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Abstract

This thesis discusses the findings of the final year project involving Gallium Arsenide

implementation of a triangular FIR filter to perform discrete wavelet transforms.

The overall characteristics of Gallium Arsenide technology — its construction, behaviour and
electrical charactersitics as they apply to VLS| technology — were investigated in this
project. In depth understanding of its architecture is required to be able to understand the
various design techniques employed. A comparison of Silicon and GaAs performance and
other characteristics has also been made to fully justify the choice of this material for

system implementation.

A lot of research and active interest has gone into the field of image and video
compression. Wavelet-based image transformation is one of the very efficient compression
techniques used. An analysis of discrete wavelet transformations and the required
triangular FIR filter was done to be able to produce a transform algorithm and the related
filter architecture.

Finally, the filter architecture was implemented as a VLS! design and layout. A variety of
functiona! blocks required for the architecture were designed, tested and analysed. All these
blocks were integrated fo produce a model of a complete filter ceil. The filter implementation
was designed to be self-timed — without a system clock. Self-timed systems have
considerable advantages over clocked architectures. Various design styles and
handshaking mechanisms involved in designing a self-timed system were analysed and
designed.

There are many avenues still to explore. One of them is the VHDL analysis of filter
architecture. Further development on this project would involve integration of higher-level

logic and formation of a complete filter array.

Anup Savia Engineering Project Report
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Introduction

Mobile communications technology has made tremendous development in the past few
decades. The first generation devices in 1970/80's provided analog voice-only service,
while the second generation devices in 1980/90's were capable of transmifting and
receiving digital voice and data service. The next generation of communication devices will
be heralded by truly Personal Communications Systems {(PCS), which are expected to
incorporate a high degree of muitimedia functionality including voice, data, images and
video.

A picture is worth a thousand words. This is literally true for muiltimedia storage and
transmission devices. Transmission of high quality image and video takes vast amounts of
bandwidth, making it too expensive and exclusive to be of general use. The current lack of
high quality real-time imagefvideo processing in small portable multi-purpose devices with
sufficiently low power consumption has posed the greatest challenge for the technology. All
these issues are being addressed coherently by the development of a Mobile Multi-Media

Communicator.

The Communicator will enable advanced image and video processing, in addition to voice
and data for mobile communications in the form of a portable handset for a true PCS. An
Intelligent Pixel (IP) array is a circuit capable of realising such requirements. The entire P
array will be built within a single VLSI chip.

One of the most important features of the IP array is its capability to receive images and
perform a wavelet transform on image data. A wavelet transform is a véry effective data and
image compression technique allowing video communications using low bandwidth. The IP
array will have circuitry present to be able to produce a comiplete wavelet transform for the
image. The FIR filter architecture will have to be implemented within the arithmetic control
area for the [P amay, and would thus perform discrete wavelet transforms on images
received.

The implementation of the filter architecture also brings forward issues of power dissipation
and circuit speed. To enable a fast system with less power dissipation, a seif-timed
architecture was chosen for the FIR filter, The absence of a global clock signal makes the

Anup Savia Engineering Project Report
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system more robust and greatly reduces current leakage in circuits, It requires incorporation
of circuitry involved in handshaking - communicating with other parts of the system to be

able to start and finish operation at appropriate times.

The speed requirement of the system is also responsible for the choice of GaAs as a design
material, As the limitations of silicon based logic designs become increasingly apparent,
altemnative fabrication materials and technologies must be exploited. GaAs is one of the
most promising new semiconductor materials used for VLSI design. Due to higher electron
mobility and a direct bandgap, it has switching times much faster than silicon based circuits.
A number of different transistor types occur in Gallium Arsenide. Out of these MESFET is
the most established and tested device, and is suitable for application in very fast systems.

Anup Savia Engineering Project Report
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Project Definition

Aim
The aim of this project was to design a triangular (three tap) FIR fiter capable of performing

a discrete wavelet transform. This DWT algorithm is required to be implemented in an

Intelligent Pixel (IP). The main objectives relating to this aim were:

¢ [nvestigation of properties of Gallium Arsenide, and a study of various transistor
devices possible. A study of MESFET architecture led to further understanding of the
layout rules for HGaAs Il MESFET.

¢ Understanding the architectural requirements for an FIR filter cell to be able to
perform a discrete wavelet transform within the Intelligent Pixel. This later led to
design of the FIR filter system.

¢ The implementation of an FIR filtar celf in Gallium Arsenide.

¢ Comparison of hardware and software simulations.

Scope

¢+ The scope of this project involved analysing Gallium Arsenide and the related MESFET
technology. Upon feaming this, the next step was to understand layout rules for design
using MAGIC software in the VLSI Research Laboratory.

¢ An understanding of self-timed systems and their architectures was essential. This was
mainly obtained from [EEE ftransactions related to self-timed circuits in Gallium
Arsenide.

¢+ An in depth understanding of wavelets and FIR Filters was required. Again a major
source was texts related to filter banks and IEEE transactions on wavelet transforms.

¢ Initially the wavelet transform chosen was Daubechie’s Transform. However, this was
later changed to a triangular wavelet transform, since the latter had a better probability

of being fabricated. Understanding the trianguiar FIR filter and related wavelet transform

Anup Savia Engineering Project Report
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enabled the design of the filter cell using functional blocks. Alf these functional blocks
were then implemented using MAGIC sofiware and tested for validity and quality of
outputs using the HSpice software, also in VLS| Research Laboratory.

+ The scope of the project included testing of the hardware results with software
simulation. VHDL simulation was considered as an option for this purpose. However,
due to unavailability of software licence for VHDL. and timing constraints on the project,
a mathematical simulation was performed instead. This was done using MATLAB
software in the VLS| Research Lab.

Anup Savia Engineering Project Report
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1 Gallium Arsenide Technology

troduction
0 Md’é"té:t:hnology has been the main medium for computer and system applications

mﬁje__r_"of years and will continue to fill this role in the foreseeable future. However,

og_it. has speed limitations that are already becoming apparent in state-of-the-art fast

_'t'efn_ design. Paralleling developments in silicon technology, some very interesting
ve emerged for Gallium Arsenide (GaAs) based technology. GaAs will not
El'lié_o_n but is being used in conjunction with silicon to satisfy the need for very high

rated (VHS!) technology in many new and innovative systems.

Group 1} Group IV Group V - Group V!
B® (o N ot
Af13' Si” P15 816
Ga* Ge* As® Se*
-Cd* In*® Sn® O Te%

_a_'_b’[_'e_ 1.1: Pericdic Table fpr Semiconductor Materials. Adopted from Eshraghian {1994)

s the table 1.1 indicates, there are numerous semiconductor materials. Much of the

__qle‘yélopment work in semiconductor material technology that has paralieled that in silicon
_[fl_és been related to groups II-VI and groups 11I-V compounds. Out of these, GaAs, a group
-V compound has shown the most promise (Eshraghian, 1994).

GaAs s a compound semiconductor which was first discovered in 1926. In the early stages
:f-' of development, GaAs devices were used as discrete components in microwave circuits
. and light emission applications in the late 1960's. The development of digital integrated
;';'_-."circuit fabrication technology in the 1970’s made integrated GaAs products a possibility and

- finally as the resuit of significant advances in ion implantation in the 1980’s, GaAs VLSI
" technology is a commercial reality in the 1990’s.

Anup Savia Engineering Project Report
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The direction from Ga to the nearest As is generally denoted by a Miller Index of (Ill). A
convenient physical interpretation of the Miller Index is the fact that it represents the number
of time planes of a particular type that intercept the crystal axes within one unit cell. For
example, in the case of (110), planes intercept the x and y axes once, and are parallel to

the z-axis.

1.3 Advantages of GaAs

GaAs transistors have two distinct advantages over Si transistors: speed and power. For
the same power dissipation, a GaAs circuit is usually faster, and at the same speed, the
power in a GaAs circuit is usually lower (at higher frequencies}. The speed advantage
comes from the fact that the peak average electron velocity in intrinsic or doped GaAs is
several imes higher than in Silicon and it is reached at a much lower value of electric field,
and hence with a lower supply voltage. Since the current density in a device is proportional
to the electron velocity, the amount of current available to charge or discharge a capacitor
in a GaAs device is much larger and the switching speed is therefore higher than in a Si
device with the same dimensions. In addition, a GaAs field effect transistor does not have
p-n junction around its drain and source terminals and therefore the interelectrode
capagcitance in a GaAs device is much smaller. Smaller capacitance and higher current
density, combined with a smaller voltage swing in a GaAs transistor, contribute to the

realisation of low-power, high-speed circuits (Cui, 1996).

Both discrete components and integrated circuits made in GaAs are faster than those made
of silicon because its low-field electron mobility is large, and it has a low saturation field.
Devices made in semi-insulating GaAs substrates have low parasitic capacitance, which

leads to further improvement in speed.

GaAs also has the ability to emit light, which makes it useful for making lasers, light-emitting

diodes, and microwave emitters used in celiular phones.
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1.4 Gallium Arsenide Devices

To further understand the significance of GaAs-based designing, we must understand the
structure of the various devices constructed using GaAs. We know that silicon-based
technology offers a lot of popular devices like nMOS, pMOS, CMOS and BiCMOS. Similarly
there are different devices available in GaAs with different characteristics in terms of speed,
load driving capacities and noise-thresholds. To better appreciate the characteristics of the
logic families used in GaAs, we must first gain knowledge of various devices possible using
GaAs. Some of these devices have been described below. A detailed description of the
operation of GaAs MESFET, which shows resembiance to the silicon nMOS device, has

been given.

A number of different GaAs devices have been developed, and can be classified into first
and second generation devices. First generation GaAs devices include

¢ Depletion-mode metal semiconductor field-effect transistor, D-MESFET,;

¢+ Enhancement-mode metal-semiconductor field-effect transistor, EEMESFET,

¢+ Enhancement-mode junction field-effect transistor, E-JFET; and

¢ Complementary enhancement-mode junction field-effect transistor, CD-JFET.

First generation GaAs devices have exhibited switching delays as low as 70 to 80

picoseconds for a power dissipation in the order of 1.5mW to 150uW.

