0 2 0 2 2
2 1 2 1 3 2
2 2 2 2 4 2
2 3 2 3 5 3
3 0 3 0 3 3
3 1 3 1 4 3
3 2 3 2 5 3
3 3 3 3 6 3

Table 4.2. Sum of encoder outputs and Maximum function for linear encoding.

Stage three is to form a table of the sum of the encoded currents relative to the
required output. This is done in the form shown in table 4.3. The table is formed as
follows. Each possible output value forms a column of the table, and each possible
value of the sum of the encoded currents A(x)+B(y) forms each row. Possible values
are simply all the values that appear in the appropriate column of table 4.2. Then for
each row in table 4.2, a mark is made in the cell of table 4.3 that corresponds to the
sum of currents and output value shown. The cell in table 4.3 is either marked or

unmarked. The number of times it is used is not relevant.

Max
0 1 2 3
0
1
2
Sum y y
g y y
~6~ y

Table 4.3. Sum of currents vs. output function
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Having created this table, it is used in the fourth stage to decide whether it is
worth continuing with the current encoder functions. For it to he worth continuing, it
must be possible to find a function C() that satisfies:

Cla(x)t ﬂ(y)) - required_function(x,y)

If C() is to satisfy the above equation, its input (the sum of the encoded currents) must
be different for each required output value. It can be seen in table 4.3, that if a current
input of 2 units is received by the decoder, the output required could be a 1 ora 2, and
hence C() is not realisable in this case. An input to the decoder of 3 or 4 units of
current is also ambiguous. In general, if more than one marked cell appears in any one
column, then C() is unrealisable with the input encoders used. Having found that a
linear encoding does not work, it is possible to use the information in tables 4.2 and
4.3 to help choose a different encoder. Examining the lines in table 4.2 corresponding
to a current sum of 2 units, it can be seen that this value is produced by x and y inputs
of 1and 1 (maximum 1) or 0 and 2 (maximum 2). To make this different, the
encoding of input values of either 0, 1, or 2 must change. This analysis can be
completed for the other two current sum rows on which the encoding fails. In all
cases, the encoding for the input values of either 1 or 2 must change. One way to
change the encoding is to increase both the encodings of input values of 2 and 3 by
one current unit. However, if this encoding is used, then it is clear that there will still
be no difference between the sums of the encodings of a 1 and a 2 input, and a0 and a
3 input since both sums will increase by one current unit. So the encoding for a 3 three
input must be increased by 2 to 5 current units. This encoding is shown in table 4.4.

input A(input)  B(input)
0 0

______ O_
1 1 1
2 3 3
3 5 5

Table 4.4. An alternative encoding.

Having chosen a new encoding, stages 2 and 3 in the algorithm are repeated. The

results are shown in tables 4.5 and 4.6.
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X A(X) B(y) AX)+Bl) MAX(xy)
o ¥ ft ff f 0
o | 0 1 1 1
0 2 0 3 3 2
0 3 0 5 5 3
| 0 1 0 1 1
i 1 1 1 2 1
| 5 1 3 4 2
| 3 1 5 6 3
2 0 3 0 3 >
2 i 3 i 4 2
2 2 3 3 6 2
2 3 3 5 8 3
3 0 5 0 5 3
3 1 5 1 6 3
3 2 5 3 8 3
3 3 5 5 10 3

Table 4.5. The alternative encoding sum, and required output.

Max
0 1 2 3
o)
1 y
~~T~ y
.,...,..T.,.. y
Sum 4 y
5 y
6 y y
8 y
10 y

Table 4.6. The alternative encoding sum vs. output required.

It can be seen from table 4.6 that there is still no realisable C() with the alternative
encoding given in table 4.4. The encoding must be further modified before it can be
used. To prevent the encoded sums of 3 and 1giving the same result as 2 and 2, the
encoding for 3 must be 7 current units. This final encoding is shown in table 4.7, and
the current sum vs. output required is shown in table 4.8.

input A(input)  B(input)

0 ~1T~

1 1 1
2 3 3
3 7 7

Table 4.7. An encoding to give a maximum function.

97



4.2: An MVL design methodology

Max

Sum 4

10
14

<<<<

Table 4.8. The sum vs. required output for the maximum function

The encoding given in table 4.7 is such that the sum of two lower encoded values
cannot be the same as a higher encoded value. In other words:

A(n +1) > 2A(n)
Table 4.8 shows that there is no problem with implementing a function C() to give a

maximum function. The threshold circuits produce an output as follows:

1 if fnpu, < Threshold
Threshold _output = ! R, res _O
- Otherwise

The final stage is to check that the solution is within the available resolution, and
implement it if possible. The available resolution is the highest threshold value
possible, and this will be determined by the relative error of the current sources. A
number of single current sources are summed together in the encoder as will be seen
later. When the combined error of these sources is greater than half a current unit, the
decoder circuit cannot distinguish between two adjacent logic levels. In this case, the
highest threshold level needed is 6.5 current units, corresponding to the change in
output value from 2 to 3. This is likely to be within the resolution of the system,
whereas the maximum current value of 14 is not. Since it is not necessary to
differentiate between 14 and 13 current units, this does not matter. Assuming that the
output of the circuit is to be encoded in a linear manner, no logic at all is required. All

that is needed is three threshold circuits (thresholds at 0.5, 2.5, and 6.5 units), and
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three switched unit current sources. The decoder is shown in figure 4.2, with its

output linearly encoded.

Figure 4.2. A maximum function decoder.

The encoder can also be designed easily. Figure 4.3. shows the encoder circuit with
three binary inputs that are identical to those output by the maximum function decoder.
The values by the current sources indicate the source output in current units.

Vdd

Output

Figure 4.3. The maximum function encoder.

A maximum function circuit has been shown, but this is not necessarily the best
circuit. Many different encoder and decoder functions will exist that perform the same

function.

4.2.2. General function implementation
It has already been mentioned that it is not necessary for the encodings A() and
B() to be the same. There are some obvious encoding strategies that may, at first sight

seem like a good idea. For example, if A() and B() are both linear encoders, but A()
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has 4 times the magnitude of B(), as shown in table 4.9, then every possible
combination of inputs is distinguishable from every other combination.

input A(input)  B(input)
0 0

5

1 4 1
2 8 2
3 12 3

Table 4.9. A linear encoding that makes the inputs totally distinguishable

It would therefore be simple to create any function by generating a switching signal
indicating each individual input combination. This signal could then activate a current
source when that input combination occurred. This encoding suffers however from
two major problems, size and resolution. The circuit, because it is not aimed at a
particular function, yields very inefficient implementations for all but a few functions.
For example, if the maximum function were to be generated using this function, the
decoder would have 8 threshold functions instead of 3, and about 14 binary logic
gates would be required instead of none in the earlier design. The output encoder for
this circuit would also be considerably larger (about 100%), than in the earlier design.
The second problem is that of resolution. Taking the maximum function example
again, the highest threshold function required would be 10.5 current units as opposed

to 6.5. Clearly encoder functions such as this are not a practical solution.

4.2.3. Ease of implementation of a function

There are clear advantages to be gained by understanding how easily a
particular encoding can be decoded, in order that not just any implementation can be
found for a function, but if possible, an efficient implementation of that function. The
encoder circuitry is in general considerably simpler than the decoder and logic
circuitry. The decoder size is basically determined by the number of thresholds
required. Table 4.10 shows the sum of current vs. output for the modulo 4 sum output
of Current's adder (the effect of the carry input is ignored). When this is compared to
table 4.8, it can be seen that there is a distinct difference between these two tables. The

encoding for the maximum function causes all of the sums of currents that correspond
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to a particular output value to be within one range of currents, and that no current

within that range corresponds to any other output value. This is very different to the

modulo 4 sum, in which no two adjacent current levels correspond to the same output

value.
W Sum

0 i 2 3
c 6
u ~T~ Y y
r 2 y
r ~T~ y
e 4 y
n 5 y
t 6 y

Table 4.10. The current vs. output value for a modulo 4 sum.

The difference in the arrangement of the output values relative to the sum of the
encoded inputs has a profound effect on the size of the circuit. The modulo 4 sum
needs 6 threshold circuits, and about 5 binary logic gates, as opposed to the 3
threshold circuits, and no binary logic of the maximum circuit. Some functions such
as the maximum function lend themselves to efficient implementation in current mode
MVL even if the encodings used are not obvious at first. An examination of a balanced
ternary product function in the context of this methodology helps to explain why some

functions are easier to implement than others. Table 4.11shows the required function

as a truth table.

X output
I yl 1
I 0 0
i I -1
0 - 0
0 0 0
0 1 0
1 -1 -1
1 0 0
1 1 1

Table 4.11. The truth table for a balanced ternary product function.
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An efficient set of encoders causes the sums of currents corresponding to a particular
output value to be grouped together. In order that the output values are grouped
together, one of two situations must exist:

1. The sum of currents corresponding to a 1output is larger than the sum of currents
corresponding to a -1. In this case:

A+B()> A(-D+fI(1)
Thus, if the inputs are both 1the output should be I, whereas if the inputs are | and
-1, the output should be -1. This equation can be simplified by the removal of B(l)

from both sides, to give:
A(1)>A(-1)

However, it is also clear that:
A +fi(-1) > A + fI(-1)

Which simplifies to:
A(-1)>A(1)

Clearly, the two constraints cannot hold at the same time.

2. The sum of currents corresponding to a -1 output is larger than the sum of currents
corresponding to a 1 This is not realisable either for almost identical reasons for those
given in the first case.

There is therefore, no way of encoding a balanced ternary product function
such that the sums of currents are grouped to give a minimal number of threshold
functions in the decoder. In general, the absolute minimum number of threshold
functions possible will be just enough to separate each output value from the others,
i.e. one less than the total number of possible output values. The maximum number of
threshold functions that should ever be needed will be 1 less than the total number of
different possible current sum values. This allows for a threshold function between
each adjacent current sum level . The number of threshold circuits required is therefore

bounded by:

AMturrtnl_turn_values « ~ ~ Athreshold_citxuits ~ “Moutput_vulues
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4.2.4. Negative Currents

The encoders described so far have all sourced current to the summing node.
However there is no reason why the encoder should not sink current from it, or a
combination of the two. If one encoder sources current to the node, and the other
sinks current from it, then the free function becomes a subtraction rather than an
addition. In this case, the sum of currents becomes a difference in current magnitudes.
The easiest way to consider these encoders is simply to view an encoder sinking a
current from the node as a negative current. An example of this kind of encoder is

given in figure 4.4, with its encoding function.

vdd
Input . Output
value J j current
0 0 0 1
1 0 1 -1
2 1 0 2
3 1 1

Figure 4.4. An encoder with a negative output.

In certain situations, an encoder can be designed so that a negative current does not
have any specified current itself, but instead can sink so much current that the node is
grounded when that encoding is specified. This can be demonstrated by returning once
again to the example of the maximum circuit. A new encoding is shown in table 4.12,
with the output for 3 being simply « 0. This means that if one of the encoders has a 3
input to it, the output of the other encoder will flow into the first encoder rather than
the decoder. The decoder input stage is a simple n-type current mirror, so it does not
source current to the input node, and hence the current flow into the encoder is small.
The decoder will detect no current since it all flows into the encoder. The other
encodings could be increased by 1 current unit so that a O input can be distinguished

from a 3. However, a better way to do this would be to leave the 0, 1, and 2
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encodings as they were in table 4.7, and add a | unit current source to the node un

switched.

input A(input)  B(input)
0 0 0

1 1 1
2 3 3
3 «0 «0

Table 4.12. A maximum function encoding that uses a grounding output.

This form of encoding is very simple to produce, as shown in figure 4.5. The n-type
transistor must be made large enough that it can sink the maximum output current from
the other encoder, and the 1 unit current source, with a negligible voltage drop across
it. The n-type transistor does not have to sink current from its own current sources
since it is switched so that only the current source or sink is on at any one time, and

not both.

Max

0 1 2 3
Cc 0 y
U 1
r ~T~ y
r 3 Y
€ 4 y
n 5 y
t 7 y

Table 4.13. The sum of currents vs. output value for the grounding output encoding
(including 1 current unit un-switched source).
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The sum versus output is given in table 4.13. This shows that the maximum current
for this encoding is considerably lower than the encoding given earlier. Indeed the
maximum current is only 50% of the maximum current using the previous encoder.
The thresholds for this encoding are 0.5, 1.5, and 3.5 current units, which is much
lower than with the previous encoding, which is another advantage of the grounding
output. The decoder required for the grounding output encoding of the maximum
function is shown in figure 4.6. The grounding output encoder can only be used with
a specific type of function, because if one encoder grounds the node, there is no way
of distinguishing between the different outputs of the other encoder. Hence the
grounding output can only be used if one particular input value to one of the encoders
always results in the same output regardless of the other encoders input value. In the
case of the maximum function, if either encoder has a 3 input to it, then the output

must be a 3, and so the input value 3 can be used to ground the summing node.

Figure 4.6. The maximum function decoder and logic for use with the grounding
output encoders.
The grounding output is clearly very useful, but there is one distinct disadvantage to
this kind of encoding. In an earlier chapter, it was mentioned that current mode
mirrors can be made considerably faster if they are biased with a small amount of
current so that they are always conducting. This is because the transistor gate voltage
always stays above the FET's threshold voltage. Charging up to this voltage from 0

volts takes a long time relative to the changing from one current level to another. This
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biasing is not possible with grounding output encoders since the bias current would be

lost into the encoder.

4.2.5. Multistage functions

In a previous chapter, the adder used by Kawahito et al. [Kawahito87| was
described. This adder was constructed in two stages as shown in figure 4.7. There is
no reason why this form of construction should not be used for other functions. A
modulo 4 sum constructed in this way would require almost 50% fewer threshold
circuits, no binary logic (as opposed to about 5 gates for the single stage version), and
only marginally more switched current sources. The disadvantage is that the resolution
of the circuit needs to be higher, since the output from the first stage is subtracted from
an un-quantised copy of the input current.

Second summing

~cU—~cQ

4.3. Basic circuit functions for current mode MVL

Having described how functions can be designed, leaves a major question un-
answered, which functions should be implemented? It was noted in an earlier chapter
that there are more than 4 billion possible functions of two input variables. Even the
number of one input functions (256) makes implementation of all of them impractical.
In this section, useful functions are designed, and their application to circuit design
described. Functions useful for both arithmetic and logic are described, as both are
areas in which efficient basic circuits are important. A quaternary system is assumed,
but most of the comments are applicable to a system of any radix. Examination of the
quaternary circuits should enable a designer to quickly create a similar circuit in a

different radix.
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4.3: Basic circuit functions for current mode MVL

4.3.1. The choice of functions
In choosing a set of functions for quaternary current mode MVL, it is useful to
refer to the binary operators in common use, and try to enlarge these functions to
higher radices. The three basic operations in Boolean logic are AND, OR, and NOT.
There are others such as EXclusive-OR (or EXOR) and composites such as NAND,
but just the basic 3 will be considered. A Boolean function is written in the form:
F-A-B+B(C-D+E)
Where a ¢ indicates an AND operation, and a + indicates an OR operation. An
overhead bar indicates a NOT operation. The Boolean expression above can be
expanded out to give the following:
F-AB+BCD+BE
This is known as the "sum of products” form, which gives an indication of a possible
choice of functions, the SUM and PRODUCT functions. In fact, it is known that the
modulo 4 SUM and PRODUCT functions can generate any function in quaternary
logic, by using generalised Reed-Muller expansions. It should be noted however that
the OR Boolean operation is not in fact modulo 2. That is the EXOR operation. Tables
of the modulo 4 SUM and PRODUCT functions are given in table 4.14 a, and b

respectively.

nr 1 | 3 nn ~T T

0 0 1 2 3 0 0 0 0 0

1 1 2 3 0 1 0 1 2 3

2 2 3 0 1 2 0 2 0o 2

3 3 0] 1 2 3 0 3 2 i
a) b)

Table 4.14. Modulo 4 a) SUM and b) PRODUCT functions.
One major advantage of these circuits is that with the addition of a little extra circuitry
to give them carry outputs, they can also be used as arithmetic operators with obvious
uses in multipliers and adders. In terms of logic, these two functions can be used

together to create any logical function [Hurst84],
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4.3: Basic circuit functions for current mode MVL
The SUM and PRODUCT extensions of the Boolean AND and OR operations
are not the only extensions available. One other common form which allows direct
implementation from a "sum of products” type form is the MAX (maximum) and MIN

(minimum) functions. The MAX and MIN functions are given in table 4.15.

X 1 - r t nr 1 2
0 0 1 2 3 0 0 0 0 0
| 1 1 2 2 1 0 1 1 1
2 2 2 92 2 2 4 1 2 2
3 3 2 2 3 3 0 1 2 3
a) b)

Table 4.15. a) MAX and b) MIN quaternary functions.
The MAX and MIN functions are a simple extension of the binary OR and AND
functions respectively. Indeed examination of table 4.15 shows that if binary data
were applied to either, they would appear to be the binary function that they are an
extension of. The SUM and PRODUCT functions do not possess this property. MAX
and MIN functions, however are not enough on their own to implement logical
functions. It is necessary to have an equivalent to the Boolean NOT gate. There are a
number of different options for the extension to a Boolean NOT gate and some of

these are given in table 4.16. These are all single input or 'unary' functions.

Option
Input a b c d
0 i 3 2 3
1 2 0 ~5~ 2
2 3 1 0 1
~T~ 0 ~T~ | 0

Table 4.16. Various quaternary extensions to the NOT gate
The first three options are modulo 4. They are a) input+l (SUCCESSOR), b) input-1,
c) input+2. Option d is 3-input (COMPLEMENT). The COMPLEMENT function,
with the MAX and MIN functions will allow all logical functions to be produced
[Hurst84], There are other unary functions that are well used such as the literal
operator which outputs a zero unless one particular value is input, when it outputs the
maximum possible value (3 in the quaternary case). For a quaternary system there are

4 literal operators.
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4.3: Basic circuit functions for current mode MVL

To give a minimum number of logic gates to be designed, the modulo 4 SUM
and PRODUCT s the best solution, and the addition of carry output circuitry would
give easy arithmetic circuit production. A second choice is MAX, MIN and
COMPLEMENT. It was shown earlier that the MAX function had an efficient
implementation, and so this set may yield better circuits in terms of time and area than
the SUM and PRODUCT circuits. In the following sections, unary functions in
general, the MAX and MIN functions, and the SUM and PRODUCT are all shown in
further detail.

4.3.2. Encoders as unary functions
In current mode MVL the most useful circuit element is the current summing
node. For two input functions, the summing node is used to sum the inputs.
However, with unary functions there is only one input anyway, and so no use is made
of the sum. A unary function could be constructed from a DLE type of structure, as
shown in figure 4.8.
Unary function

v Dec- -NLog- kEnc- eqY i Log- LtJEnc-
' ode ode J>4ic  fy ode Dec- NLog-  Enc-

) odeiviiilin ode
Other input
Linear

Figure 4.8. A unary function in a circuit in DLE form.

However, the only sensible input encoding would be a simple linear encoding. This
would be immediately decoded, and fed to some binary logic. It is therefore a simple
matter to omit the output encoder of the previous function, and replace it with the logic
and encoder stage of the unary function as shown in figure 4.9. Whereas when the
interconnection between the two input (dyadic) function and the unary function is a
current mode signal the two circuits could be physically separate from each other
without much routing being required, the removal of the encoder and decoder could

easily leave the designer with up to 3 wires to route instead of the single current mode
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4.3: Basic circuit functions for current mode MVL

signal. The solution to this is to view the unary function as the output stage of the
dyadic function before it. Hence the two functions are placed physically next to each
other.

Unary function

Figure 4.9. A unary function as the output of another multi input function.

The output of the unary function will be fed, most probably to a dyadic gate,
so its output must be encoded correctly for that gate. Therefore, each unary function

must be designed, with an encoder for each dyadic function.

4.3.3. MAX and MIN
Earlier in this chapter, two designs for MAX functions were shown. The MIN
function is very similar indeed. Examination of the MAX and MIN functions given in
table 4.15 shows that a MIN function can be constructed from a MAX gate by
complementing both of the inputs, and the output. Ifa COMPLEMENT is represented
by an overhead bar, MAX is represented by a v, and MIN is represented by a . , then

this can be written as:

It is therefore possible to construct a MIN gate from a MAX gate and 3
COMPLEMENT functions. It is however still interesting to examine the MIN gate
designs in order to evaluate whether or not they are more efficient than the MAX
COMPLEMENT design. Indeed, there is no reason to suppose that the MAX gate
should be more efficient to design than the MIN gate. It is even conceivable, that a

MIN gate with its inputs and output complemented could form an efficient MAX gate.
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4.3: Basic circuit functions for current mode MVL
Having designed a MAX gate, there is prior knowledge that can he used to help the
MIN gate design. It was noted that in the MAX gate design, the encoded current for a
value x+| had to be more than twice the sum of the current for x. For the MIN
encoding, the equivalent requirement is that the current for a value of x summed with
the maximum current encoded is less than twice the encoding of x+1. In other words,
for the same A() and B():
AX) TAQR) < AKX+ D+ AKX +1)

This ensures that any set of inputs produces a lower summed current than any other
set of inputs with a higher minimum. Two encodings that satisfy this criterion are
given in table 4.17. Table 4.17a is a simple encoding whilst 4.17b makes use of a

grounded input encoder. The tables assume that A() and B() are the same.

Input  A(Input) Input  A(Input)
0 0 0 «0
1 4 1 0
2 6 2 3
3 7 3 4
a) b)

Table 4.17. Two encodings for a MIN function.

The encodings shown can be analysed, and put into current sum vs. required output.
This is done for the simple encoding in table 4.18, and for the grounded output

encoding in table 4.19.

Min
0 1 2 3

0
C 4
U 6 ));
r ~T~ y
r 8 y
e 10 y
n 1 y
t 12 y

13 y

14 y

Table 4.18. The simple MIN encoding current sum vs. required output.
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4.3: Basic circuit functions for current mt>de MVL

The simple encoding gives rise to a similar decoding to that used by the MAX
function. However, the thresholds for the MIN function would be 7.5, 11.5, and
13.5. This means that the MIN circuits would require high resolution, and consume
much more power. Hence at this stage it can be seen that the simply encoded MIN

function is not a good choice for direct implementation.

Mod4  Sum
0 1 2 3

c 0

U 1

r 4 ¥

r 5 y

e 7

n 8 §

t 9

y

Table 4.19. The grounded output MIN encoding current sum vs. required output.

The grounded output encoding suffers similar problems to the simple encoding, and
so it is not worth expending effort on the MIN function. Instead, a second encoder
that performs a complement function is required that will allow a MAX function to
become a MIN.

Figure 4.10 gives a possible encoder for an complemented simple MAX
encoding. The inputs are all inverted, and the current weights are reversed to form the
complement. It may be possible, depending on technological constraints to replace the
inverter and p-type transistor with a single n-type transistor. In this case, the
complement function is in effect free, since no extra area would be used relative to a

normal encoding.

Inputs

Output

Figure 4.10. A complemented MAX encoder (simple encoding).

112



4.3: Basic circuit functions for current mode MVL

The grounded output encoding can also he complemented as shown in figure 4.11. As
with the simple encoder, the inverters may he omitted if n-type transistors can he used
as the current switches. In this case, the complemented encoding would he smaller that
the un-complemented encoding, as the grounding transistor must be an n-type
transistor. Hence the inverter in the un complemented encoding cannot be removed.
Even using p-type switch transistors, the complemented encoder uses only one more
inverter (i.e. two transistors) than the un-complemented encoder.

Vdd

Output

Gnd

Figure 4.11. A complemented MAX encoder (grounded output encoding).

The MAX function using optionally complemented grounded output encoders
provides the ability to produce any logical function, with very low resolution
requirements (maximum threshold of 3.5 current units). Its importance as a current

mode MVL building block is un-questionable.

4.3.4. SUM and PRODUCT

The modulo 4 sum function has been described earlier in this chapter and in
previous chapters. The effect of the modulus is that a maximum number of decoders
(6) is required to decode the function. Because no two adjacent sum values give the
same output, there is nothing to be gained by using a grounded output encoder.

The modulo 4 product must also be designed to allow logic circuits to be
constructed arbitrarily. The product can be simply implemented in two ways:
I. A set of switched copies of the one input could be summed together using modulo 4

sum circuits according to the magnitude of the second input. However, does not take
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4.3: Basic circuit functions for current mode MVL
advantage of the current sum to reduce the amount of interconnect between basic
blocks. Also, being itself constructed from other building blocks, means that its
implementation will be relatively large in comparison to the other basic building
blocks.

2. The methodology described earlier can be employed. In this case it would not be
unreasonable to start with a linear encoding as was done in the example. However, it
is well known that:

x y~ log-1(logjf + logy)
This gives an instant set of functions A(), B(), and C(). The encoders should produce
an approximation to the log form. Table 4.20 shows the log of the quaternary values.

Input log(Input)

0 0
1 0
2 0.693...
3 1.098...

Table 4.20. The natural logarithm.
The log of zero could give some cause for concern, since it is minus infinity, however
this can be approximated as « 0, and hence the encoding will produce a grounded
output style of circuit. The other values can be scaled up such that there is a difference
of at least 1between each output value. The approximation is shown in table 4.21.