The more sophisticated second generation devices include:
¢ High electron mobility transistor, HEMT;

¢ Heterojunction bipolar transistor, HBT.

Electron mobility in second generation transistor can be up to five times greater than in the

first generation. In consequence, very fast devices are possible.

1.4.1 The Metal-Semiconducter FET (MESFET)

The GaAs MESFET, a bulk-current-conduction majority-carrier device, is fabricated from
bulk GaAs by high-resolution photolithography and ion implantation into a semi-insulating
(GaAs substrate. Processing is relatively simple, requiring no more than six to eight masking
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stages. For the purpose of comparison, Figure 1.2 shows the evolution of process

complexity in terms of mask count as a function of time for both Silicon and GaAs.

1982 1886 1990 1994

Yeaar

Figure 1.2 Evolution of Process Complexity for Silicon and Gallium Arsenide
technologies. Adopted from Eshraghian (1994)

Schottky

barrier gate Gate Ohmic contact
Source Drain
s LN TEEN /
‘E:ﬁf‘&# "'\ j;m g A Q“ o "‘ﬁi}s&im )
/7N 7 _%_*- 1000-2000 A
Semi-insulating GaAs substrate

Shallow n-channel

Figure 1.3 Side View of the MESFET. Adopted from Eshraghian {1994)

The structure of basic MESFET as shown in figure 1.3 is very simple. It consists of a thin n-
type active region joining two ohmic contacts with a narrow metal Schottky barrier gate that
separates the more heavily doped drain and source. (Eshraghian, 1994)
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GaAs MESFETs are similar to silicon MOSFETs. The major difference is the presence of
Schottky dicde at the gate region which separates two thin n-type active regions, that is,
source and drain, connected by ohmic contacts. Both D type and E type MESFETS, that is,
‘ON’ and ‘OFF’ devices, operate by the depletion of an existing doped channel. This can be
contrasted with silicon MOS devices where the E (enhancement) mode transistor functions
by inverting the region below the gate to produce a channel, while the D (depletion) mode
device operates by doping the region under the gate slightly in order to shift the threshold to
a normally ‘'ON’ condition.

This similarity provides us with the basis for extending to GaAs the design methodology

used so successfully in silicon to simplify circuit and system design and layout issues.

The D-MESFET is normally ‘ON’ and its threshold voltage, V., i5 negative. The E-
MESFET is nommally ‘OFF’ and its threshold voltage Ve, is positive. The threshold voltage
is detemined by the channe! thickness, & and concentration density of the implanted
impurity, Np. A highly doped, thick channel exhibits a larger negative threshold voltage. By
reducing the channel thickness, and decreasing the concentration density a normally ‘OFF'
enhancement mode MESFET with a positive threshold voltage can be fabricated. Circuit
symbols for the depletion and enhancement mode MESFETs are setoutin figure 1.4,

Drain Drain

Gate Depletion Mode MESFET { Enhancement Mode MESFET
Normally ON Normally OFF
Source Source

Figure 1.4: MESFET Circuit Symbols

The MESFET has a maximum gate to source voltage V, of about 0.7-0.8 voit owing to the
diode action of the Schottky diode gate. Thus the logic ‘1" in these devices corresponds to a
0.7 V voltage. (Butner and Long, 1880)

Anup Savia Engineering Proje: * Report




N e e

e S B ST e R

1
]

]
g
4

GaAs FIR Filter for Wavelet Transforms 29

1.6 The Vitesse E/D GaAs IC Technology

The previous section described characteristics of the GaAs MESFET. This description holds
consiant for MESFET devices produced by various wafer-fabricating foundries. However
the manufacturing processes differ between them, resulting in changes in the level of
scaling (minimum gate length} and the layout rules of a device. Consequently, different
manufacturers supply their own technology files, which are in tum used by the layout-editing
software to make sure that chip layouts for the circuits comply to the design rules required

by the corresponding fabrication process.

The MESFET fabrication process and technology used for designing circuits for this design
was the H-GaAs [l developed by Vitesse Semiconductor Corporation. H-GaAs [l is a third
generation process characterised by 0.6 um effective gate length. The information and facts
provided in this section are obtained from the Vitesse Foundry Manual (1993), and in-text
reference has not been made for all the material adopted.

1.5.1 The Technology Overview

The Vitesse H-GaAs lll foundry process is an advanced, propretary process for the
fabrication of high-performance GaAs VLSI digital circuits. H-GaAs Il is a scaled version of
the original Vitesse process developed in 1986. It was designed to produce circuits with low
power dissipation and high speed at high levels of integration. To achieve these
characterstics, high-performance self-aligned MESFETs are used and up to five levels of
interconnections are provided; the fourth and fifth are available to simpiify power distribution
on large chips. H-GaAs Il is continucusly improved to provide higher performance and
greater yield. For the H-GaAs Iil implemented in 1993, circuits with more than 1 mitlion
active devices could be implemented. (Vitesse Foundry Manual, 1993)

Two versions of the H-GaAs Hll are available for customer use. The H-GaAs lil “P" version
uses polyimide as the intermetal insulator. Polyimide reduces the routing capacitance
resulting in faster loaded gate delays. It is rated for use over the commercial temperature
range (max T; = 100°C). The H-GaAs Il “O" version uses Si0; as the intermetal dielectric.
The larger dielectric constant of SiO; resvlts in circuits that are approximately 20% slower

but can operate over a wider temperature range (eg. -55°C to +125°C).

Three active devices, an enhancement mode MESFET, a depletion mode MESFET, and a
Schottky-barrier diode are the active elements available for circuit design. The transistors
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are used for switching and as active loads. The Schotiky-barrier diodes are built from
depletion mode MESFETs and are used primarily for level shifting. Minimum sized devices
have nominal printed gate lengths of 0.4um. The effects of series resistance are minimized
by the self-aligned procedure used to define the channel and contact regions. The

transistors therefore have high transconductance and large current-handling capacity.

The choice of the mean value of threshold voltage (Vr) for enhancement and depletion
mode transisters in H-GaAs lll is primarily determined by the logic family chosen (DCFL) for
most Vitesse digital products. The threshold voltages (Ve and Vo) are centered 2t va'ues
which give the highest circuit performance (i.e. lowest 1,4, P4) achievable consistent with the
observed varations of MESFET threshold voitages locaily across a die and, globally, across
the process. The threshold voltage, V;, determines the relative sizes {(gate widths) of the
transistors in ratioed logic designs, and ccnsequently, the switching speed of the logic gate.
Nominal values of Ve and Vyp for the 1993 H-GaAs Il model are given in Table 1.2. Typical
DCFL gate delays for devices with these threshold voltages, determined from FI=FO=1 ring
oscillator performance are 50-100psigate. (Vitesse Foundry Manual, 1993)

Transistor Type Vr Global oV7
Enhancement 220mV 60mV
Depletion -825mV 60mV

Table 1.2: Vitesse IC Process Parameters for W=10um and L=-6um
Transistors. Adopted from Vitesse Foundry Manual. V. 6 (1993)

1.5.2 Process Description

The H-GaAs {il fabrication sequence consists of 32 major steps, and requires upto 13 magk
levels. The substrate material is 4-inch diameter, undoped, semi-insulating GaAs. A direct
step-on-wafer exposure system is used for pattern definition. This system uses 5X image
reduction and provides a variable wafer-level reticle area for circuits and devices, Alignment
marks and process control monitors (standard electrical test structures) are extenal to the

design space.

The individual steps which comprise the Vitesse E/D process are summarised in table 1.3.
Subsequent to incoming inspection, the wafer is cleaned and cappped with a dielectric film.
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m - patterned and silicon ions are implanted to form the transistor channels. A two-
Jlant scheme is used to define all transistor regions and distinguish enhancement-

! depletion mode devices. This approach ensures parametn'c tracing between the

pes of devices. A refractory metal, which is used to form the gate, is deposited next.
méta| after being patterned, serves as a mask to protect the channel region from

-dé_)se impiant used to create the low-resistance source and drain regions. A single
| é_'_fétufethermat annealing cycle is used to activate the implanted ions. Multi-
metal films are deposited and sintered to form contacts to the source and drain
_ihe transistors. A cross-section of a typical MESFET after these steps have been

edls shown in figure 1.5

6’Sit Dielectric Cap . 17 |Interayer Dielectric Deposition

k‘i Active Area Definition 18 [Mask 7 - Via 2 Definition

hé.n.cement Device Implant | 19 |Metal 2 Deposition

Mask 2 Depletion Implant Definition 20 |Mask 8 - Metal 2 interconnect Definition
Depletlon Device Implant 21 |Metal 2 Etch

Gate Metal Deposition 22 Interiayer Dielectric Dep03|t|on

Mask 3 - Gate Meta! Definition 23
mplant Source and Dram Regions 24

t:vatlon Anneal 25
ask 4 - Source and Drain Metallization 26
_-.Q‘GfCeIDrain Metal Sintering 27
nterfayer Dielectric Deposition 28
Mask 5 - Via 1 Definition 29
Metal 1 Deposition 30

e

Mask 6 - Metal 1 Interconnect Definition 31 |Passivation Dielectric Deposil
Meta[ 1 Etch 32 {Mask 13 - Passivation Contact Definition

~Table 1.3 Major Steps in Vitesse GaAs Digital IC Fabrication Process. Shaded area shows steps
" not applicable to the version used. Adopted from Vitesse Foundry Design Manual V. 6 (1993)

hé_.{émainder of the process consists of the deposition and pattemising of both dielectric
'_""and interconnect metalisation. Spin-on glass is used for planarisation when the
t._;e_rfneta! insulator is SiO., This is not required in H-GaAs Il “P” since polyimide is self-
pléharising. |
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nterconnection are available as a defaulf in the Vitesse process; gate metal,
fetal 2, Metal 3, and Metal 4. Of these, gate metal, Metal 1, and Metal 2 are
se_j&; f_dr- signal routing. Metal 3 and Metal 4 are typically reserved for power and

Source Drain
Gate Metal :
l Metallisation
L / I

Channel Implant Ohmic implant

ESFET Cross-section after completion of step 11. Adopted from Vitesse Factory
1ak V. 6. (1993)

g_a':lso be used when additional interconnect resources are necessary. Typically

."tj_'s'ed for power distribution on large die where it is necessary to minimize the