Input A(Input)
0

« 0
1 0
2 2
3 3

Table 4.21. The log approximation encoding
This encoding can be used as the first guess encoding for the methodology described
earlier. The sum of currents versus the required output is shown in table 4.22. The
encoding works with a unit current added to the summing node to distinguish between
a grounded output and no current flow. The grounded output must be capable of
sinking 3 current units from the other encoder, and one current unit that is added to the

node, without an appreciable voltage drop.
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Mod 4  Product

o 1t 2 3

®= 0

u

r 3 ooy
rlsly y
e

~~G~
T yy

Table 4.22. The current sum vs. required output for the log encoding.

The encoding given works, in that a function C() is realisable. However, the
function is not very efficient since related outputs are not grouped together. The
function C() can be taken from the sum of currents table, and is shown in figure 4.12.
The circuit consists of six threshold functions and the equivalent of about 6 logic

gates. This makes the modulo 4 product roughly the same size as the modulo 4 sum.

Figure 4.12. The modulo 4 product decoder.

The encoder for the modulo 4 product is shown in figure 4.13a. The encoding can be
modified to give a purely positive output current to increase the speed of the circuit.
The encoding for the circuit is shown in table 4.23, and the encoder circuit is shown in

figure 4.13b.

Input A(Input)
0 7

1 3
2 1
3 0

Table 4.23. A modulo 4 product encoding using all positive currents.
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The encoding that does not make use of the grounded output will clearly use more
power, hut the resolution required is no higher. The all positive encoding is formed by
inverting the value of the encoding, and then finding the minimum value for which the
function C() is realisable. In this case it is necessary for the sum of the encoding for
zero to be greater than the sum of any two other encodings. Hence the encoding for
zero is 7 current units.

Vdd

Gnd
a) b)

Figure 4.13. Encoders for a modulo 4 product, a) grounded output b) positive current.

The decoder for the positive current encoding is shown in figure 4.14. It is very
similar to the grounded output decoder in terms of numbers of thresholds, and gates.
The maximum threshold is the same as the grounded output version, since all the

currents above 6.5 current units indicate a zero output.

Inputs R
encoded = 2 LOutputs
{«0,0,2,3}

Decoder Logic

Figure 4.14. A positive current modulo 4 product decoder.
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One major area in which the SUM and PRODUCT building blocks are likely to be
more efficient than MAX and MIN circuits is in the design of arithmetic units. For
example, a multiplier will typically he constructed from a set of partial product
generators and adders to sum the partial products together. If carry circuitry is added
to the SUM and PRODUCT building blocks, then a multiplier can be constructed from
them. The two inputs are put into an array of partial product generators, and the
outputs of these generators are then summed to form the product. Two sets of adders
are needed in each row because the output from the partial product generator has a
carry output which it would not have in the binary case. The array cell is shown in
figure 4.15 in block form.

Sum in In2

In 1 Less Significant
Digits

Product
carry in

Sum 1
carry in

Sum 2
carry in

e b b.J
Sum out In 2

Figure 4.15. A multiplier cell block diagram.

It should be noted, that the input digits INI and IN2 must be voltage mode signals.
The encoding to a current mode log encoded signal must be made at the multiplier cell.
Either a pair of binary signals could be used, or a four level voltage mode encoding

could be used as described in an earlier chapter.
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4.4. Current mode MVL libraries

When laying out larger circuits that use the building blocks already described,
more than one encoding of a particular output, or more than one copy of an encoding
may be needed. This is because of the unity fan-out of current mode circuits. A library
could be designed so as to have each function as, an input section, and a set of output
sections, one output section for each encoding type. It should be possible to fit any
number of these output sections onto a single input section. Figure 4.16 shows a
schematic for this style of library. The variables are shown with the way they have
been encoded in brackets after the variable name. The decoder, and logic are in the
SUM or PRODUCT sections, and the encoders (marked linear, and log) are simply
slotted on the end. Encoding is logarithmic to perform a product, and a linear manner
to perform a sum. This system makes use of the fact that the logic section output is
voltage mode, and hence has an infinite fan-out, allowing it to drive as many encoders
as necessary. The schematic shown is a logic circuit that has been described in modulo
4 sum and product form. MAX, MIN and COMPLEMENT circuits could also be
used.

a(lin) b(lin) c(log) d(log) Hnputs

Figure 4.16. An example schematic of a current mode circuit.

Table 4.24 shows the minimum requirements in terms of input and output functions
required for a full logic set for both SUM and PRODUCT, and MAX and MIN logic

forms. The binary converters allow the circuits to interface easily with conventional
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4.4: Current mode MVL libraries
voltage mode binary circuits. Only one type of converter is needed when decoding to

binary, since an encoder will have to be assigned to that particular output anyway.

Logic type Encoders [5ccoaers
SUM. PRODUCT Linear (SUM) SUM
Log (PRODUCT) PRODUCT
Binary to Linear Linear to binary
Binary to Log
MIN, MAX Max encoding Ma X

Complemented Max encoding  Max encoding to binary
Binary to Max
Binary to complemented Max

Table 4.24. The minimum cells required for a library of different logic types.

It will probably be beneficial to individual library designers to incorporate their own
special library cells that will aid efficient implementation of the particular operation that

may be required by a design.

4.4.1. Abutment

In table 4.24, an assumption has been made. The assumption is that one output
encoder can be used in conjunction with a number of decoder and logic circuits. For
this to be practical, there needs to be an interface between the two that is structured
enough to allow the construction of many interlocking cells that fit easily and
efficiently together. Typically, library cells are designed so that they fit neatly next to
each other in a row, with the power rails, and possibly clock signals running down the
row. All other connections are made from the top and bottom of the cell. With the
current mode MVL circuits, the decoders, and encoders need to be physically next to
each other, and so it makes sense for the lines connecting them to travel along the row.
Indeed, as a number of encoders may be connected to the same decoder, the lines
should pass right through the encoder cells. Figure 4.17 shows the perimeter of a
typical decoder, and encoder using this design style. To prevent the lines through the
encoders of two adjacent circuits from touching (which could happen if one circuit
was mirrored about the vertical axis), it may be necessary to have a short dummy cell

to place between adjacent circuits. This dummy cell will pass the power lines along
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voltage mode binary circuits. Only one type of converter is needed when decoding to

binary, since an encoder will have to be assigned to that particular output anyway.

Logic type tincoderii Decoder*
SUM, PRC)DUCT Linear (SUM) SUM
Log (PRODUCT) PRODUCT
Binary to Linear Linear to binary
Binary to Log
MIN, MAX Max encoding MaK
Complemented Max encoding ~ Max encoding to binary
Binary to Max

Binary to complemented Max

Table 4.24. The minimum cells required for a library of different logic types.

It will probably be beneficial to individual library designers to incorporate their own
special library cells that will aid efficient implementation of the particular operation that

may be required by a design.

4.4.1. Abutment

In table 4.24, an assumption has been made. The assumption is that one output
encoder can be used in conjunction with a number of decoder and logic circuits. For
this to be practical, there needs to be an interface between the two that is structured
enough to allow the construction of many interlocking cells that fit easily and
efficiently together. Typically, library cells are designed so that they fit neatly next to
each other in a row, with the power rails, and possibly clock signals running down the
row. All other connections are made from the top and bottom of the cell. With the
current mode MVL circuits, the decoders, and encoders need to be physically next to
each other, and so it makes sense for the lines connecting them to travel along the row.
Indeed, as a number of encoders may be connected to the same decoder, the lines
should pass right through the encoder cells. Figure 4.17 shows the perimeter of a
typical decoder, and encoder using this design style. To prevent the lines through the
encoders of two adjacent circuits from touching (which could happen if one circuit
was mirrored about the vertical axis), it may be necessary to have a short dummy cell

to place between adjacent circuits. This dummy cell will pass the power lines along
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down the row, but nothing else. It is also important to define precisely, what lines will
be where at the interface of the encoder and the decoder. This allows all the encoders

to line up with all the decoders.

Power
Ground
. # 7
Power UJ £ Power
Ground PGround
tz
In_puts mgquh
(binary) (binary)
Lo, Output
b) Encoder.

Figure 4.17. The perimeter of library cells.

The choice of what exactly the signals mean is also important. It must be standardised
for the system to work, but it must also allow easy implementation of the encoder
functions. The >0, >1, and > 2 signals have been the choice so far in this chapter.
This is because it makes linear encoders, and decoders easy to design, and because
other encoders seem to map well to this set of functions. The value of the multiple

valued signal for given individual binary levels is shown in table 4.25.

Value >0 > | 592
0 ~T~ 1
1 0 I 1

~r~ 0 0 1

~n-~ 0 0 0

Table 4.25. A suggested decoder to encoder signal interface.
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It is possible to use two lines instead of three, but this makes both the logic in the
decoder, and the encoder more complex. So as the circuits are physically separated by
only the smallest of possible distances, it is probably more area efficient to use three

lines.

4.5. MVL circuits in VLSI

The design of VLSI circuit components is difficult and time consuming. Since
a large number of the design tools available are only written to cope with binary
signals, the design of an MVL circuit must be done as an analogue circuit. Some of the
design tools for analogue circuits arc considerably slower than their binary
counterparts. For this reason, it is not practical to design large MVL circuits at present.

This section describes the design and testing of three MVL circuits on two test
chips. The circuits designed were a current mode modulo 4 sum and product circuit,
and a voltage mode binary full adder with a quaternary internal node. Two of these
circuits have been previously reported by others (the modulo 4 sum |Current87|, and
the adder |Schult/.89]), and the purpose of fabricating them was to investigate the
problems involved with the design and fabrication process.

The test circuits were fabricated as additional circuitry on chips used for a final
year course for undergraduates in VLSI design. Hence the number of output pins
available was severely limited. These circuits were not designed as library cells,

enough of the circuit was designed simply to test the current mode sections.

4.5.1. The first test chip
The first test chip was fabricated using a European Silicon Structures (ES2)
2pm basic CMOS process. This process is tuned for binary digital circuits. Four
circuits were actually fabricated on this test chip, but problems with the binary
interface logic caused three of these to be untcstablc. The testable circuit was a pair of

current mode modulo 4 sum circuits. The circuits had additional carry outputs, and
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were linked together by the carry line, in effect forming a 4 bit adder. The current
inputs were formed by 9 inputs to | and 2 current unit switched sources. These were
summed together to give an input to both of the sum circuits. The current unit used

was IOpA, and offset currents were used to speed up the sum circuits. The test circuit

is shown in figure 4.18.

a)

Figure 4.18. The first test chip circuit, a) Circuit layout b) floorplan.

It was not possible to have any analogue connections to the circuit, and so all the
inputs and outputs were voltage mode binary signals. This was unfortunate, since it
vastly reduced the observability of the circuits, and reduced the number of useful tests

possible considerably. The current mirrors used were of the cascode type, and unit
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transistor design was employed to increase relative accuracy between the current

sources. The modulo 4 sum circuit is shown in figure 4.19.

Figure 4.19. Current mode modulo 4 sum. a) Layout, b) floorplan.

The devices were tested, and some but not complete functionality was
observed. The different circuits each had their own reference voltage generators,
which could potentially cause different parts of the circuit to be producing different
current levels. However, since the main errors occurred in the majority of the devices,
it is unlikely that transistor parameter variation across the circuit caused these errors. A
more likely cause is that the parameters of the N and P type FETs used for the design
were different to those on the actual chip fabricated. There are two possible

explanations for this:
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1. The chips fabricated were fabricated in such a way that they did not have nominal
characteristics of the process. This is possible since the upper and lower bounds of the
process parameters (the 'skew' parameters) were not tested in the design.

2. The model parameters provided, produce accurate timing results for binary circuits,
hut do not accurately model the analogue behaviour of the transistors.

One error that gave insight into the problems with the circuit was the fact that the
output circuits never registered an output level of 3 current units. This means that a 3
current unit signal fed to a 2.5 unit threshold circuit was not switching the threshold
circuit. The most probable cause of this is an error in the size of the transistors relative
to each other. However, a simulation showed the sizes to be correct, and so the
simulation was probably at fault. Since the simulator used (SPICE) is well known and
highly regarded in the VLSI design community, the only remaining 'jomponent of the
simulation, the model parameters, must be suspected. Despite these problems, the
circuits did provide indications that 8 or so current units is not an unreasonable

resolution to expect for a circuit of this type.