6’r§p-due to ohmic losses. On small die it may be eliminated. Table 1.4 compares

typlca! values of the resistance and electromigration limits of each interconnect

Pitch (um) Re (C/00) Imax(MA/pm)
27 1 5
3.1 <0.07 1
3.6 <0.035 2
|7 <0.025 2.8
- <0.025 2.8

!e3-=_'-1_-.'4: H-GaAs Il Nominal Interconnect Parameters. Values
lid _t::'25°C. Adopted from Vitesse Factory Design Manual (1993)
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Catio':ﬁ-”is completed by the depostion and patteming of a protective passivation
ross-sectional representation of a FET after completion of the fabrication cycle
'n'gme 1.6. The finished wafers are probed to determine whether the device
cs:are within the specified process window. After these tests have been

the Wafers are ready for circuit characterisation, packaging, final test, and

"'Passivation Dielectric

T
3 .a-..dsﬁ-“i

- s i -

- -nsa- o

o A“.LQ Pl

Interlavel Dielectric

k -:-pnim
e ikl
B LLEEEY
. Bewaes sy

@A o 3
LI LIIY]
™

 $3

- Figure 1.6: Cross Section of MESFET after completion of 11-Mask Fabrication
3"Cycfe. Adopled from Vitesse Foundry Design Manual. V. 6. {1933)

> that the above described five metal layers used in layout design are described as the
efa !{_"f_br the Vitesse technolgy. The H-GaAs |ll technology used for the project, however,
y & three-metal version and requires only 11mask layers. !t can be used effectively for
s containing up to several thousand gates, like the FIR fitter-circuit. The reduced
_"s':s' also has a shorter turnaround time from the design submission to chip shipment.

lﬁjgg_'three—meta! version, gate metal is used to form logic gates for E/D MESFET logic;
etal 1 is used to form metal connections within the individual logic cells and Metal2 is

d for global power, ground and clock signals.
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m;ﬁarison between GaAs and Silicon Devices

fréd'a brief description of the various GaAs devices and the H-GaAs IIl process
.it:_:'i's.. appropriate to provide a comparison between the GaAs MESFET and Si
"delvi'ces to be able to judge the relative advaniages and disadvantages of
aAs based devices for implementing the project.

Contact

Metal Gate

Semi-Insulating GaAs

Polysilicon Gate ?}e Oxide

p-Silicon

Figure 1.7: Schematic Representations of MESFET and MOSFET

he structure of a typical GaAs MESFET and Si MOSFET are compafed in figure 1.7. The
ain differences between the devices are:
_The formation of the channel

The coupling of the gate-control electrode to the channel

he GaAs MESFET uses a thin, doped channel whose thickness is controlled through
Qpletion by a metal/semiconductor junction. The metal gate directly contacts the channel.

The MOSFET, other the other hand, forms a channel when the silicon surface is inverted
(p_—type silicon now contains a high density of electrons due to band-bending). The gate
electrode is separated from the channel by a thin oxide dielectric layer.
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The material and electronic properties of GaAs and Silicon are compared in table 1.5. From
this table it can be seen that GaAs has a relatively large band gap. This means that it can
operate at relatively high temperatures. Its intrinsic carrier concentration is low so the
material is a semi-insulator. Its resistivity is large so special measures need to be taken to
provide isolation between devices on the chip. (Cui, 1996). Direct band gap leads to short
lifetime of minority camiers so that electron-hole pairs generated by radiation, for example,
will recombine quickly before they can cause degradation of circuit performance. Its high
electron mobility gives rise to the high cut-off frequency of amplifiers and fast switching
speed of digital circuits. On the other hand, its hole mobility is disproportionately low so that
it is not practical to construct complementary circuits such as Si CMOS. In addition, GaAs
does not have a native oxide, so that it is not possible to build a MOS-like structure, GaAs is
also very brittle and yield loss through handling is significant.

Property GaAs Silicon
Bandgap Direct; 1.42 eV Indirect; 1.12 eV
Low-field electron drift mobility 5000 cm*/(V.s) 800cm*/(V.s)

at Np = 10"/cm®
Saturated Drift Velocity 8 x 10° cmis 6.5 x 10° cm/fs
Peak Electron Velocity 1.7 x 10" cmis 6.5 x 10° cm/s
Low-field hole (drift) mobility 250 cm*/(V.s) 300 cm?/(V.s)
Substrate Resistivity 10° to 10° Q2.cm Low
Surface State Density High (10'%em™  or | Low

greater)
Native Oxide Several reactive and | $i0;; very stable

unstable compounds

of Ga and As
Effective electron mass 0.063 me 033 my
Effective hole mass 0.090 mg 0.16 mg
Dielectric Constant 13.1¢g 119 ¢
Minority Carrier Lifetime 10°s 2.5x 10%s
Thermal Conductivity 0.46 Wicm-C° 1.5 Wiem-C?
intrinsic Debye length 2290um 24um
Breakdown field 4 x 10°Vf{(cm) 3 x 10°V/(cm)
Schoftky barrier height 0.7t008V 04to08V

Table 1.5 Electronic Properties of GaAs and Si. Adopted from Cui (1996)
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A significant point worth notice while comparing GaAs MESFET and silicon MOS is the
similarity between GaAs MESFET and nMQS circut designs. Like nMOS and pMOS
devices, GaAs D and E-MESFET are normmally-on and nomally-off respectively. The
similarity in circuit design is apparent by looking at the basic inverter configuration for D-
MESFET and nMOS. This similarity allows us to use a design style much similar to the well-
established nMOS technology. Also like the nMOS, there is no need to explicitly define
complimentary logic in GaAs MESFET. This results in simpler layouts than CMOS.
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2 Gallium Arsenide Logic Families

2.1 Introduction

Different types of transistor devices made available through the use of GaAs have been
discussed in previous sections. The D-MESFET and E-MESFET are the two most mature
technologies used extensively in logic design. For VLS| design the logic style and related
transistor devices should be chosen so that the gate area and switching time are both
optimised. A number of logic families have been developed for GaAs primarily to satisfy the
needs of different design environments taking account of the maturity of the manufacturing

process involved.
There are basically two main approaches towards static logic design:

» Nomally-on logic;
¢ Nomnally-off logic;

The normally-on logic approach utilises D-MESFETs which are ‘ON' devices. However,
their major drawback is that they are required to be tumed off. Thus the related dissipation
together with the logic complexity renders this class of logic unsuitable for VLSI
applications. The normally-off logic approach uses E-MESFETs as the switching element,
thus remaining in off state as defauli.

2.2 Direct Coupled FET Logic (DCFL)

DCFL is the most popular logic family used for layout designing in GaAs. It uses nMOS-
style inverter configuration to implement logic functions. For the design implemented in the
project, we shall be using other logic families more suitable to self-timed designing.
However, such other logic families are derived as extensions of the DCFL logic and build
upon the functionality set using the DCFL family. Thus it is essential to cover the important
characteristics of DCFL before describing other logic families relevant to the circuit being
designed.

This class of logic, as the name suggests, is derived by coupling both D-type and E-type
devices; it uses E-type device as the switching element and a D-type device as its pull-up or
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ElL circuits are thus combined E/D circuits. The simplicity of logic gates, together
:Zé'_mall chip area and relatively low power dissipation, makes this class of jogic
10___:c:§6hventional VLS| applications. The maturity of this approach along with advances

- :‘-j_;‘_eCh“°’°gy and fabrication services have made this a popular class of logic for
ormance VLS circuits. (Cui, 19986)

derivation of various DCFL characteristics, the design of a basic DCFL inverter
lustrated in figure 2.1.

 Direct-Coupled FET Lagic (DCFL)

VDQ
a4
5 We/Lp
W /L =
pree Wp/lp lncreasing
v, W
C .
Wo/ly o
GND Typicalload V-

Wo/Lp determined by I = C, dV/JT requirement

We/lLe determined by restoring logic requirement ( Node voltage must be < Vy
to achieve proper logic low)

Baseline speed determined by gn,/ C, of enhancement switch and by B ratio

B ratio can be scaled to drive various capacitive loads

Figure 2.1: Summary of DCFL Basic Characteristics

mentioned earlier, one of advantages of GaAs is that it impiements logic in similar

manner to silicon nMOS cwcunts Thus the behaviour of the inverter is easily deduced by
relatsng it to the nMOS lnverter When the input is a logic 0, the E-MESFET is ‘cut-off’ an
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the conduction path is through the load D-MESFET, which connects the positive Vpp supply
to the output, making it fogic "1". When the input is at logic '1°, the E-MESFET is ‘ON’ and
output of the inverter is connected to GND through the channel resistance of the E-
MESFET, giving output ‘0". The ‘low’ and ‘high’ voltages depend upon the choice of width
and length ratio for the E-MESFET and D-MESFET.

in this device, D-MESFET always behaves as a constant current source and hence draws
almost a constant cumrent regardless of the logic states, whereas the E-MESFET behaves
as a resistor or an open switch during input ‘1’ and ‘0’ respectively. Thus the saturation
cument laen through the D-MESFET is switched between either the output that drives the
next stage or altematively through the ‘ON’ of the E-MESFET. Thus the current drawn from
Voo supply rail is constant irespective of input (1 or 0). Thus DCFL causes minimum
voltage perturbations on the supply rail.

2.2.1 Voltage Swing

To establish the logic voltage swing AV, for the DCFL inverter two conditions must be
satisfied:

1. The low logic voltage level Vie, must satisfy
Vlow < Vlenh

Which means we need to ensure that the E-type device can be tumed-off

2. The gate of the switching E-type device should not be higher than the bamier potential,
@s. The logic high level, Vg, therefore should satisfy
Vhigh < Qg

Thus the maximum voltage swing can be expressed as.