4.5.2. The second test chip

The second test chip was fabricated using an Orbit 1.5pm process. This was
also a CMOS process aimed at binary circuits. Both a voltage mode and a current
mode circuit were constructed in the process. The voltage mode circuit was the binary
full adder described by Schultz [Schultz89]. The transistor sizes were modified so that
the circuit operated properly in simulations. The current mode circuit was the encoders
and decoders for the grounded output modulo 4 product circuit described earlier. The
current unit for the current mode circuits was set at IOpA. The outputs of the circuits
were multiplexed together to reduce the number of output pins required. The logic for
the product circuit was not included since this section is binary and thus easy to
design. Instead, the decoder threshold outputs are fed to inverters that buffer the
signal, and then they are fed via the multiplexers to the output. The circuit fabricated

on the second test chip is shown in figure 4.20. The mirrors in the current mode
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circuit are cascode mirrors, and the N-type mirrors were extended to reduce errors as

much as possible.

a)
Encoders
Inverters
b)

Figure 4.20. The second test circuit.

The current encoders used in this circuit are not exactly the same as those described
earlier. Only two inputs are used, but the 4 possible output values are obtainable. The
layout of the current encoder is shown in figure 4.21a, and the circuit schematic is
given in figure 4.21b. The N-type transistors only need to be unit sized transistors to

sink enough current to form a grounded encoder output. These circuits are not
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intended to be used in a library, but simply to allow the form of circuit to be tested.
There was the opportunity with the second test circuit to have an unbuffered output,
and so the central quaternary voltage mode signal from the adder was connected to an
external pin on the chip. This allowed the analogue voltages on this node to be

measured, and checked against the simulated values.

Vdd

Ref2
Refl

Out

Gnd

a) b)
Figure 4.21. The grounded output, 2 input encoder, a) Layout, b) schematic.

Because the second test chip had an analogue output, it was possible to get
much more certain results about the differences between the models used in
simulation, and the actual circuits that were fabricated. The simulation results were in
fact very different to the results actually measured. The voltage mode adder quaternary
internal node voltages bore very little resemblance to the simulations. From these test
results, the only conclusion that can be drawn is that the simulation models for MVL
circuits must be as of as high a standard of accuracy as the models used in analogue
simulation. The current mode circuit showed clearly that the grounded output
technique works. The grounded signal was easily distinguishable. The other signal
levels suffered similar problems to the current mode circuit on the first test chip, again

pointing to problems with the models. The models used were investigated, and they
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intended to be used in a library, but simply to allow the form of circuit to be tested.
There was the opportunity with the second test circuit to have an unbuffered output,
and so the central quaternary voltage mode signal from the adder was connected to an
external pin on the chip. This allowed the analogue voltages on this node to be

measured, and checked against the simulated values.

a) b)
Figure 4.21. The grounded output, 2 input encoder, a) Layout, b) schematic.

Because the second test chip had an analogue output, it was possible to get
much more certain results about the differences between the models used in
simulation, and the actual circuits that were fabricated. The simulation results were in
fact very different to the results actually measured. The voltage mode adder quaternary
internal node voltages bore very little resemblance to the simulations. From these test
results, the only conclusion that can be drawn is that the simulation models for MVL
circuits must be as of as high a standard of accuracy as the models used in analogue
simulation. The current mode circuit showed clearly that the grounded output
technique works. The grounded signal was easily distinguishable. The other signal
levels suffered similar problems to the current mode circuit on the first test chip, again

pointing to problems with the models. The models used were investigated, and they
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4.5: MVL circuits in VLSI
are designed for binary simulation. Better models are clearly the priority, and for
practical commercial circuits, the circuits must operate over the full range of the

process parameters, and the full temperature and voltage supply range.

4.6. Summary

This chapter has described a methodology for the design of uni-directional
current mode MVL circuits that could be easily extended to bi-directional circuits, and
has potential for the design of optical logic circuits. The design method has been
discussed in detail, and although this methodology is by no means perfect, it gives a
good insight into how to design such circuits, and can provide very encouraging
results. Single input functions can be implemented as the output stage of a circuit, with
little or no overhead. The MAX, MIN and COMPLEMENT multiple valued logical
form can be created most efficiently be using just a MAX gate with normal or
complemented outputs. This is because the MIN gate is far less easy to implement.
Modulo 4 sum and product circuits have also been designed. These circuits are less
efficiently implemented because of the modulus effect, but in arithmetic applications
they are the obvious basic building blocks. Libraries of current mode MVL circuits can
be built up, and if the guidelines given in this chapter are followed, the efficiency of
these designs in implementing larger functions should be good.

Despite the trends in CMOS processes, circuits such as the MAX function
require so little in terms of resolution, that these circuits may well be viable until
CMOS is finally replaced by a new commercial technology such as optical logic. At
this point the concepts behind the circuits presented here could be easily transferred
across. These designs and concepts allow larger circuits to be considered in a general

sense for current mode MVL rather than just for individual applications.
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Function
evaluation
In many
dimensions.

5.1. Introduction

In a previous chapter, the CORDIC algorithm has been described in two, three
and four dimensions [Volder59, Delosme90], There are other ways to operate the
CORDIC algorithm in three and more dimensions other than the method already
shown. A three dimensional algorithm is developed and this is then generalised to take
account of the work of others already shown on the two dimensional algorithm.
Following this, a new two dimensional CORDIC system which has a unit scale factor
is also shown. A comparison of the various algorithms presented in this chapter is
given, which includes a comparison relative to the methods used by others. Finally the

layout of a three dimensional pipelined redundant arithmetic processor is described.

5.2. CORDIC in more than two dimensions
In this section, the theory behind multi-dimensional vector rotations will be
considered. Starting with three dimensions, the CORDIC algorithm is generalised to N
dimensions. It is shown that a three dimensional CORDIC algorithm can be used as a
two dimensional algorithm eliminating the need for a scaling factor operation. The
unit scale factor is achieved by rotating the vector in three dimensional space in a
manner which scales its projection onto the X-Y plane by the reciprocal of the overall

scale factor. This new technique takes the same number of cycles as the standard
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5.2: CORDIC in more than two dimensions

CORDIC algorithm. The system is shown to be entirely compatible with redundant
number system implementations of the CORDIC algorithm and has only a marginally
slower cycle time than the redundant system of Takagi |Takagi9l|. The extensions
given by Walther |Walther71 ]are not considered, although they could be incorporated
into this later without much difficulty. The use of redundant [Takagi9l ] and high radix
[RodriguesSI ] number systems is considered, as are hybrid systems.

Unless other wise stated, it will be assumed that a fixed point fractional

representation is being used for vector lengths.

5.2.1. 3D CORDIC

The CORDIC algorithm is a two dimensional vector rotator. Its function is
based upon the fact that a rotation of a vector (jt.y) by an angle a results in a new

vector:
(xcosa-ysina.ycosa + xsince) (1
Hence the new vector can be represented by the old vector and a simple function of the
rotation angle. In three dimensions, the rotation is defined by two variables. There are
a number of choices for these two variables, but the most well known is to have one
value representing the rotation away from the z-axis and one representing the rotation
about the z-axis. This is a spherical coordinate system. However there are many other
choices available such as that taken by Delosme and Hsaio [Delosme90]. The problem
with a spherical coordinate system is that a vector (x.y.z) which is rotated by the
angles A and B around and away from the z-axis respectively, cannot easily be
represented by x,y,z and the sines or cosines of A and B. Ways around this problem

are now examined.

5.2.1.1. Basis of extension to three dimensions

A vector in three dimensional space is shown in figure 5.1. It has Cartesian

coordinates (X, ,Yt,Z,) and spherical coordinates (/?, ,0, ,0,).
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5.2: CORDIC in more than two dimensions

Figure 5.1. A vector in three dimensional space.

The vector can be rotated by an angle a, around the z-axis and by an angle ft,

away from the z-axis to become a new vector which has Cartesian coordinates
and spherical coordinates (/?, ,0, +ai @ +/S,). In this case, the
relationship between the Cartesian and spherical coordinates of the two vectors are
shown in equations 2 to 7.
X, - R cos0, sinipi (2
Yi - 0,sin0, sing

Z. - Ricosq (4
X,.i - 0,cos(0, +ai)sin(0, +ftt) (5
TH = P2, sin(0, + a, )sin(0, +ft, ) (6

It is preferable to form an iteration such that allows (Xj+,Yjtl,ZIX) to be found
from knowing (x, ,Y, ,Z, ) and the sines and cosines of the rotation angles in the same
manner as the two dimensional algorithm. However, when equations 5 to 7 are

expanded, the result is:

Xm = X, cosa, cosft, - Y,sin a, cos/?,

+/?,cos 0(cos 0, cos a, sinft, - R sin 0(cos 0;sin a, sinft, (8
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5.2: CORDIC in more than two dimensions

YM - Y,cosa,cosft, + X sin a, cosft, (g
+ /?,sin 0,cos gicos a, sinft, + /if, cos 0,cos fsina, sinft,
Zut - Z cosft! - R sin gsinft, (10
These are not fully defined in terms of the original vector. However, it is

possible to define the following set of scalars:

U, =R cos6, cos ¥ (11
V, - ff sin0, cos (12
W =/ sing @13
Uiti - R cos(0, +a, )cos(p *ft,) (14
Vil - R sin(0, +@, )cos( +ft,) (15

- R sin(p +ft,) (16

These, in combination with equations 2 to 7 gives a set that will iterate. The W
variable is the magnitude of the vector projected onto the x-y plane, but the physical
meaning of the U and V variables is unclear. Expanding the left hand side of equations
5to 7 and 14 to 16 and substituting from equations 2 to 7 and Il to 13 wherever

possible, the following set of iterating equations is found:

i/,tl =i/(cosa. cosft, - X, cosa, sinft,

. . . (17
-V, sina, cos/3, + T, sina; sinft,

ViH - V, cosa, cos/3, - Y, cosa, sin/3, 18
+(/, sina, cos/3, - X sina, sin/8,

- W cos/3, +Z, sin/3, (19

X,., =X cosa, cos/3, +1/, cosa, sin/3, 20
- T, sina, cos/3, - V, sina, sin/3,

Ym = K cosa, cos/3, + V. cosa, sin/3, @
+ X, sina, cos/3, +i/, sina, sin/§,

Z,, =Z cos™, - W, sin/3, (22
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5.2: CORDIC in more than two dimensions

This set of equations divides any rotation into a set of smaller rotations in the
same way as the two dimensional CORDIC algorithm. This is possible since there is

now a definition of the rotated vector in terms of the original vector, and the rotations

a and ft. The rotation can therefore he divided into a set of smaller rotations, a, and
ft. have the same magnitude, but their signs may differ. This is simply for
convenience. It also means that the accuracy of the algorithm is the same in all

dimensions at a given iteration i. As with the two dimensional CORDIC algorithm,

a, =a, .arctan2~‘ and fti « bt,arctan2" are chosen, where a, and are E{-1,1}.
From this, equations 23 to 26 can be derived for the sine and cosine of a, and ft, .

The a, and b, factors disappear from the cosine equations because coso - cos- O,

whereas they are present in the sine equations because sin6 = - sin- o .

cosft, - (23
b, 2~
sin/?, . .. (24
yi+2-ji
cosa, (25
sin a, (26

The divisor of all these equations is a constant for each iteration step. We will

call this constant fc,. Substituting equations 23 to 26 into equations 17 to 22, gives:

UM -p-w - X, b 2-'- V,a 2+ Y.a,b, 2'2) 27
VM =p-(v, - Y,b,2-+U,a, r ‘- X,ab, 2'2) (28
(29
K
Xu, - (X, +U,b, 2-1- Y,a, 2-°- V,a,b, 2'2) (30
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5.2: CORDIC in more than two dimensions

(31

Z>«mT<Z'-W ,bl2-") (32

The scale factor for zitl and Wjtl is different to that of Uul, V,*, Xul and
Ym . This is not a problem since the two sets of variables do not interact in any way.
These equations can be used to rotate a three dimensional vector. The equations 27 to
32 are iterated ignoring k, . We can pre-scale the inputs, or post-scale the outputs by

the overall scale factor K, for Zand wWand K2 for U, V, X and Y, where:

(33

5.2.1.2. Convergence and accuracy

In expanding the CORDIC algorithm to more than two dimensions, it is not
unreasonable to assume that obtaining an iteration that gives convergent results will be
more difficult than in the two dimensional case. Indeed that is exactly what Delosme
and Hsaio found [Delosme90]. They used a system similar to that used by Walther for
his hyperbolic rotations of repeating a number of iterations. The repetitions roughly
follow a 2k-\ sequence, but not exactly. However, when the rotation system already
described is used, the planes of rotation are orthogonal to each other and hence can be
considered separately. The planes of rotation for a polar coordinate system are shown

in figure 5.2.
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@1

(32

The scale factor for zit{ and W,., is different to that of um, VItl, X,., and
Ym . This is not a problem since the two sets of variables do not interact in any way.
These equations can be used to rotate a three dimensional vector. The equations 27 to
32 are iterated ignoring k, . We can pre-scale the inputs, or post-scale the outputs by

the overall scale factor K, for Z and Wand K~ for U, V, X and Y, where:

(33

5.2.1.2. Convergence and accuracy

In expanding the CORDIC algorithm to more than two dimensions, it is not
unreasonable to assume that obtaining an iteration that gives convergent results will be
more difficult than in the two dimensional case. Indeed that is exactly what Delosme
and Hsaio found [Delosme90). They used a system similar to that used by Walther for
his hyperbolic rotations of repeating a number of iterations. The repetitions roughly
follow a 2k-1 sequence, but not exactly. However, when the rotation system already
described is used, the planes of rotation are orthogonal to each other and hence can be
considered separately. The planes of rotation for a polar coordinate system are shown

in figure 5.2.
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5.2: CORDIC in more than two dimensions

Each of the planes of rotation acts on its own, as a simple two dimensional
vector rotation and so convergence is assured in just the same way as for the 2D case,
except that both planes must be shown to converge. Since the case under investigation

is that of circular rotations, the algorithm must converge as it is known that:

tan'12~

S (34
tan'12-'-'

As with the two dimensional algorithm, there are two sources of errors, the
rounding error and the angle approximation error. The iterations for w and Z form a

two dimensional algorithm for a rotation in the $ rotation plane and so the results given

by Hu [Hu92] are still valid. The errors for U, V, X and Y however are different.
There is an angle approximation error from both the 0 and $rotations and the
rounding errors are different since they are propagated to the output differently.