AV = Vhigh - View
= Og ~ Vienn

The logic swing AV for a DCFL inverter is in the order of 500mV to 600mV (Eshraghian,
1894)
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2.2.2 Pull-up to Pull-Down Ratio (Zpu/Zps)

The transfer characteristic for the DCFL inverter has been shown in figure 2.1. The ideal
pull-up/pull-down ratio for any device can be obtained by cascading it with an inverter and
then determining the ratio such that there is no degradation of signal. Thus we need to
cascade two inverters without degradation of logic levels. This requirement can be

expressed by the equation
Vin = VO = Vimr

Substituting the values of threshold voltages Viep = -800mV, Viean= +150mV and with Vi =
®e/2 = 400mV, we obtain the principal result for the pull-up to pull-down ratio, giving

ZoolZoa = 8.

However, the ratio of 10/1 is used as a rule-of-thumb value in DCFL design.

2.3 Pseudo Dynamic Latched Logic

The aim of introducing DCFL logic family in the previous section was to provide the reader
with a background of logic design basics in GaAs, which are essential in grasping the
essence of other logic families.

GaAs systems are mainly based on static logic families. DCFL permits layouts together with
a good power-delay tradeoff. However, when supporting high fan-out or large load
capacitance, the use of other logic families such as Super Buffered FET logic (described in
appendix} is a must, creating what has been named merged logic. The drawback when
using these two logic families is the high power dissipation and the poor resources to use,
based exclusively on low fan-in NOR gates and inverters. Due to these facts, a new kind of
logic family was suggested by Eshraghian (1993}, named Pseudo Dynamic¢ Latched Logic
{PDLL). The filter architecture for the project was implemented using the PDLL and Latch
Coupled FET Logic (LCFL), both of which are derivatives of the DCFL..

. Anup Savia Engineering Project Report



IR Filter for Wavelet Transforms 34

H

‘e 2.2: The PDLL and LCFL Lagic Cells. Adopted fram
howicz et al (IEEE Transaction [1])

centiy introduced, PDLL and LCFL GaAs logic families have shown to be a good

bi‘c_i_mise for both synchronous (with a global clock), and asynchronous (self-timed)
s. They compare well with other GaAs design styles in terms of speedfarea and
'jdl(area X power) figures of merit and are especially efficient for highly pipelined
ems. The main advantage of the latched structure is provided by the feedback which
Ires that noise margin is higher than a DCFL gate (Lachowicz et al: IEEE Transaction
lis enables us to use serial connections of E-type transistors in the pull-down section.
: bre, in GaAs latched logic it is possible to implement logic gate-s based on the AND
ion which gives more freedom in the design and leads to more area efficient circuits.
Lcircuits are essentially just modifications of the PDLL logic suited to perform self-
é-design, as required by the project.

1 Pseudo Dynamic Latched Configuration

L gates are composed of a dynamic circuitry where the logic is performed in the pull-
wn section using E-MESFETSs. Around the pull-up section is a static latch whose function
EO_:permanent!y refresh the Ld_ata stored in the dynamic mode. This double nature aillows
LL to get benefits of both static and dynamic GaAs logic families, ailowihg low operating
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requencies. It also enables an increase in functional complexity and reduces the power

isSipation in the circuit. At the same time, because of its self-latching characteristics, it

_I__[_oWs the itmplementation of highly efficient pipelined systems.

.2 PDLL Theory and Operation

o basic structure of a PDLL gate for a self timed architecture is shown in figure 2.3
together with its operational diagram. The clock signal depicted in the diagram is
m"p'!emented as a request signal for asynchronous systems.

| 5
(\[

|
'
&

Figure 2.3: PDLL Latch and Operation. Adopted from Lopez etal -

::T;ransistors T4 and T, form the logic while the NOR and inverter gatés form the static latch
-which is implemented using DCFL. Because of the structure of their connection {creating a
. tch), the dimensions can be much smaller than normal DCFL gates, thus dissipating less
ower and reducing area. The operation of this basic gate is synchronised by the Request
_signal which distinguishes between the two, precharge and evaluation phases of the

Request cycle.

_The operation is as follows:
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Precharge Cycle: Request signal is high, T, is conducting and commences to charge the
intemal node, unless the input is high. Because of the forward conduction of the gate-to-

source diode in the NOR gate, the voltage in the internal node is limited to around 0.7V.

Evaluation Phase: Request signal is low. The output of the NOR gate evaluates to logic O
or logic 1 depending upon if the input level was at logic 0 or logic 1 respectively during the

precharge phase.

In such a system, although inputs cannot be changed during precharge phase, when we
connect or cascade this circuit with other self-timed components, the request signals for two

cascaded circuits should have non-overiapping request signals. (Lopez et al, Paper [7])

Hvdd Avdd
CLK I_ ax
L L
A —
A B e
B
B
GND - G D

ouUT

Figure 2.4: AND and OR Gates Implemented in PDLL.
Adopted from Lopez et al

2.3.3 PDLlT Trial Simulations

Simulations were performed with HSPICE. The figures depicted here are for the basic gate
simulated using Vitesse H-GaAs Ill technology, which has a minimum length of 6.6um and
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use of enhancement and depletion transistors. These devices have threshold
ges of 0.21V and —0.8V for E-MESFET and D-MESFET respectively. The simulations

een ‘carried out at 25°C and 100°C at typical, 2¢ slow-slow and 1.5¢ fast-fast

Figure 2.5: PDLL Latch Simulation. Adopted from Lopez et al

4 Power Dissipation

PDLL gates are composed of two terms, which contribute to the total power consumption.

"[_Sf_ly, there is a dynamic contribution due to the clock signal, precharge transistor and

logic function. Secondly, there is a static contribution due to the static latch. Thus the total

wer dissipation can be expressed as:

P = Ppynamic + Pstaric
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{gUfe 2.6 shows a transient analysis for the power consumption of the fatch simulated in
gu:re 2.5 at 25°C and typical parameters, where static and dynamic contributions have

een drawh separately.

FOLL LATCH,

SYATIC AN OYNRMIC BO¥ER DISSIPATION.

FoLo T | ol & E

ot .f-«'*'m-q

E
B : z
R PP __E
g . i =
P i { £
G- =
i wd f : O S
& FREINEE I FURPRRPOT I B S & SR 3»\?"-1 N m-&{}-g;
- S5L.08 HGG.8P 768 5 . EN Y. 256N 1.50
8. TENE [LINT . LER

Figure 2.6: PDLL latch static and dynamic power dissipation.
Adopted from Lopez et al

-1V power supply was used, giving as a result an average static and dynamic power
dissipation of 128uW and 31pW respectively. This gives a total average power of 150uW.
In terms of the power/megaheriz gate, this power corresponds to only 75nW/MHz.
-Generally, the static latch at the output of the PDLL. gate is implemented in DCFL. which is
3'd6minated by static power because the active load (pull-up) current constantly flows to the
-ground, either through the switch transistor or through the gate of the next stage. However,
;:'decreasing the pull-up current can reduce this power dissipation. But this fact leads to high
':'iogic level degradation as well as to low-to-high transitions at the output, hence decreasing

noise margins. On the other hand, permanently restoring action of the latch makes possible
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the reduction of the pull-up current by decre:asing transistor widths. This fact optimises
power and area. As a side-effect, though, delays in the circuit are increased. The dynamic
block can also be reduced in size at the expense of increasing delays in the precharge
cycle. Thus, a tradeoff between area-power-delay has to be chosen depending upon the

required performance and application.

To compare the characteristic of PDLL logic family with other GaAs static and Dynamic
logic families, an adder with identical functionality was implemented in each of the logic
families. The comparison is shown in table 2.1, where a figure of ment, 7, is introduced to

represent the performance in terms of frequency/area.power.

Logic Family [Area (mm®) IFmax (MHz) [Power (mW) [n (MHz/mm?.mW)
DCFL 0.32 714 47 47

BFL. 0.75 500 190 3

CCDL 0.70 900 86 13
ITTDL 0.55 1250 130 17
FDPTL 0.35 1000 228 13
TOFL 0.16 770 1.7 2831
SPDL 0.30 1520 40 327
PDOLL 0.05 833 52 3204

Table 2.1: Performance Comparisons for several GaAs logic families. Adopted
from Lopez et al (Paper [7])

It can be seen that in terms of power dissipation, TDFL is by far the best choice. However,
due to the low noise margin levels and the use of pass transistors, its operation is cntical at
high temperature because of leakage current problems. On the other hand, SPDL presents
as its main characteristic high operating frequency, but its power dissipation and area
consumption, close to DCFL, makes its figure of merit n to be in a low range. PDLL 1s
located in between these two solutions, offering an extremely low area consumption with
low power dissipation and moderate operating frequency. Compared to the rest of the
solutions, it gives the highest figure of merit and permits a wide range of temperatures and
frequencies. The logic families BFL, CCDL, TTDL and DTPL are not suitable for VL.SI
implementation because of their extremely high power dissipation.
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2.4 Modified Ring MNotation Approach

For CMOS technology, there are tools such as COMPASS, OCTTOOLS which have
functions to generate mask layouts from schematics automatically. However, there are no
such tools available for GaAs technology, mainly because that layout style is a critical

design parameter for high speed systems.

A Modified Ring Notation (MRN) approach is presented in this section which translates a
circuit schematic into mask layout suitable for use in layouts using the Vitesse 0.8pm GaAs

IC foundry. However, the same idea can be used for other GaAs processes and foundries.

Various primitives have been implemented using different layout styles and compared. The
MRN approach proves to be the best one to reduce coupling and to improve GaAs
technology layout density. The HSPICE simulated results show that the combination of the
fast arithmetic architecture and the new layout style makes MRN circuitry faster, more
compact and less power-dissipating. (Cui, 1996)

2.4.1 The Original Ring Notation Approach

This layout style has a major impact on the performance of very high speed VLSI Ics. The

main issues of concemn are:

1. To minimise interconnect lengths to reduce parasitic capacitance so that the coupling
between high speed signals can be minimised.

2. To reduce the inductance and increase the capacitance associated with the power
buses so that voltage and current spikes can be reduced.

3. To achieve high layout density.

4. Pitchmatching of basic blocks.

Eshraghian{1993) introduced Ring Nofation approach explicitly to try to meet the above
requirements. In the Ring notation approach, the GND (Ground) rail is placed between the
logic and the power supply Vdd (High) rail as compared to the nMOS style layout, as shown
in figure 2.7. This reduces the self-inductance of the buses and hence increases immunity
to noise induced by signal crosstalk and switching spikes.