The angle approximation error of the 0 and <>rotations is s tan*' 2" in each

plane. The planes are at right angles to each other, so the error of the two angles
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5.2: CORDIC in more than two dimensions

combined is \[2 of the error of a single rotation. The error due to the angle

approximation in any of the four variables will be less than:

V2/2sin(tan""2"*"" 1) 35

Where K is the vector magnitude. The worst case vector magnitude appears
when the vector starts with unit magnitude. This vector is extended by the scaling
factor during the iterations, but post scaling then removes this factor. For practical

values of n, 2™"*%is small enough that both the tangent and sine functions can be

ignored. Hence the angle approximation error EmIr is given by:

conil' i (36

The rounding error is formed by observing that there is a rounding error at

each iteration and that this error is modified by subsequent stages. Assuming an
internal resolution of 6 bits, the maximum error from one rounding operation on the
vector will be s 2~bmV2 . The effect of propagating this error (at the /th iteration) to

the final result can be found by considering the transfer matrix of the iteration in matrix

form:
1 -a,2-" -6,2-' a,b,2-2
1 a™ 1 -a,6,2"2 -6,2-
1+2"2 b,2-* -ath2~2 1 -, 2-
apt2‘2 b,2-' a 2" 1

The error will be scaled by the determinant of this matrix multiplied by the
factor given. Overall the rounding error will be the initial error scaled by the
subsequent iterations:

3~3(1 +2'2)1 (38

joi+1

The error due to rounding in the final result Ernd will therefore be the sum of

the individual rounding errors, each propagated to the result of the final iteration and

then post-scaled, i.e.:
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5.2: CORDIC in more than two dimensions

The output accuracy b, (given in bits) can be found by the following

equation:

*,--log2(iwW +£,,w) (40

The result of this analysis is shown in table 5.1. The table shows the output
accuracy b, in bits according to the number of iterations performed n and the number
of bits used internally b. The table shows the region around b0 - 16 bits. The right
hand set of figures are taken from a bit level simulation of the algorithm and they show
that the theoretical errors are very accurate, although there seems to be a small
additional error source. This seems to be due to the post-scaling operation. The bit
level simulation performed 10,000 random sized rotations on random vectors.
Combinations where n>b + 1 are not shown since the final iteration(s) would be
pointless (the rotation angles would be smaller than those representable with the given

accuracy). Indeed, during these extra iterations, errors could increase.

AT
20 21 22 23 24
— TT 14.4/14 14.8/14 15.1/14 15.3/14 15.4/14
18 147114 15.3/15 15.8/15 16.1/15 16.3/15
19 14.9/14 15.6/15 16.3/15 16.8/16 17.1/16
n 20~ 14.9/15 15.8/15 16.6/16 17.3/16 17.7/17
21 14.9/15 15.9/16 16.8/16 17.6/17 18.2/18

22 n/a 15.9/16 16.8/16 17.7/17 18.5/18
23 n/a n/a 16.9/16 17.8/18 18.6/18
24 n/a n/a n/a 17.8/17 18.7/18

Table 5.1. The result accuracy as a function of the internal resolution and number of
iterations used. Theoretical/measured results.

5.2.1.3. Initial conditions
When starting, at i - 1, not only the Cartesian coordinates X,, K and Z
need to be known, but also U,, v, and w, . These would need to be calculated,

which is a significant overhead. One way around this is to constrain the start vector to
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5.2: CORDIC in more than two dimensions

lie on an axis, as this would cause (/,, V, and IV, to be trivial. Otherwise, it would
be necessary to pre-calculate t/, , V, and W, and then store them between operations.
This would double the storage requirement for a vector. In addition, it should be noted
that it is not possible to sum two vectors simply by summing the corresponding
variables in each vector representation. This can be seen by considering IV which is
the magnitude of the projection of the vector onto the x-y plane. The magnitude of the
sum of two vectors is not necessarily equal to the sum of the individual vector
magnitudes, as shown in figure 5.3.

Y

5.2.1.4. Application to scaleless 2D

It can be seen from the above discussion, that this 3D CORDIC algorithm
suffers from a problem at the first iteration. However, when this system is used as a
unit scale factor 2D CORDIC, the effect disappears. The X-Y plane is used for the two
dimensional rotation. The vector is rotated out of the plane to reduce its projected
length on the plane. The rotation out of the plane is chosen to have the opposite effect
to that of the vector extension and hence they cancel each other out, giving a unit scale
factor. This is shown in figure 5.4. Assume a start vector A, this rotates in the 2D
case to B which is extended. Instead, the vector is rotated to C. This vector is also
extended, but the projection on the X-Y plane (D) is of the same length as A and
rotated by the correct angle in the X-Y plane.
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5.2: CORDIC in more than two dimensions

Y

Figure 5.4. Rotating in 3D to remove the 2D scale factor.

calculate X, and Yn, neither Wn nor zZn need be calculated and hence W, and Z, are
not needed. All that needs to be done is to set X, and Y, to the initial vector and, t/,

and V, to 0. To perform a rotation with no scale factor, 0 is rotated by the required

rotations is a single unsealed rotation.

It is worth noting at this point, that the rotation out of the plane is a constant
value and so the signs of the rotations b: can be pre-calculated. This makes the form of
the iteration similar to that given by Ahmed |[Ahmed82J. Indeed, the method described

here is a more general version of that given by Ahmed.

5.2.1.5. Redundant numbers

Redundant number arithmetic can be incorporated into this scaleless algorithm
without difficulty. To use the double rotation method, the rotations in each dimension
are split into two sub-rotations as shown in figure 5.6. Figure 5.5 shows the 3D

CORDIC algorithm given earlier in the same form for comparison.
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5.2: CORDIC in more than two dimensions

It can be seen from figure 5.6, that it is possible to perform a positive, negative

or no rotation in 0 and $>independently. This means that the convergence is assured in
the same way as in the two dimensional case. The selection of the rotation direction,

can be made independently and in parallel for the two rotations. The iteration is now:
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5.2: CORDIC in more than two dimensions

UM - Ust- X,S2- V.S, + VSt 1
VM - V,$, - y,s2+U,Sy- X,5< (42
WA~W,(\-b,d,2-2-2)*Z {(b"d,)2-"") (43
XM - X& +U& - Y& - V{St (44
Ym - K5, + vtS2+ X,Sy+ U,54 (45
ZM - Z((I-M 2-J-J)- +</()2-"-") (46
Where:

5 - 1- (act+bd,)2-2-2+ai M 2',w 47
S2- (b, +d)2-' - afi{b, +d,)T*'2 (48
S3 “ (a, +c¢j)2°<1- bldi(aj + c1)2'3i_J (49

(50

a,, blt ¢, and dt S{I,-1} indicate the direction of the subrotations, a, and c\

represent the rotation in the x-y plane. b: and d, represent the rotation out of the x-y

plane. If the T variable represents the angle to be rotated about the Z axis (i.e. the
rotation in the X-Y plane) and the R variable represents the angle to be rotated away

from the Z axis, then a,, i>, ¢, and < are given by the selection equations below. The

iteration equations for T and R are also given:

11 JBE-W <o
a a- 1 -1 it M- -0 (51
11 ¢M-Trr*1>0

1o iyl
b, dt- 1 -1 if\'yyy!l -0 (52
Loos if r<"r\fv| 1 >0

Where tj is theyth bit of Ti and similarly for R.

Tm - Tt- (a, +c()tan™ 2*1'1 (53
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5.2: CORDIC in more than two dimensions
17, - R -(b, +</l)tan-'2-'-' (54

Bit level simulations of this algorithm have been used to assess the accuracy of
the outputs for varying numbers of iterations and internal accuracies. Each
combination of numbers of iterations n and internal accuracies b was simulated for
1000 random vectors, rotated through random angles. The results of these simulations

is shown in table 5.2.

9 20 21 22 23

7 14 14 14 15 14
8 14 15 1B 15 16
9 14 15 16 17 16
n ~w 4 15 16 17 17
21 nla 15 16 17 18
22 nla nla 16 17 18
23 nfa nla na 17 18

Table 5.2. 3D Redundant CORDIC output accuracy in fractional bits
for n iterations and b bits internal accuracy.

When the 3D CORDIC is to be used to create a scaleless 2D CORDIC, the
rotation of <is known at the design stage and so the double rotation method suggested
by Takagi [Takagi91], or the multiple engine system of Duprat (Duprat91] are not
necessary for this rotation. If double rotation method is to be used for the rotation of
0, then equations 55 to 60 will be used, where ¢, and e, are G{l,-1} , each denoting
the sign of a half rotation in the X-Y plane. These two half rotations combine to form a
positive, a negative, or no rotation. When there is no rotation there is still an extension

of the vector.

Um -U * - X.Sb2-- V.S22- +Y,S2,2'2 (55
- YIS b 2" +U,S22*- YiS2t2-2 (56

A +U5Db 2~ Y,S22-- v,Sh, 2'A (57
Yut-~S, +V,5b 2" + X, S22" +U, Sht 2~2 (58
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5.2: CORD1C in more than two dimensions

where:
S, ~\-ctet2’ (59
and:

5, (60

The scale factor still needs to be calculated, to find the correcting rotation of the

vector off the X-Y plane. The new scaling factor K in this case is:

K - J3(1+ 2-Ji-2).M1 +2-J° (61

The rotation of ©will be arccos?. Note that this scale factor is different to

that in the previous section.

So far the issue of making the decision of whether to rotate in a positive or
negative direction at any particular stage has not been addressed. The case of rotations
of 9 for scaleless 2D is simple because the angle through which B will be rotated is

known in advance. Hence it is possible to pre-calculate the set of bt so that:

n
B=Y fgarctan2'l (62

Once calculated, bt can be stored in a very small ROM (n bits). The calculation

of the rotations in the X-Y plane (and away from the X-Y plane for the general 3D

system) is done as Takagi suggested. The calculation of c. and e is made by
evaluating the most significant three digits of Ti at stage i. Then ¢, and ei are defined
as follows:
i 0 if ey
Ctey* . i -i if ti'ticy (63
i i ifw
Note that ct indicates the direction of rotation and  represents whether the

second rotation is in the same direction as the first (+1), or not (-1). The new value

Tul can be found from equation 64.
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5.2: CORDIC in more than two dimensions

Tu,- T, -c, (e +l)arctan2"” (64

5.2.1.6. Impact of the 21) Scaleless CORDIC Algorithm

The equations for the ‘scale factor’-less redundant arithmetic CORDIC system
are more complex than the equations suggested by Takagi (Takagi4 1J. The number of
terms is doubled. This would, however only lead to a 50% longer delay in the adder
stage due to the increased number of inputs from 3 to 6, as shown in figure 5.7.

6 inputs

3 inputs

a b
Figure 5.7. Example bit slice of redundant adder layouts for a) A unit scale factor
system b) Takagi’s suggestion.

As well as the increased need for addition, there would need to be two more
registers for U and V and multiple shifters. The addition of more shifters and registers
should not greatly affect the clock period of a hardware implementation of the new
algorithm because the operations would be performed in parallel. We could use the
redundant method suggested by Duprat [Duprat9l] and this would result in an adder
delay equal to that of the constant scale factor technique given by Takagi. It would also
be possible to incorporate this new system into the unified algorithm of Walther
[Walther71], It should be noted however, that when using the unified algorithm, the
scale factor is greater than 1 in the circular rotation case, equal to 1 in the linear case

and less than 1 in the hyperbolic case. This means that a different correction is
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5.2: CORDIC in more than two dimensions

required for each type of rotation. The obvious solution is to arrange for the two
rotations to be of the same type. The sets of additions and subtractions necessary to
compensate for the scale factor will be different in each case and trivial for the linear

case.