Ring notation also provides an intermediate method to describe the iayout of a circuit
design. In Ring notatjon, as shown in figure 2.8, the ‘dashed’ line represents the E-MESFET
while the ‘solid’ line represents the D-MESFET. The two MESFETs are joined together
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using metal which is implicit in the ring representation for simplicity. However, it should be

noted that the missing geometry will appear when the ring notation is transtated into mask

layout as shown in figure 2.9

T . Vg
GND
Logic
l Logic
GND
nMOS Style Ring-Notation Style

Figure 2.7. nMOS Style vs Ring Notation Style of Layout

It can be seen from figures 2.6 and 2.7 that the translation from a circuit to the layout is

straightforward using ring notation approach. Ring notation allows paths to be highlighted

and the interconnection strategy fo be formulated before the design proceeds to layout.

Complex structures can be readily and systematically mapped thus providing an easy

translation method from symbolic notation to mask layout and hence ensuring the portability

of designs.
Original Ring Notation Modified Ring Notation
Delay (ps) |Area(hm2) |power (mW)idelay (ps) larea(hm2) |Power (mW)
Hn0r2 60.0 569.6 0.25 163.0 432.0 0.250
Hn0r3 81.8 801.6 0.287 HBQ.'{’ 5410 0.278
full adder|(Co (282 [1452.8 3.467 iCo [181 [4720 3.467
Sum (462 sum 350
5 x 1371 7873.6 3.03 282 6205.7 3.03
Mux

II Table 2.2. Performance of MRN for basic logic blocks. Adopted from Cui (1996).
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rom the designers’ point of view, ring notation methodology is easier to implement that the
OS style, allowing a straightforward approach to circuit design. Eshraghian (1993} also
wed that ring notation technique produces circuits with ﬁigher speeds than the nMOS
tylé"technique, mainly because of the shorter interconnection length of the path, In this
nse, tﬁe delay incurred by overcrossing capacitance effects is less 'En ring style layouts.
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The Ring Notafion

_ ) Figure 2.8 Comparison of design styles for 2 input nor gate.

the same circuit, ring notation layouts occupy a litfle more area than nMOS style
:G_Qts, as can be seen from table 2.2. Iis is also apparent from figure 2.8, which shows a

S-style fwo input nor gate side by side with a ring notation two input nor gate. in this
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case, the ring style takes 5% more area than the nMOS style. This situation will worsen for
larger circuits, because when the circuit is large and compiex, the ring style layout has to
use several VAdd/GND bus lines instead of extended transistors along one Vdd/GND bus
line. The extra Vdd/GND bus lines occupy extra area (Cui, 1996).

Thus, in order to maintain the advantage of ring notation and at the same time reduce the
layout area, a modified ring notation (MRN) has been developed and will be described in
the following section.

2.4.2 The New Modified Ring Notation Approach

The MRN uses the same idea as ‘ring notation’ or ‘ring diagram'. But when translating to the
mask layout, the MRN stacks transisiors vertically instead of horizontally along the bus
lines. The layout is more compact, because E-MESFET transistors can share connected

vias and no horizontal spacing is required between the transistors.

2.4,2.1 The Improvement in Layout Area

For complex circuits, the advantage of MRN over original ring notation in terms of area is
more obvious. Figure 2.9 shows a full adder implemented by the two ring styles at the same
scale. Because the original ring style lays out the transistors horizontally along the
Vdd/GND bus lines, it has to use three bus lines to make the layout the desired shape. The
axtra bus lines and the space between lines occupy a lot more area. In contrast, MRN style
full adder uses only one Vdd/GND bus line; the transistors are stacked vertically along the
bus line. Thus there is no wasted space in the layout. The MRN approach reduces the full
adder area by a factor of 3, which is very impressive (Cui, 1996).

2.4.2.2 The Improvement in Speed

The MRN not only improves the layout area, but also the speed of the circuit. Table 2.2
shows the simulated performance of some basic logic cells implemented by these two ring
notations with fan-out = 1. It can be seen that when the circuit is as simple as nor gates, the
area of MRN is improved, but delay is increased. This is because using shared vias
reduces the area of the vias, hence the resistance is increased. Consequently, the current
through the transistor is decreased, which reduces the speed of the circuit. However, when

the circuit is more complex, such as a full adder, the MRN also has a significant
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ment in terms of speed. it can be seen that the MRN approach increases the speed

full adder by a factor of 1.31-1.75. This is because the more compact layout reduces

Zgth of connections and therefore the capacitive loads.

b3

RERN T

163 &m

L} A Toil adder wsing orfging! tmg syle,

ot e PiBtm i

'-f—‘igure 2.9: Full adder implemented in original style and MRN, Adopted from Cui {1996)
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2.5 The Self-Timed Design Approach

A self-timed circuit, as the name suggests, regulates its own signal timing and is

independent of any external timing control signals, like the clock.

2.5.1 Self-timed (Asynchronous) versus Clocked (Synchronous) Circuits

The most popular design technique in today's VLSI systems is the synchronous approach,
Eshraghian (1993), where a global timing signal coordinates the movement of data in the

system. However, there are some unique problems conceming this:

+ Clock distribution is not easy since the synchronising clock signal affects nearly all parts
of the system and it has an unusually large fan-out.

¢ Clock-skew (the difference the times when a clock-edge appears at different parts in the
circuit) increases to significant proportions in high-speed circuits, including clock
signals.

¢ Since cument transients on power and ground busses are synchronised with clock-
edges, inductive voltage spikes can be severe. (Lachowicz et al; IEEE transaction [1])

¢ Cloﬁk speed must be selected to accommodate the worst-case conditions associated
with both, the process techinology and data-path delays for the circuits employed.

+ To make the circuit robust, a detailed timing analysis and calculation of worst-case
timings becomes essential. Various factors like the design style, leakage effects,
parasitic capacitance, environmental noise etc must be determined accurately and be

accomodated in circuit design and clock speed.

in the realm of VLSI, exploiting concurrency is a prerequisite to high-performance:; as
systems become larger and more complex, one can no longer :afford to ignore the
parallelism in control operations. The central control {clock) style creates difficulties in high-
performance systems by imposing an unnecessary sequential order on the execution of
control operations. In choosing a control style which allows for parallel execution of
unrelated operations, we naturally move towards numerous distributed control modules
which can operate concurrently. (Chu, 1987)

A seif-timed or speed independent circuit is one whose comect operation is independent of
the delays of logic gates composing the circuits. One immediate consequence of this

property is that speed-independent circuits are always hazard-free. These types of circuits
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are desirable in VLS| systems because it is usually ditficult to fine-tune the delays of logic
gates to make an asynchronous digital circuit work property, Perhaps most importantly, the
use of speed-independent circuits enables the separation of the correctness of systems
from timing considerations, which inextricably depends on many physical factors and
phenomena in VLS circuits. It is no coincidence that a number of research efforts in silicon
comptlation have utilised speed-independert circuits as a basis for hardware

implementation.

GaAs technology is a good candidate for very high speed systems. However, as mentioned
above, this makes global clock distribution in synchronous systems a difficult task. An
altemative to this approach, self-timed logic design has increasingly obtained new
adaptations to justify its use. Self-timed circuits work on asynchronous principles at a rate
determined by their intemal construction and interconnection rather than the speed of the
applied clock. Two prevalent concepts describing the properties of self-timed systems are
delay-insensitivity and speed-independence. (Lachowicz et al, Paper [6]). While these are
commonly used interchangeably, we often find that delay-insensitivity has connoted a
stress on the communication aspect and hence, the composition of systems. On the other
hand, speed independence is usually understood as a property of control circuits, which
operate correctly regardless of variation in delays of logic gates. Thanks to their delay
insensitivity, seff-timed GaAs designs are found to be very robust, operating correctly over a

wide range of supply voltage with corresponding changes in performance.

2.5.2 History of Self-Timed Systems: Formerfy Used Techniques

Self-timed systems have been a subject of research since 1960’s, various approaches have
emerged to be able to form self-timed system design from specifications provided.
Research works in self-timed systems can be categorised accordiné to two attributes: the
theoretical models on which the research is based, and the particular aspects chosen for
study. The two major models for seif-timed systems are

1. finite aufomata and

2. Petnnets.

With regards io aspects of study, the two chief areas of concem are composition of systems
from modular descriptions and Synthesis of modules from specifications.
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2.5.2.1 Petri Nels

Petri Nets is a formal and graphically appealing language, which is appropriate for modeling
systems with concurrency. Petri Nets has been under development since the beginning of
the 1960, where C.A. Pelri defined the language. It was the first time a general theory for
discrete parallel systems was formulated. The language is a generalization of automata
theory such that the concept of concurrently occurring events can be expressed. (Chu,
1987).

Coloured Petri Nets: Petri Nets has proven to be a useful language for describing
concurmrency. However, in its original form, the language is inappropriate for describing more
complex systems. Thus many research activities have been directed towards making Petn
Nets more suitable for describing complex systems. These activities have resulted in the
development of the so called high-level Petri Nets. They have structuring facilities that are
suitable for describing complex systems in praxis. Since late in the 70's Kurt Jensen has
worked in this research area and developed the well-known Coloured Petri Nets (CP-nets
or CPN). Like Petri Nets, CP-nets has a formal definition allowing the popular analysis
methods from Petri Nets to be adopted in CP-nets.

Today CP-nets are widely used for modeling many different kinds of systems with
concurrency. One of the most applied areas of CP-nets is protocol especially within
communication systems. Another area is hardware design. A different approach to
modeling of systems is to describe the system in a well-known language other than CP-
nets, and then translate the model into a CP-net for further analysis. The long list of
references to papers about modelling projects using CP-nets indicates the increasing
popularity of the language. (Mortensen, 1998).