5.2.1.7. Hybrid systems
The work of Timmermann et. al. and Ahmed |Timmermann89a, Ahmed82|
that reduces the number of iterations required for a given accuracy can be extended to
three dimensions. The technique relies on the first term of the Taylor series and
therefore comes under the heading of a hybrid system.
The approximations used are:
cos5 —1 (65
sin5 —6 (66
From this it is possible to see that a final iteration needs to be added to the
algorithm in rotation mode that uses these approximations. Clearly, if only (jr.y.z)
needs to be evaluated, then it is only necessary to do the final iteration for those
equations. The equations for u, vand w, are not given because it will not normally be
necessary to store these variables. If they are required, it would be a simple matter to

work out the equations for them.

Xxn- *_-i- Y'-fo +U'-ft ~V.-irrf (67
Y,- Y,>+X".f» +V,_f +Unlr,rt (68
u — - (69

The variables r, and rOare the remaining angles to be rotated through. They

are the remainder stored in the R and T registers. To get an overall accuracy of m bits,
it is necessary to use the standard CORDIC algorithm to obtain m bit variables to an

accuracy of n bits and then one iteration as described above. The relationship between

=)

mand n is
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5.2: CORDIC in more than two dimensions

This result is found directly from the second term of the Taylor series (the
others do not need to be taken into account). Bit level simulation accuracy results are
shown in table 5.3 for both redundant and conventional arithmetic types over 10,000
random vector rotations for each result. Because the remaining angle must be small
and the number of bits to which the angles are stored will be the same as the
coordinates, the bits that can be anything other than zero will only be in the lower half

of the word. It is therefore possible to use a fairly small multiplier (in the region of m
bits by ™ bits) for the most of the multiplications.

b T
18 19 20 21 22 18 19 20 21 22
~~§~ 13 14 14 14 14 “5“ 13 14 15 15 15
10 13 15 16 16 16 10 13 14 15 16 16
n 11 13 14 16 16 17 n 11 I3 14 15 16 17
12 13 14 15 16 17 12 13 14 15 16 17
13 13 14 15 16 17 13 13 14 15 16 17

a) b)

Table 5.3. The accuracy of a 3D Hybrid CORDIC for a) conventional,
and b) redundant arithmetic.

5.2.1.8. Higher radix algorithms

The use of higher radix techniques was shown earlier, [Rodrigues81] and this
approach can be considered in the three dimensional case. The basis of the extension
in two dimensions is that the scaling factor becomes a stable number to m bits long
before the mth iteration. This also holds in the three dimensional case and is shown in

table 5.4. The underlined figures indicate the limit of accuracy at a particular stage.
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5.2: CORDIC in more than two dimensions

Iterations Scale Factor (Conventional) Scale Factor (Redundant)
1 1Q.0000000000000000000 1J.0010000000000000000
2 10.1000000000000000000 1.11000011100100000000
3 10.1010100000000000000 1.11010001110010001011
4 10.1011001010100000000 1.11010101011011100001
5 10.1011010101010010101 1.11010110010110001111
6 10.1011010111111111111... 1.11010110100100111011
7 10.1011011000101011010. .. 1.11010110101000100111
8 10.101101100011100021112. .. 1.11010110101001100001
9 10.1011011000111001100. .. 1.11010110101001110000
00] 10.1011011000111001110. .. 1.11010110101001110101..

Table 5.4. The scaling factor accuracy for 3D CORDIC.

For a given desired final accuracy, it is possible to determine how many radix
2 iterations are required before the scale factor becomes, in effect a constant. After this
iteration, it is possible to use a radix 4 system to halve the number of remaining
iterations. Because the radix 4 system used by Rodrigues et al. uses a redundant form,
it fits very well with the redundant CORDIC form, although it is possible to use the
radix 4 system in combination with a conventional CORDIC system (this was the
technique used by Rodrigues). If the number of radix 2 iterations needed isj (which is
shown for various configurations in table 5.5, then the radix 4 iterations (for the three

dimensional non redundant case) are of the form given in equations 71 to 78.

2D 3D
Number of bits Conventional ~ Redundant  Conventional  Redundant

8 5 6 7 5

16 9 8 10 9

32 17 16 19 17
Table 5.5. The number of radix 4 iterations for the scale factor to become (apparently)

constant.

VM ~Ut -X,b,d,-V,a,Sl + Y,a,b,6f (71
Vt, -V, -Y,b,6, +U a6 - Xtatb, 6? (72
W, -W, +Z>,6, (73
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xul - Xt +Uth, 6, - Kat6, - V, a bt6* (74
-y, +V,b,6, + X, a6, (75
(76

Where 6t - 2“'land :

cia+Q (77

The selection variable ai e{-2,-1,0,1,2} is now given by:

2 if E(x K
1 .

T g us 8

5

0 —<

T8 s (tK

(78

l .

if 8 8
2

" £'() 8

g0 is jcto a precision ofj fractional bits. This does not require a full evaluation of

since it can be shown that:

(79

The selection process for bt relative to T, is identical to the selection process of
a, relativeto &.

The above set of equations gives an algorithm with an accuracy of n fractional
bits in less than n iterations and it would be possible to create a scaleless 2D vector
rotator in this manner. The accuracy of this algorithm is shown in table 5.4 for an

accuracy of 16 fractional bits. Hence, from table 5.5 there are 10 radix 2 iterations
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5.2: CORDIC in more than two dimensions

followed by a number of radix 4 iterations. The results shown in table 5.6 are taken

from a bit level simulation of the algorithm.

terations Interruil acciiracy (fractional bits)
Radix 2 Radix4 Total 20 21 22 23 24 i
10 1 11 9 9 9 9 9
10 2 12 11 11 1 1 11 1
10 3 13 13 13 13 13 13
10 4 14 14 15 15 15 15
10 5 15 15 16 16 16 16
10 6 16 15 16 16 16 17

Table 5.6. The output accuracy of the conventional arithmetic 3D algorithm
with radix 4 iterations.

These techniques can be applied to the equations given by Takagi [Takagi91]
for the double rotation method and can then be generalised to three dimensions. The
equations for UM, V(#t Xi4, and are given by equations 41,42, 44 and 45.
ZU\, Witl and S,_4 are given by equations 74 to 81.

“W,(I - b,d,df)+Z,((b, +d,)6,) (74
Z(- z,(1- brdf) - +<)6() (75
5, - 1- (0,0, + bidj)6R + apfadfi* (76
S2-{bl+ dl)6l -a lcl(bl+ dl)6! 77
s>~ (a,+¢,)s5 - +ct)df (78
“ (at +ci + dt)&? (79
where:
(80

and at the first radix 4 iteration, after m radix 2 iterations:

6m- 2~m (81

148



5.2: CORDIC in more than two dimensions

Terms containing d to the power of three or more can in fact be ignored since
these will be beyond the precision of the arithmetic being used. The iterations are very
similar for radix 2 and radix 4 when using redundant numbers and so very little extra
hardware would be needed to allow the radix 4 iterations.

Results of a bit level simulation are shown in table 5.7 for 9 and 10 radix 2
iterations. This gives us an algorithm that can supply vector rotations faster than 1bit
per cycle, with each cycle taking time 0(1). These can be three dimensional

incorporating a scale factor, or two dimensional with no scale factor.

In‘rations n) Irtemal Accuracy (5)
radix 2 radix 4 total 19 20 21 22 23
9 4 13 13 14 14 14 13
10 4 14 14 14 15 15 15
9 5 14 15 15 15 15 15
10 5 15 14 15 16 6 17
9 6 15 na 15 15 5 15
10 6 16 na nfa 16 17 17
9 7 16 na na na 15 15
10 7 17 na nfa nfa na 17

Table 5.7. Accuracy results for a 3D redundant CORDIC with radix 4 iterations.

5.2.2. Evaluation of 3 Dimensional CORDIC algorithms

A number of variations have now been shown on the original three
dimensional CORDIC algorithm given at the beginning of the chapter. No indication
has been given on which algorithm is 'best' for a given set of requirements. There are
two major areas to consider, the comparison of two and three dimensional algorithms
and the comparison of the various three dimensional algorithms. In the following
assessment of the different algorithms, only the datapath is considered. Since the
datapath is likely to be much larger than the control section of the circuit, the omission
of the control section from the analysis is unlikely to cause any major errors in the

results. The time taken by the control unit will also be constant for most situations.
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5.2: CORDIC in more than two dimensions

5.2.2.1. Two versus Three dimensional CORDIC

A two dimensional CORDIC engine can be made to perform the same function
as a three dimensional engine. For a general rotation of a 3D vector, the 2D CORDIC
must rotate the projection of the vector onto the X or Y axis, rotate in the X-Z, or Y-Z
plane and then rotate the vector in the X-Y plane again to get it to its final position. In
this way, the rotation is restricted to changing only two of the three coordinates at any
one time. Hence 3, 2D CORDIC operations are needed. If U, vV and W variables are
not known, it will take 2, 2D CORDIC operations to find them before the 3D
CORDIC could be used. Hence for a single rotation, there is no benefit to be gained
from using a 3D CORDIC system. However, once the variables have been calculated,
they can be stored and used again when the vector is next rotated. Unfortunately, if
two vectors are summed, then U, V and Wmust be re-evaluated . When using the 3D
CORDIC to produce a scaleless 2D CORDIC, only one 3D CORDIC operation is
required as opposed to two for the 2D CORDIC. The number of CORDIC engines
required and the number of sequentially performed operations are given in table 5.8
for a number of different possible uses. Values are given for time efficient and area
efficient solutions. In the table \ D and A,() are the areas taken up by a 2D and 3D

CORDIC unit respectively and T2D and 7*0 are the times taken by a 2D and 3D

CORDIC operation respectively.

Are aEfficient Tirr e Efficient
20 3D 2D 3D
\Time Area Time Area Time Area Time Area
2D Scale-less  ,Tip A d Tjd "30 2TIP A d ~3p Ad

3D without 37V A d 77720 + 7id  A30  27%20 gwpp 27720+ 730 Ad
U, Vand W

3D with 37V Ad 720 27%20 3470 730 Ad
U, Vand w

Table 5.8. The 2D verses the 3D CORDIC algorithm for various operations.
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5.2: CORDIC in more than two dimensions

Relative values for A2l), <4u, T2ll and Tyo need to be found. If a 16 fractional
bit result is required, then both two and three dimensional algorithms require 19
iterations. However, the three dimensional algorithm requires 23 bits of internal
fractional accuracy, 3 overflow bits and a sign bit (total: 27 bits), whereas the two
dimensional case requires 21 bits of internal fractional accuracy 2 overflow bits and a
sign bit (total: 24 bits). Similar reasoning can be used for other required accuracies.
Hence it is possible to find the hardware required for a single unit in terms of basic
gates over a range of accuracies. Graph 5.1 shows the variation of gate counts for two
and three dimensional CORDIC systems. Graph 5.2 gives corresponding overall
execution time. ROM and Taylor series solutions are also shown assuming that the
application is a scaleless two dimensional vector rotation. The ROM area estimates are
omitted from graph 5.1 because they are so large. With the scale shown, the plotted
point for the ROM for a 32 bit accuracy would be of the order of ten thousand million
light years above the top of the graph! Even at an accuracy of 4 bits the ROM solution
would not be on the graph. This is a reflection of the exponential increase in size of

ROM style solutions.

Graph 5.1. Gate counts for vector rotations with various required accuracies.
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5.2: CORDIC in more than two dimensions

The 2D CORDIC gate counts and execution times given are for a 2D
conventional CORDIC with a multiplication using the CORDIC processor. The time
taken for an operation could be improved by about 20% by using scale factor
compensation. This compares with 35% to 50% improvement by using a 3D CORDIC
and a 10% to 35% improvement by using a Taylor's series implementation in the

range shown.

Graph 5.2. Execution times for vector rotations with various required accuracies.

S.2.2.2. Three Dimensional Algorithms

A number of different three dimensional CORDIC algorithms have been
discussed. In order to get some kind of understanding for the relative merits of each of
these algorithms, area and time estimates will be shown. Time for execution can be
divided into two parts: cycle time and number of iterations. Either time parameter, or
the product of the two can be important and so all are given. Serial execution and
pipelined cases are considered. Figure 5.8 is the legend for graphs 5.3 to 5.9. Graphs
5.3 to 5.6 relate to the different algorithms running in a serial manner. The
multiplications used by the hybrid algorithms are implemented using extra iterations in

the CORDIC unit.
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these algorithms, area and time estimates will be shown. Time for execution can be
divided into two parts: cycle time and number of iterations. Either time parameter, or
the product of the two can be important and so all are given. Serial execution and
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multiplications used by the hybrid algorithms are implemented using extra iterations in

the CORDIC unit.

152



5.2: CORDIC in more than two dimensions

O 3D
D  Redundant
3D
—& — Radix 4 3D
Redundant
Radix 4 3D
)K  Hybrid 3D
—O  Redundant
Hybrid 3D

Figure 5.8. Graph Legend.

Graph 5.3 shows the number of clock cycles (or algorithm iterations) required for a
given output accuracy. Whether the arithmetic used is conventional or redundant, there
is a saving of about 20% gained from the use of either a radix 4 or hybrid algorithm.
The hybrid algorithms are shown in the graph as taking slightly more cycles than the
radix 4 approach. A careful examination of the accuracy required in the multiplication
could possibly remove this difference. The radix 4 algorithms provide a convergence
of better than 1 bit per cycle for more than 8 bit output accuracies, but it should be

noted that the unmodified algorithms do not quite produce 1 bit per cycle.

35
30
25
20
Cycles 5
10
5n
0 t k2 1
8 16 24 32
Output (bits")

Graph 5.3. Number of cycles taken in various 3D CORDIC algorithms (serial
execution).

Graph 5.4 shows the cycle period of the algorithms. As would be expected, the
algorithms using conventional arithmetic show a linear dependence on word length,

whereas the redundant arithmetic algorithms are largely unaffected by the word length.
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5.2: CORDIC in more than two dimensions

Some parts of the redundant algorithms such as the shifters are affected by the word
length, but their delay is small in comparison to the other components that make up the

majority of the delay.

Graph 5.4. Cycle period in gate delays for various 3D CORDIC algorithms (serial
execution).
Graph 5.5 shows the overall time taken (the number of cycles multiplied by the cycle
period) to execute the algorithm. This is the important value when throughput is the
most important design factor. At 32 bits output accuracy, the redundant algorithm is 5
times faster than the conventional 3D algorithm and the radix 4 version is 7 times

faster.

Graph 5.5. Overall time taken for various 3D CORDIC algorithms (serial execution).
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5.2: CORDIC in more than two dimensions

Graph 5.6 shows the area required to construct the circuits. The area required for a
redundant arithmetic circuit is about 3 times that of a conventional arithmetic circuit.
The area requirement of both types of algorithms grows slightly more than linearly
with required accuracy due to the area required by the shifters. However, the

redundant arithmetic algorithms are less affected by the shifter area.

45000
40000
35000
Circuit 30000

area 25000
(gates) 20000
15000

10000

5000

0
8 16 24 32

Output (bits)
Graph 5.6. Area required for various 3D CORDIC algorithms (serial execution).

In figure 5.9 the area used by the two unmodified algorithms is split up so as to show
the proportions of the area used for different parts of the circuit. Redundant arithmetic
CORDIC circuits are less heavily affected by the size of the shifter circuits because
they use fewer in proportion to the rest of the circuit. This is due to the fact that each
shifter output can be used to produce more than one adder input. This reduces the
number of shifters required. The 'Other' section refers to multiplexers, conditional
inverters and other similar parts of the circuit. These are much more predominant in
the redundant arithmetic circuit because adder word inputs may be zero as well as

positive or negative versions of the register values.
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5.2: CORDIC in more than two dimensions

Other

a) b)
Figure 5.9. The fractional area used by the different parts of a) conventional and b)
redundant arithmetic CORDIC processors.

The three dimensional CORDIC algorithms can also be implemented as
pipelined structures. In this case, the most significant part of the serial circuits; the
shifters, can be hard wired. It has been shown that the hybrid algorithms are almost
identical to the radix 4 algorithms in terms of area and time, so only the radix 4
algorithms are plotted. Graph 5.7 shows the clock period of the circuits. As shifters

are no longer present, the period of the redundant arithmetic circuits is totally

independent of word length.

Graph 5.7. Cycle period in gate delays for various pipelined CORDIC algorithms.
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5.2: CORDIC in more than two dimensions

Graph 5.8 shows the overall time taken for an operation. It can clearly be seen that the
redundant arithmetic circuits offer a much faster operation than the conventional
arithmetic circuits. It should also be noted, that at any one time, a number of
operations are in progress so that the operation time is an indication of the latency of

the circuit, whilst the reciprocal of the period indicates the throughput of the circuit.

Graph 5.8. Overall time in gate delays for various pipelined CORDIC algorithms.

Graph 5.9. shows the area requirements of the different pipelined versions of the
algorithms. The redundant algorithms take in the region of 4 times as much area as the
conventional arithmetic, whereas it can be seen that they are more than 6 times faster.
It should be remembered, however that if a binary result is required, then the
redundant numbers will need conversion. The time required would be similar to the
difference between the unmodified and the radix 4 or hybrid algorithms. However, the
extra area required would be very small due to the fact that most of the variables used
in the algorithm would not be needed. The redundant algorithms would still be about 6

times faster.
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Graph 5.9. Area required in gates for various pipelined CORDIC algorithms.

5.3. 3D CORDIC in VLSI

The area estimates given in the previous section do not allow for two major
factors in VLSI design. The first factor is wiring which can take up very considerable
areas, and is not necessarily related to the number of gates. The second factor is
wasted area. Very irregularly shaped circuits do not fit neatly next to other circuits
incorporated on the same device, or need space left around them if they are the only
circuit on the device. However, for a set of similar circuits, such as piplelined 3D
CORDIC circuits, the layout, and hence the wiring overheads and wasted space will
be roughly the same for the different circuits relative to their own gate counts. For
example, it can be seen in graph 5.9, that the gate count for a 32 bit pipelined radix
four 3D CORDIC using redundant arithmetic is about twice that of a 24 bit pipelined
radix two 3D CORDIC using conventional arithmetic. Wasted space and wiring will
also take up area in roughly the same proportions. To assess the amount of wasted
space, and wiring area in the 3D CORDIC circuits, a 32 bit pipelined radix 4 3D
CORDIC using redundant arithmetic has been floorplanned, and partially laid out. The
fabrication process assumed was a double metal CMOS 1.5pm process, and the circuit
was laid out using the design rules for an Orbit process of this type. Transistor sizing

for high speed operation was not considered since this would not affect the circuit area
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greatly. The work involved in fully laying out and testing a design such as this is
huge, and as only a small amount of time was available, only a portion of the circuit
was laid out. In addition, no attempt was made to optimise pipeline sections to take
account of parts of the standard section not used at that point in the pipeline. This
section was however, significant enough to allow a confident assessment of the area
of the whole circuit.

The floorplan for the circuit is shown in figure 5.10. The circuit has been split
into three major sections: the angle register pipeline, the WZ pipeline, and the UVXY
pipeline. Redundant number to binary converters are placed at the end of the circuit to
convert X, Y, and Z back into binary. Each pipeline has fifteen stages, ten radix two,
and five radix four, and the length of each pipeline is the same. This causes the circuit
to be rectangular which reduces the amount of wasted area at the edge of the circuit. A

similar floorplan would be applicable to all 3D CORDIC pipelined circuits.

Both the WZ pipeline, and the angle register pipeline have been fully laid out. Twenty
four bit pipelines were needed to provide a 16 bit result, as can be seen by referring to
table 5.7, Twenty one fractional bits are needed for accuracy, and three non fractional
bits are needed to prevent overflow due to scaling. In the following sections, the basic

building blocks for the circuit are described, followed by a description of the two
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pipelines laid out. Finally, the area of the overall circuit is estimated, and compared
with the estimates given earlier. The wiring area, and wasted area is also assessed.
The circuit areas are given in units of A3. A is a layout parameter based on the

process dimensions. In this case, A is0.8pm, and hence A2 is 0.64p»r.

5.3.1. Basic building blocks

The pipelined 3D CORDI1C algorithm consists of a set of stages, each of
which is a sum of shifted register outputs. The two major components of the circuit
are therefore registers and adders. Both must cope with redundant arithmetic. The
shifting of variables is constant for a particular stage in the pipeline, and so it is simply
hardwired. Some additional circuitry was also required to conditionally invert the
digit, and other similar operations. These additional circuits are not shown here. The
redundant number representation chosen was two bits, one indicating a positive value,
and the other indicating a negative value. The representation is given in table 5.9.

* 4 Value

A ;

0 0 0
0 i 1
1 0 -1
1 1 X

Table 5.9. The Redundant number representation.

To reduce wiring space, it was decided that the adder circuits should be designed
using only the first metal layer, to allow the hardwired shifting operation to be overlaid
on top of the adders. The adder block is similar to that used by McQuillan et. al
[McQuillan91J, and is shown in block form in figure 5.11. Because the t and t'
variables change adder stages as they move up the adder, no carry propagation is more

than 2 digits long.
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¢{-20,1 «{—_10,]}

Next Previous
Digit | Digit
W+27 -¢ +0
T{0,1}
w{-2,-1,0p
/
S+2T - W+T
T {-1,0
sS{o,1p 1.0}
r{-i,o} " [
cC-S +r
C{-1,0,1}

Figure 5.11. Block diagram of a single digit redundant full adder.

There must be an additional stage at the most significant end of the adder to prevent
unnecessary overflow. This circuitry is not shown here, but was included in the
design of the adders. The single metal layout of a redundant full adder is shown in
figure 5.12. The circuit has one slight modification to a conventional adder. The
adders cells placed in a column produce two adders with bits of equivalent significance
next to each other. This is used in the WZ pipeline as will be shown later. The area of
the adder is about 50,000A2, which is much higher than the estimate used in an earlier
section. The increase in area is due to three major reasons. First, the circuit is
produced in single metal to allow over-routing, and is being compared to circuits laid
out in two metal layers. Secondly, due to time constraints, really compact design was
not achieved. Thirdly, a number of signals had to he routed through the circuit, adding

to the wiring area.
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Figure 5.12. The redundant full adder single digit section.

The register circuit used was a simple one. The circuit schematic for a single
register bit is shown in figure 5.13. For each digit, two of these were required, one
for the positive bit, and one for the negative bit. In the schematic, 0, and <2are the
two phases of a non-overlapping clock. The data is output to the rest of the circuit on

the rising edge of tp2 and computation must be complete by the falling edge of qr

This gives almost the whole cycle for the computation.

a @

Figure 5.13. Bit register schematic.

Two single bit registers are shown in figure 5.14. They form a single digit register that
can be replicated vertically to form a word register. The area of the register was about

3000A2.
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Figure 5.14. Single digit register layout

For comparison purposes, a two input NAND gate was laid out and is shown
in figure 5.15. The circuit uses both metal layers and has an area of approximately

1000A2. This is the standard gate referred to in the previous area estimates.

Figure 5.15. A double metal NAND gate layout

5.3.2. The angle register pipeline
The angle register pipeline takes two rotation angles as inputs and outputs
control signals to the WZ, and UVXY pipelines on the directions and magnitudes of
each rotation stage in the pipeline. At each stage in the pipeline, there are two
operations performed on each of the angle variables. The first operation is the
evaluation of the most significant few bits, and the second is the addition or

subtraction of a constant according to the result of the evaluation. The evaluation stage
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also provides the control signals for the other pipelines. The radix two evaluation
circuitry is shown in figure 5.16. The radix four circuit was a little more complex. The
area of this circuit is comparable with the area of a single digit redundant adder circuit,
but there are only two of these circuits per stage as opposed to forty eight adder cells
in the angle pipeline alone. Consequently, the evaluation circuit area is not significant

in the overall circuit area.

Figure 5.16. Radix two angle evaluation circuit.

At first sight , it would appear that the most sensible way to set out the angle
register pipeline would be to have two identical pipelines, one for each angle variable,
placed next to each other. However, if this is done, large amounts of padding would
be required to lengthen the angle register pipeline to fit with the other pipelines. By
combining the two pipelines as shown in figure 5.17, the angle register pipeline can be
made to match the WZ pipeline. The two angle pipeline stages are placed next to each
other, and each stage has lines to route through the data for the other stage.

Ti i+
Ri i+

Figure 5.17. The angle register pipeline organisation (bit slice).