With regards to synthesis of actual circuits based on model provided by Petri nets, one of
the most important contributions was made by Patil and Dennis at MIT. Patil invented
asynchronous {ogic arrays as a systematic way of directly implementing Petri nets to form
circuit designs. In asynchronous logic arrays, columns of wires are connected to storage
elements to simulate the places of a net, while rows of wires decode the state of the
columns to simulate occumence of transiticns. Thus, this method of implementation
transfers the logical structure of the language Petri nets directly to circuit design and
consequently to hardware level. Dennis has shown that Petri nets can be used to mode!
asynchronous hardware systems at many levels of description in a very clear and easily

understood manner. His description of the control logic of the Control Data 6000 computer,
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hich embodied instruction look-ahead and interleaved execution, demonstrated this
chnique. Dennis and Patil also elucidated an organisation principle for asynchronous
ardware systems in which a system is partitioned into data paths and distributed control

ructures, the latter organised as asynchronous modules which communicate with each

_hér using certain signaling protocols.

.2.2 Finite Automata: Finite State Machine

he State Machine, or more accurately, Finite State Machine (FSM), is a device and a
".'nique that allows simple and accurate design of sequential logic and control functions.
:y. can be used in computér programs, sequential logic circuits or electronic control
_ﬂé_ms. The idea behind the FSM is that a system such as a machine with electronic

trols can only be in a limited (finite) number of states.

SM is a machine that takes in a word which it either accepts or rejects. We can think of
machine as answering the question: Is this word in your language? The language of an
M is the collection of all those words that it accepts, and none of the words that it rejects.
:é-'_word_ pattermn matches the required, a true is output. The operation of an FSM is based

a state diagrém. An exampie state diagram is shown below in figure 2.10. It has circles

wing various states. The transition from one state to another can be made using signais,
hich are shown by arrows. (MIT, 1998)

Figure 2.10: Example FSM Chart
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The notable characteristic of an FSM is that it is relatively easy to form state diagrams for
complex systems from given specifications. These state diagrams can then be implemented

into FSMs using conventional logic gates and latches.

FSMs have many applications. They are used for pattem recognition or string searching, to
simulate logic required for various systems like CD players, vending machines etc. n logic
design, they can used to construct systems where the outputs depend on previous states of
the system and other factors. They are used to simplify the logic involved with analysing

multiple sequential inputs and related actions for a logic system.

2.56.2.3 Disadvantages of FSM

Despite being a very useful tool in logic design, FSMs have [imitations when implemented in

self-timed systems. (Chu, 1987). Some of frequently cited disadvantages are

+ A FSM cannot handle unrestricted input changes. For an FSM, if two input transitions
occur within a time interval (i} less than min(Dyse + Drn), then they are considered
simultaneous, and if (i) greater than max(Due + D), then they are considered
separate. However, if the separation between the inputs is between these two values,
the circuit maffunctions.

4+ The FSM model cannot describe concurrent bizhaviour directly. The FSM model and the
Huffman state machine are based on the use of ceniral states. At any moment, the
machine resides in one state and it reacts to input excitations in different ways
depending on which state it is in. A serious drawback of his state-based approach is
that it is incapable of describing concurrency directly.

¢ The state assignment problem. Since it is difficult to match gate delays to achieve
simuitaneous transition of state signals, one has to make sure that simulataneous
changes in state signals do not occur, of if they do, the circuit must be designed such
that it behaves the same no matter which sequences of state changes take place.
Hence most state assignment technigues only allow at most one signal change between
states. This is a well-known hard problem for which many heuristic techniques have
been proposed.

¢ The number of entries in the fiow table of a state diagram depends exponentially on the
number of input signals. Due to the absence of a controlling signal (clock), an
asynchronous state machine continuously senses the changes in the input and

produces changes at the output and the state varables. Therefore, in contrast to a
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synchronous implementation of FSM, the self-timed implemetation requires the listing of
all input combinations in the flow table, resulting in the exponential increase in the
number of entries in the table.

2.5.3 Self-timed Techniques for the Filter Design

The self-timed approach has been chosen for filter design in order to eliminate the need for
global distribution of extremely high frequency clock signals with the expected benefits of

reduced power dissipation and inherent delay insensitivity.

The seif-timing technique uses a model where by various logic blocks are triggered to
execution by a request signal, and in tum outpul a complete signal upon achieving correct

output. An enable signal controls the execution of a logic cell.

Self-timed systems require that the logic cells have several control inputs and that they
generate at least one confrol signal for handshaking. For the fypical 4-phase handshaking
protocol the input signals are Enable and Complete as shown in figure 2.11. The Done
signal triggers the request input in the next stage’s handshaking block. The logic path
consists of register latching the input signals and the functional block implementing the logic
function. (Lachowicz et al, Paper [6])

As discussed before, the PDLL and LLCFL logic families are geared towards designing self-
timed circuits with ease. Figure 2.12 shows basic PDLL and LCFL cells for self-timed
applications. As can be seen, the latch is an inherent component of the cell. This property
together with the appropriate modifications the handshake path to suit the GaAs latched
logic design style can be utilised to eliminate the separate latch blocks from the pipeline.
The modified pipeline is shown in figure 2.11. in the LCFL cell of figure figure 2.12, the
Complete’ signal is generated by first producing the complement of -the output with a NOR
gate which is also controlled by the Request’ signal. This NOT gate is sized appropriately to
achieve equal signal delay at the input of the following NOR gate producing the Complete
signal.
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Figure 2.11 Self-timed pipelined datapath:
(a) Standard four-phase protocot,
(b} A pipeline modified for LCFL,
(¢} Details of the handshake block.
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Figure 2.12: GaAs Latched Logic Gates: PDLL and LCFL cells.
Adopted from Lachowicz et al

2.5.3.1 Operation of the Self-Timed Logic Celf

The logic cell operates as follows: When the request line is high the cell is in the reset
stage, both fines Outf and Qut’ are low and the Complete’ is high. When Request’ goes low
and Enable is high, the cell evaluates the output and one of the lines Quf or QOut
conditionaily goes high, which causes the Complete’ line to go low and this indicates that
logic evaluation has been completed. The Enable line is not zlways needed, and in the
pipeline structure from figure 2.11 the logic cells do not contain the Enable line. There are
cases, however, when Enable line cannot be omitted, as wil be (ater demonstrated.

The modification of handshake path as compared to the standard four-phase handshake
protocol is such that a particutar LCFL logic cell is not allowed to enter into the reset state
until the following cell completes its evaluation, and also it cannot perform the next
evaluation until the cell following it enters the reset state. This handshake protocol operation
removes the need for the separate latches between the logic gates.
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3 Video Compression and Wavelet Transforms

3.1 Introduction

Analog video communications technology has been around for a few decades and had
significantly affected the lives of millions of people worldwide. The television and VCRs

have become very common consumer electronic items.

Digital image and video offers many advantages over analog video for the vast majority of
applications. Therefore, as digital video technology becomes more mature, we are
witnessing a shift from analog to digital technology. The ease with which digital video can
be integrated with computers, together with the introduction of global communication
networks and devices that support the integration of video with audio and conventional
computer data make a whole range of new applications possible. (Ozer, 1994)

The most important issue in digital communications, however, is the fact that digital
representation of an image or of a sequence of images requires a very large number of bits.
The goal of image coding is to reduce this number as much as possible, and to reconstruct

a faithful duplicate of the original picture.

Wavelet transform of an image is one of the very efficient image compression techniques.
There are various types of wavelet transforms. The transform used is this projectis a simple

3-tap triangular filter-based transport.

3.2 Digital Video

Digital video is video information that is stored and transmitted in video format. However,
until recently a lot of factors have prevented the wide-spread use of the digital video,
including a large amount of bandwidth required. The solution is to compress the digital

video information and to store and transmit it in @ compressed form,

Compression techniques for digital video have been continucusly improving for the [ast two
decades. Intemational standards now provide standard techniques for digital video coding.

At the same time, processor technology has improved dramatically over the recent years.
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The availability of cheap, high-performance processors together with the development of
intemational standards for video compression have enabled a wide range of video

communications applications.

The standards in video coding make use of the redundancy inherent within digital video
information in order to achieve a substantial reduction in bit rate. A still image, for a single
frame within a video sequence contains a significant amount of spatial redundancy.
(Richardson and Riley, 1996) It is possible to represent or encode the information in a more
compact form that eliminates some of this redundancy. For example, the image data may
be transformed from the spatial domain into another domain in which the information is
represented more compactly. Certain components of the transformed information can be
efiminated without seriously reducing the visual quality of the decoded image. The
information can then be efficiently encoded using entropy encoding (for example, variable
length encoding such as Huffman cading).

A moving video sequence contains femporal redundancy ie. Successive frames of video are
usually very similar. It is possible to achieve further compression by sending only the paris
of the image which have been changed from the previous frame. In most cases, changes
between frames are due to movement in the scene, which can then be approximated as a
simple linear motion. By predicting the motion of regions from the previous transmitted
frame (motion prediction) and then sending only the prediction ermror, the transmitted data
can be reduced further.

3.2.1 The Need for Compression

A single digita! television signal in standard format requires a transmission rate of 256
Mbps, which is unacceptably high for most practical purposes. An analog television signal
of comparable visual quality occupies a bandwidth of around 6 to 7 MHz. Digital television
in this format therefore compares unfavourably with its analog counterpart, in terms of
transmission requirements. This bit rate is too high for most existing communication
networks. Most local area inetworks (LANSs, for example, offer data transmission at rates of
up to a few tens of megabits per second, and most wide area networks (WANs) support
much lower data rates than this. Some of the ATM networks are capable of transmitting at
higher bit rates. However, distribution a general video bit stream over these networks would
be prohibitively expensive. (Richardson and Riley, 1996)
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hus there is a need to reduce this data rate before digital video communication can be
tegrated to existing and emerging communication networks. Fortunately, digital video data
ontains a considerable amount of redundancy. Some compression can be achieved by
xpi'biting the statistical redundancy within the data. For exarﬁple, video data is often highly
"r(éla'ted both spatially and temporally. This redundancy can be removed by coding the
ata in a more efficient way. Compression of this nature does not destroy any of the originai
2 and is hence a reversible process (lossless compression). In order to achieve higher
;jl'é of compression, it is necessary to remove subjectively redundant information. This

formation is not usually obvious to the viewer and can be removed without severely

_d_i_icing the quality of the signal. This type of compression destroys some of the original

ge information, which cannot later be recovered. (lossy compression).

Image Coding Techniques

_pica! photographic quality still image contains a large amount of spatial redundancy.
'j'pixel values are often highly correlated. The redundancy (both statistical and
¢tive) can be removed to achieve compression of the image data. By removing this
undant information and by representing the data in a more efficient form, the capacity
ed to store or transmit the image can be greatly reduced

Image

| Figure 3.1 Image Compression. Adopted from Riley and Richardson (1996)

general procedure for compression image information is shown in Figure 3.1 The
cdder mode! models the image in some way to exploit its statistical properties and to
ye redundancy. The encoder produces symbols that represent the information in the
al image. These symbols are then entropy coded (for example using Huffman coding)
de them as efficiently as possible. The decoder carmies out the reverse procedure fo
reate a copy of the original image. The following image compression techniques were

Wed from Richardson and' Riley (1 996) and developed further using other sources.
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3.3.1 Predictive Coding

One of the simplest image compression techniques is the differential pulse code modulation
(DPCM). The image to be transmitted is scanned in a raster fashion (i.e., the pixels within
the image are ordered in lines from left to right and front top to bottom).

Each pixel is represented as a number with a limited precision {eg. 8 bits). In a DPCM
system, the pixel value itself is not transmitted. Instead, a prediction of the probable pixel
value is made by the encoder based on previously transmitted pixel values. The prediction
error hetween the predicted pixel value and the actual value is quantised and transmitted.
This system takes advantage of the fact that most images contain significant amounts of
spatial redundancy. Because of this, neighbouring pixels tend to be highly correlated and
prediction error tends to be small. Further compression can be achieved by encoding the
quantised error values using variable length codes (entropy coding). Since small errors are
likely to occur more frequently than large errors, the more commeon values can be encoded

using a shorter code and the less common values using a longer code,

The decoder must use the same prediction method as the encoder. The prediction, based

on previous reconstructed pixels, is added to the error value to reconstruct the current pixel.

Previous line

# Direction of raster scan

Figure 3.2 Image Compression
Current Pixel

The coding efficiency of this system depends on the accuracy of the prediction. The
simplest predictor is the previous transmitted pixel value. In the example shown in figure
3.2, the current pixel would be predicted from the value of pixel a. A slightly better prediction

can be made by averaging the values of other neighbouring pixels, for example a,b and ¢ in
figure 3.2
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Better predications still can be made by taking more pixels values into account. The choice
of the predictor and the weights of the neighbouring pixel values have a significant effect on
the efficiency of the algorithm. Further improvements can be gained by modifying the
predictor based on the statistics of the current image.

3.3.2 Discrete Cosine Transform Coding

Understanding of wavelet transform based compression is facilitated by the study of
Discrete Cosine Transform (DCT). Thus a study of DCT technique and its application shall

create a good foundation for introduction of the wavelet transform and related compression.

Transform coding is a very widely used method of compressing image information. In a
transform coding system, pixels are grouped into blocks. A block of pixels is transformed
into another domain to produce a set of transform coefficients, which are then coded and
transmitted.

An effective transform will compact the energy in the block of pixels. This means that the
useful information in the block will be concentrated into a few of the coefficients.
Compression is achieved by quantising the coefficients so that the “useful” coefficients are

transmitted and the remaining coefficients are discarded.

The DCT is a popular transform based coding technique. The popular JPEG image format
uses DCT compression. (Ozer, 1994). For most continuous-tone images, the DCT provides
energy compaction that is close to optimum. A number of fast algorithms exist for
calculating the DCT of a block of pixels, These factors have led to the use of DCT for image
and video compression systems.

An image coding system based on DCT shali be set out in the following steps:

Separation of Image into Blocks

An image is made up of a rectangular array of pixel values, which are grouped into blocks.
Most existing systems use blocks of a regular size, such as 8 x 8 or 16 x 16 pixels. A larger
block size leads to more efficient coding, but requires more computation power.
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s block-based segmentation of the source image is a fundamental limitation of the DCT

sed system. Real-worid images do not generally contain features that can be neatly

itioned into regular blocks. The use of uniformly sized blocks amplifies the coding
stem, but does not take into account the irregular shapes within real images. It is possible
"_c'h"teve better compression efficiency by using a combination of blocks of different

shapes to cover the image, at the expense of increased complexity.

“DCT converts a block of pixels into a block of transform coefficients of the same
dimensions. These coefficients represent the spatial frequency components that make up
appropriate basis function. The basis functions for an 8 x 8 DCT are shown in figure 3.3.

--_td_p-ieft function is the basis function of the ‘dc¢’ coefficient and represents zero spatial -

qgéncy content. Down the left column, the functions have increasing vertical spatial
_ ncy content, and along the diagonal the functions have combination of horizontal and
_cél.sp'atiai frequencies. All of the coefficients other than the DC coefficient are known
=" coefficients.

Robert Gordon University (1996).
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Any grey-scale 8x8 pixel block can be fully represented by a weighted sum these 64 basis
functions. The appropriate weights that are required to produce a particular block are the
DCT coefficients for that block. The DCT operation therefore transforms a block of pixels
into the set of DCT coefficients that represent the block in the spatial frequency domain.
This in itself does not give compression since the information is merely being represented in
a different form.

The two dimensional DCT of an NxN block of pixels values is being described by the
following formula, where the pixel values are represented as f(l,j) and the transform
coefficients are as F(u,v)

N
4

A N R

it can be seen that both forward and inverse transforms require a large number of
calculations; each coefficient in the forward transform is calculated by summing 64 separate
calculatoins, and so a total of 64x64 = 4096 calculations are needed to transform and 8x8
image.

Forward and Inverse DCTs are separable. Instead of performing a 2-D transform based on
the above equations, the same result can be achieved by applying a one-dimensional
transform along all the rows of the block and then down all the columns of the block. This
reduces the number of calculations required. Each coefficient in the one dimensional
tranform requries 8 calculations and so a row or column requires 8x8 = 64 calculations. The
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total number calculations is thus 64 x 8 x 2 for the rows and columns, making it 1024. This
reduces the computationat time.

Quantisation

For a typical block within a photographic image, most coefficients will be clustered near 0.
On average, the larger DCT coefficients will be clustered around the dc value, meaning they
will be low spatial frequency coefficients. Most blocks within an image tend to contain a little
high freauency content, so in general only a few of the DCT coefficients for a block wili have
significant vatues.

The DCT coefficients are quantised so that the near-zero coefficients are set to zero and
the remaining coefficients are represented with a reducs precision. This can be achieved by
dividing each coefficient by a positive integer and rounding the result to the nearest integer.
The larger the quantiser scale, the coarser the quantisation. This results in loss of
information, but also in compression since most of the values in each block become zero.
increasing the quantiser scale leads to coarser quantisation, which gives high compression
and poor decoded image quality. Reducing the quantiser scale has the opposite effect.

DCT-based image coding systems can provide compression of between 10 and 20 times
while maintaining reasonably good image quality. The compression efficiency depends to
some extent on the content of the image: an image with lots of detail will contain many high-
frequency components and will produce more coded data than a similarly sized image with
less detail. Compression can be increased by increasing the quantisation scale factor. In
general, higher compression can be achieved at the expense of poorer decoded quality. An
illustration of this fact is an example of images decoded after performing a DCT on them
with different coding levels.

3.3.3 Fractal Coding

Fractal based coding is not very refevant to wavelet transform based compression

(described for completeness of discussion), so they shall be described here very briefly.

Fractal coding is one of the “second generation” coding techniques, and can provide very
high compression with little loss of image quality. (Tomres and Kunt, 1996) The image is
described in terms of a fractal code, a series of transformations which, when applied tc an
arbitrary source image, can be used to recreate the original image. The decoder can
reconstruct the image using the information contained within the fractal code. This

technique has been reported as giving very high compression ratios. However, the process
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of finding the optimum fractal code to describe an image is exiremely computationally
intensive, This processs can be simplified by splitting the image into small blocks and
finding the optimum code to represent each block. Decoding is relatively straightforward,
but encoding using this technique is much more complex and takes typically several

hundred times longer than decoding.

3.4 Wavelet Transforms for Image Compression

Having discussed various image compression techniques, including the DCT, it is
appropriate to describe the wavelet transform, its meaning and how it is applied to image
compression for the project. The evolution of a filter architecture from the chosen wavelet

transform function shall be discussed in the next chapter.

3.4.1 Wavelets

Wavelets are a relatively recent deveiopment in applied mathematics. Their name itself was
coined approximately a decade ago; in the last ten years interest in them has grown at an
explosive rate. There are several reasons for their present success.

On the one hand, the concept of wavelets can be viewed as a synthesis of ideas which
originated during the last twenty or thirty years in engineering(subband coding), physics
(coherent states , renormalization group), and pure mathematics (study of Calderon-
Zygmund operators). As a consequence of these interdisciplinary origins, wavelets are a
fairly simple mathematical tool with a great variety of possible applications. {(University of
C: " ‘omia, 1898)

Within recent years, increasingly sophisticated mathematical tools have been used fo
analyze image compression schemes. Many of these tools were originally developed for the
scientific and engineering applications and have been widely used for years. One example
is the ubiquitous Fourier Transform (FT}, which has become a comerstone of modern data
analysis. A function in the time domain is translated by the FT into a function in the complex
(real and imaginary) frequency domain, where it can be analyzed for its frequency content.
The FT describes the original function in terms of orthogonal basis functions of sines and
cosines of infinite duration. The Fourier coefficients of the transformed function represent

the contiibution of the sines and cosines at each frequency. The FT is most commonly used
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in.the form of the Discrete Fourier Transform (DFT), which analyzes discretely sampled
rﬁe series.

h‘-é--”DFT works under the assumption that the originat time—domain function is periodic in
re. As a result, the DFT has difficulty with functions that have transient components,
af- is, components which are localized in time. This is especially apparent when a signal
"'s"f:'sharp transitions. Another problem is that the DFT of a signal does not convey any
_f_d;ﬁ'nation pertaining to translation of the signal in time other than the phase of each
odﬁer coefficient. The phase values are averaged for the input function. Applications that
he DFT often work around the first problem by windowing the input data so that the
npled values cohverge to zero at the endpoints. Attempts to solve the second problem,

eéént years, new families of orthogonal basis functions have been discovered that lead

rahsforms which overcome the problems of the DFT. These basis functions are called

;E.éts, which, unlike the sine and cosine wave of the FT, do not have {o have infinite
ton They can be non-zero for only a small range of the wavelet function. This
béct support" allows the wavelet transform (WT) fo translate a time-domain function
.:_.':representation that is not only localized in frequency (like the FT) but in time as well.

ability has brought forth new developments in the fields of signal analysis, image
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;g.' Z is the set of integers and the ax are the wavelet coefficients. Both of these
jons are iwo-scale difference equations and are the prototypes of a class of

»normal basis functions of the form:

__pérameterj controls the dilation or compression of the function in time scale as well as
mplitude. The parameter k controls the translation of the function in fime. The set of

functions formed by ®(f) and ‘¥(t) is a system of scaled and translated wavelets.

velét'systems can be either real or complex-valued, though most research has used

_yéfded wavelet systems. Wavelet systems may or may not have compact support. As

tioned earlier, wavelets have compact support if and only if they have a finite number of
zero coefficients. Since compact support is what gives wavelets the ability to localize in

ime and frequency, this paper will be dealing only with wavelets of that type.