At each stage in the pipeline, the angle value gets smaller. This would mean a different
wiring to the evaluation circuitry at each stage in the pipeline. To remove this need the
angle value is simply shifted up one place during each of the radix two stages, and two
places at each of the radix four stages. Digits shifted into the bottom of the word are

always zero, and digits shifted out of the top of the bit are tested for overflow (which
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would only occur in the case of error in the circuit design). The constant that is added
to or subtracted from the angle variables is different in the different stages of the
pipeline, but is the same for the two angle variables (although its sign may be
different). A simple one word ROM circuit is placed in between the two angle register
circuits in each stage of the pipeline. The output from this ROM is then used by both
of the angle register circuits. The layout of a radix two angle register single pipeline
stage is shown in figure 5.18. Only the wiring layers are shown for clarity. The area
of the radix two circuit is about 4.1A/A*. The area of the radix four circuit is about

10% more.

a) b)
Figure 5.18. a) A radix two angle register single pipeline stage.b) Circuit block
diagram.
5.3.3. The WZ pipeline
The WZ pipeline performs a fairly simple iteration. Both variables are summed
with a shifted version of themselves and each other. The shifted versions may be
zeroed, or negated. The data is stored in a register, and added together in two adders
placed horizontally next to each other. The variables are shifted using metal layer 2
over the adders. If the adders for the two variables were placed vertically above each
other, the shifting wires would be very difficult to lay out efficiently. However by

interleaving the adders as shown in figure 5.19, the wiring is made much easier. The
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reason for this is that with interleaved registers, at any particular stage, the wiring of
one shifted digit is almost identical to all the others, and there is no significant need to
have one signal cross over another (which would require the use of metal layer 1 as
well).

More Significant Digit

it
Wer Adder <2
Carry
7 H Adder +W?2
line Less Significant Digit

Figure 5.19. The layout of the WZ pipeline adders

The WZ pipeline has been laid out and tested, and a single radix two pipeline
stage is shown in figure 5.20. The area of a radix two stage is about 7.4A/A2. The
gate count for the pipeline as a whole is higher than estimated by 50%. This seems like
a large error, but is mainly due to the larger than estimated number of transistors in the
redundant adder circuit. A more thorough design of this circuit would reduce this

factor very considerably.
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Figure 5.20. a) A radix two stage of the WZ pipeline, b) Circuit block diagram.

5.3.4. The complete pipeline
The complete pipeline has not been laid out. However, a significant proportion
(20% in terms of gates) has, and is shown in figure 5.21. This section of the design is
shorter than the UV XY pipeline, and would be stretched so that the pipeline stages of
the WZ and angle register pipeline were the same length as the UVXY pipeline stages.
This introduces wasted area into the design, but the regularity of the layout would be

much better, and the extra length of the UV XY stages would only be apparent in the

first few stages as will be explained later.
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Figure 5.21. The WZ. and angle register pipelines.

The UVXY pipeline would be very similar to the WZ pipeline, but eight
interleaved adders would be needed. This is because up to seven adders would be
needed per stage, and these would be put in two rows for each register and there are
four registers. Any more rows would be pointless as there would not be enough room
in the width of the adders for all the metal 2 shift lines that are needed. In all but the
first few stages, the terms that are scaled by , and can be neglected since
the number of digits shifted is greater than the number of digits in the register. Hence
the result of the shift must be zero. In subsequent stages, the adders used for these
terms can be omitted leading to a shorter pipeline stage. The area of the circuit
including wiring and wasted space is estimated to be about 2.5 times it's basic area
given by the gate count of circuit multiplied by the area of a basic gate. For a circuit of
this kind, a factor of 2.5 is very reasonable. In the 1,5pm process that it was designed
in, the circuit would measure approximately 20mm, by 30mm. This is very large, but
scaled to a more modern process with a 0.5pm line width, this becomes 7mm by
10mm, and this would be a suitable size for fabrication on a single Integrated Circuit
(IC). The removal of adders that sum terms scaled by 2"2'2 once they are obviously
zero (after the eleventh stage in this design) and the possibility of merging the WZ and
angle register pipelines could reduce this area still further. These area estimates are
based upon the redundant adder designed, and are heavily dependant upon it. Any
decrease in the area of this one cell would result in significant overall area savings

provided the cell was kept long enough to allow over-routing of the shifted variables.
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5.4. Summary

This chapter has described and examined an extension to the CORDIC
algorithm |Volder59] which allows us to remove the need for scaling. The extension
also has applications in the conversion of spherical polar coordinates into Cartesian
coordinates. The removal of the need for scaling significantly improves the CORDIC
algorithm and increases its potential throughput. This algorithm is entirely compatible
with Walther’s unified algorithm |Walther71] and the various redundant arithmetic
schemes [Takagi91, Duprat91] for the CORDIC algorithm.

When used as a 3D rotator it has been shown that the throughput per unit area
can be significantly increased by the use of higher radices. This is true even when the
circuit is implemented in binary and with binary inputs and outputs. In short, higher
radices can out perform binary even in a heavily binary biased environment.

The area and floorplanning of these circuits has been examined, and it has been
shown that circuits of reasonable accuracy and speed are possible. The layout of these
circuits is a large task, but the important basic cells have been identified, which allows

effort to be put into parts of the circuit that give maximum area reduction benefits.
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Conclusions

and Future
Work

In this thesis, the design of circuits that operate in a non-binary manner has
been examined. These MVL circuits are either constructed using a direct approach
using multiple levels on a single interconnection, or using an indirect approach, having
a single multiple-value signal communicated by a number of binary interconnections.
The new concept of non-linear current encoding has been explained, and a
methodology for the design of circuits using this concept has been described. Novel
extensions have also been shown to the CORDIC vector rotation algorithm. This
chapter concludes the thesis by drawing together the major points made in the thesis.

Following this, suggestions are made for possible areas for further research.

6.1. Conclusions
The conclusions drawn from this thesis can be split into three broad categories:
direct MVL implementation, indirect MVL implementation, and extensions to the
CORDIC algorithm. In this section conclusions are drawn from the work described in

earlier chapters.

6.1.1. Direct MVL implementation
The direct implementation of MVL in CMOS has been examined in detail. The

trends in CMOS production technology indicate that MVL circuits will become more
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difficult as the process sizes shrink. The channel modulation effect, and variations in
transistor threshold voltages make the smaller processes less predictable for non-
binary circuits. For simulation purposes. MVL circuits need to be considered as non-
linear analogue circuits to get reasonable results.

It is possible to add extra processing steps in order to produce devices that give
good MVL performance. For example the low threshold variation depletion mode
transistor used by Kawabhito et. al. |[Kawahito87). However, this will inevitably affect
the yield of the production process as extra processing steps are involved. In addition,
the use of a non-standard process precludes a circuits use as a part of any integrated
circuit not using that process. Even new binary processes can take many years to
become well used. For example, the BICMOS process has not supplanted CMOS yet
[Alvarez91J. Bearing in mind, that binary logic is almost universal in its use, it would
be foolish to attempt to supplant it completely. MVL circuits must therefore compete
with binary circuits using in a standard binary VLSI process to have a reasonable
chance of being used. This has been done for example in the case of the ROM on the
INTEL 8087 [Stark81], but as has already been pointed out, this will become less
likely in the CMOS process at least.

The use of non-linear encoding of current mode signals has been shown to
allow the construction of efficient functions that don't contain an obvious input sum.
Other functions are produced by summing non-linear functions of the input values,
and then applying another non-linear function to the sum, to form the result. The non-
linear encoding technique which was first described by the author of this thesis in
[Summerfield92] has been extended, and a new methodology for the design of these
circuits has been described. The methodology gives an indication at an early stage of
the area and resolution required to implement a given function. It has been shown that
a modulo 4 sum is not very well suited to design in current mode MVL as a single
stage function, because of the modulus part of the function, the maximum function has
been shown to be well suited to this kind of implementation, especially when a highly

non-linear 'grounded output' encoding is used. The design of libraries of current
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mode MVL functions has been examined, and guidelines explained. The guidelines
take into account the specific advantages and disadvantages of current mode MVL.

The idea that bandwidth can be increased by the use of voltage mode MVL
input and output on VLSI devices has been shown to be false. If the comparison is
made for differential signalling, MVL can show improvements |Baltus90]. However,
power consumption of MVL input and output drivers has potential for being much
lower than binary 1/0 when the same power supply voltage is used. In addition, the
actual increase in power from increasing the maximum voltage supply in an voltage
mode MVL circuit in order to increase the radix is far less than would be expected.

Bipolar technology offers better characteristics for MVL than binary, but its
use is declining. This means that MVL bipolar circuits will become appropriate for
fewer and fewer designs. BiCMOS, however is a technology that is becoming more
widely accepted, and so BiCMOS designs could have potential in the future. The
process offers high density CMOS transistors, and low parameter tolerance bipolar
transistors. The bipolar transistors could offer MVL designers with an opportunity to
produce circuits more easily in a standard binary logic process that is likely to be
useful for a considerable period of time.

In the future, optical logic circuits may become a major logic technology.
Current mode techniques for logic implementation would transfer well to this
technology. Current mode techniques have been developed in this thesis for the
general design of logic circuits. BICMOS circuits could also make use of these
designs. There is the potential to implement algorithms such as the 3D CORDIC
algorithm presented in this thesis using circuits based upon the novel design

methodology described.

6.1.2. Indirect MVL implementation
The indirect implementation of MVL algorithms and techniques in binary has
been shown to have advantages over binary algorithms. Indeed some of the best

binary algorithms are really MVL algorithms. For example, carry save addition
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|[Wallace64) is really a redundant radix two addition with digits e {0,1,2.3}. as the
carry and sum output for each digit can be viewed as a single four valued signal. In
this thesis, the use of redundant radix two arithmetic, and higher radix arithmetic has
been shown to give algorithms that have better performance than traditional binary
algorithms. The specific case of the three dimensional CORDIC algorithm has been
used in this thesis. The implementation of this algorithm is by no means a trivial task,
but indirect implementation of a Multiple-Valued version of the algorithm has been

shown to have advantages over a conventional arithmetic version.

6.1.3. Extensions to the CORDIC algorithm

The CORDIC algorithm [Volder59] has been examined in detail, and
significant extensions made. The three dimensional radix four CORDIC algorithm
provides the ability to calculate vector rotations at a rate exceeding 1 bit per iteration,
without the excessive hardware requirements of a high speed Taylor series evaluation.
Pipelined versions using redundant arithmetic would give very high throughputs with
a reasonable latency. It is also interesting to note that the redundant number
implementations of all of the CORDIC algorithms have stable outputs MSB first. This
would make them ideal for connection to many other redundant number circuits
[McQuillan91 ]. In this case, care should be taken to ensure that a sufficient latency is
allowed to ensure the stability of the digits. The three dimensional algorithm is useful
in the conversion of spherical polar coordinates into Cartesian coordinates, and general
three dimensional vector rotations. However the general three dimensional vector
rotations can only be performed on a vector that starts on one axis, or a vector for

which the extra components U, V and W are known.

6.2. Suggestions for future work
The use of MVL has, so far, been split into two distinct sections: direct
implementations of MVL circuits, and indirect implementations of MVL algorithms.

However, the combination of the MVL circuits and MVL algorithms is clearly an area
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for further research. This section examines possible further work in MVL circuits,

algorithms, and combinations of the two.

6.2.1. MVL circuits

The direct implementation of MVL in a standard CMOS process is becoming
less practical as the process advances. However, the use of a small number of bipolar
transistors could help to alleviate the problems with MVL design. For this reason,
BiCMOS technology offers the potential for easy implementation of MVL circuits,
although scaling issues must still be addressed. Another technology that should be
investigated in detail is optical technology. The ability to sum light sources is identical
to Kirchoffs current law, making optical technology ideal for extending the concepts
of current mode logic. As optical technology is a quite different to the current design
technologies, it may be that designers will accept more readily the concept of MVL

design as they shift to using this new technology.

6.2.2. MVL algorithms

The implementation of MVL in an indirect form has been shown to have very
definite benefits over conventional binary algorithms. Further work in this area could
focus on Walthers extensions [Walther64], and extending them to the three
dimensional case. It should be possible to produce a scaleless two dimensional
hyperbolic rotation by performing a three dimensional hyperbolic rotation in the same
way as the scaleless two dimensional circular rotation was performed. It may also be
possible to combine rotation types to, for example, get cosh Ax sinB. Higher
numbers of dimensions should also be possible, although the number of variables
used will roughly double for each extra dimension. This is because each extra
dimension adds an extra cosine or sine function to each variable. The rotated vector
will expand out to twice the number of terms half relating to the sine, and half to the
cosine of the angle of the vector in the extra dimension. This increase is large, but as

many of the extra terms will be shifted by large amounts, they will quickly become
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negligible. Only the first few iterations would be much more complicated than with

fewer dimensions.

6.2.3. The combination of MVL circuits and algorithms
It is clear that circuits constructed using MVL building blocks will have MVL
algorithms. Circuits of this kind have been reported for example Kawahito et al
produced a radix four multiplier based on current mode MVL adders [Kawahito87].
Redundant arithmetic (even when the radix is two) uses non-binary signals. All
redundant arithmetic circuits have potential for implementation in MVL. A clear area
for further research would be an investigation of the effect of using MVL circuits to

implement the CORDIC algorithms presented earlier.
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