"rél"techninUes have been used to create wavelet systems. These include cubic
lines, complex exponentials, and parameter space constructions. Parameter space
nstructions have been used to construct wavelets which are orthonormal bases. The
r wavelet (the first wavelet basis discovered) and the Daubechies wa\:relets belong to
class; and are the t;pe used in this paper. Orthonormal wavelets allow perfect
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43 Wavelet Transformation and Image Compression

_vi'hg covered the DCT, the concept of a wavelet transform now becomes relatively easy
digest. A wavelet fransform concentrates the original vaiues of a 2-D data set or image
y.a relatively small number of coefficients. Figure 4 shows a histogram of the pixel values
512 X 512 greyscale image, and a histogram of the Daubechies wavelet coefficients for
:fsame image. The information is packed into a relatively small number of_ large
_'g:n'itude coefficients. The majority of the coefficients are relatively small in value and do
-_.'ci::éhtribute much information for reconstruction of the original data.

re 3.4 Concentration of Wavelet Transform Coefficients in lower sub-bands

= Original Lena Image o lransformed Lena Image t
b5, - : 18 : : _
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‘wavelet transform has a property called energy invariance. This property says that the

tal amount of energy in the image does not change when the wavelet transform is applied.

‘implies that any change in the wavelet coefficients will result in proportional changes in

e reconstructed image. In other words, the low magnitude coefficients can be set to zero
Withq’ut significantly distorting the reconstructed image. In practice, all but a few percent of
'ave!et coefficients can be set to zero. (Relue, 1994)

'c_:tion of the coefficients to zero can be done two ways:
/-_\_h arbitrary threshold can be established as the cutoff point
. The coefficients can be ranked to allow selecting of an arbitrary percentage of the

_i__ghest values for retention.

pically, 5 percent of the values are retained, but good results can be obtained with

ller percentages. It is important to note that the zeroed coefficients cannot be thrown
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:ay. The position of the zeroed coefficients must still be known for reconstruction. This

"'f_bnnation, however, can be implied by noting the iocation of the hon-zero coefficients.

‘he compression process has an interesting side effect. Since most of the noise in an
gje' has a low energy value, it will be suppressed when reconstructing the compressed
ta Figure 5 shows a sine wave with 50 percent noise added, and the reconstructed sine
ve from 3 percent of the original data using Daubechies 2-D transform. The original sine
___\’re is very easy to distinguish in the reconstruction. Relue {1994)

Figure 3.6 The reconstructed low-noise signal.

Gnce the data has been compressed by the removal of low value coefficients, more
'_'mpression can be obtained by quantitizing the non-zero wavelet coefficients. The values
Can be mapped by use of a staircase function to a common value. This will reduce the

mber of different discrete values in the resulting data, but does resuit in some loss of
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ély on traditional software interfaces, but is entirely contained in the VLS| optics
rchitecture. A critical design constraint for the pixel design is efficient utilisation of chip

rea. (Lachowicz et al, Paper [5])

'h’e_intelligent pixel array emulates a mesh network of processing elements to implement a

__a_V‘eIet transform such that the inherent parallelism and interconnectivity of the architecture
fully exploited. In particular, the use of friangular (symmetric) filter demonstrates a

arked simplicity for Opto-VLS| without a significant compromise in performance. . ‘

.1.1 The Intelligent Pixel Architecture

a'éh processing element in the [P array consists of a receiver for image capture and image
iS'piéy (from remote site) as well as local circuitry to perform the necessary operations on
e received image. A schematic of he pixel's functionality is shown in figure 4.2, A thin film
_'ferro-electric tiquid crystal (FLC) is placed between the backplane and a front glass *
lectode coated with ITO. A metal pad is then built on the backplance to act as a mirror.

oltages can be determined by a digital driver.

hlmﬁéﬁw Optical  Leoge  Resd
A ; ;’" """ g :.
T £
g1} joueen g F
s R - S
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4 [
£ g
(Metabisation) ]
Interconnections
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Figure 4 2. Smart Pixel Structure. Adopted from
Lachowicz, Alagoda and Ang

Visible to the chip surface is an optical detector for image capture, adjacent to a liquid
¢fystal mirror for image display. It is expected that up to 70% mirror (metal level) fill factor

can be assigned for display.
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The compression algorithm is implemented within the physical confines of one pixel. The
implementation should take advantage of the locality of the operations required. The
decomposition and display of images should also take advantage of the relative proximity of
the pixel that is used for display. The inverse transform of a data stream to an image,
required for receiving images will be obtained via a similar circuit within the pixel. A dnver
circuit converts the hits into grey-level by space-division multiplexing. The reconstructed
image as a whole can then be displayed by the FLC pixel overlay. The response time of the
liquid crystal material determines the number of grey levels. As for a mobile communicator
display unit, 64 x 64, 6-bit grey level, 10 frames/second appear satisfactory for mobile
communication applications.

4.1.2 The Intelligent Pixel Wavelet Transform

Intelligent Pixels perform a sub-band decomposii:st on an image that segments it into a
number of frequency domains at different scales. A complete two-dimensional
decomposition of the image can be calculated by sequential convolution of the rows and
columns of an image with a pair of suitable chosen quadrature mirror filters (QMFs)
followed by half-rate sub-sampling at each scale, as its shown in figure 4.3.

An exampie of an 8 x 8 image can be observed in figure 4.4, where three scales are
needed to get one and only one coefficient of low-low frequency. When any scale is
finished, the sample algorithm is applied to the low-low results, The first scale of the
algorthm has been illustrated in figure 4.3, where the results are obtained using indirect
methods. In the first step, the calculation is applied to the rows, and in the second step
elements of the columns. are used.

The coefficient, in one dimensional transform, Y|, can thus be obtained by convoluting the
pixel input values, X;, with the coefficients, W;, of a FIR filter of length L.
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& complete convolution is obtianed through scaling the pixel input by each of the FIR filter

efficients in tum.

HH 64 x 32
H64%64 H64 x32 it
FE @ G |—pl LZ | m HH32x32
—p» G —» \LZ
HI—» J/fl L & HL 32 x32
if
HL 64 x 32
LH64x32
Imag G _p.@ 2 L pwLH3
e T 32
o4 x 64 J’ ? *
Lo H|» \Lz
H iE
L64x64 L64x32 H |l J{Z % @m LL32%32
B
LL 64 x 32
Rows Columns

Figure 4.3. Dataflow of the first scales of the 2-D DWT Algorithm. Adopted from
Lopez-Sosa (1998).

__e_i'_to the space limitations with the IP, simple symmetric QMFs, derived from a triangular

_yélet basis, are used, and their coefficients are the following:

IMF =0, 1, 0 to the low pass filter
MF =-0.5, 1, -0.5 to the high pass filter

the high pass filter, a summation of three numbers is required and the multiplication can
i-cz_arried out through scaling by a factor of 2. The low pass filter can be reduced to one

egister without any element of calculation.
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‘he subsample shown in figure 4.4, can be used as an equivalent task, eliminating the
:Iculation of the even coefficients. Figure 4.7 illustrates how the filter is applied to a row of

sixels.

HL, HH,
LL, LH,
8 x 8 Image First Scale
Lis fLH,
Ll | LH; LH, HL, [HH| LH2
LH,
HL, | HH>
HL, | HH;
HL. HH;,
HL, HH¢
Second Scale Third Scale
. Figure 4.4. Subband decomposition on 8 x 8 image. Adopted from Lopez-Sosa

nup Savia Engineering Project Report



4As FIR Filter for Wavelet Transforms 72

High Pass

I_—_] Low Pass

ey X} *fa=1J xfnol
zt z :
§ Jan /1 !
r {*+) yia} y(n)

= X7 Hyg = Xq7 + Xis

e figure 4.5 shows the way to implement this part of the algorithms.

e we have the coefficient L and H, the HH, HL, LH and LL can be obtained using the
ame method, adding the next values.

11 = Lhqq, LHy1 = Hyy

Abii=-(Linf2) + Lot — (Lswf2),  HHys = -(Haa/2) + Hay — (Hoi/2)

21 = Lay, LH21 = Ha
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rid the calculations for the last rows are

a1 =Ln, LHsi=Hp
HLo = -Lz1 + Lat,  HH4q = -Hyzq ¥ Hgq

Column 1 Column 2

Figure 4.8. Calculation of the first scale column coefficienis. Adopted from Lopez-Sosa (1998)

1.3 Nucleic Scheme for Data Organisation in IP Arrays

ter all the convolutions for a particular scale of the decomposition have been carried out,

.oﬁr frequency subbands are obtained as was shown above. At each subsequent scale it is

:n'_!y the low-low filtered transform coefficients, which are further decomposed. Thus at each
Sc_a:i'e coefficients from four new subbands must be stored on the array along with all of the

coefficients from the three high frequency subbands obtained in the previous scales.

efficient method to store these subband coefficients with the SP array is to use a nucleic
_Qheme where, as the decomposition progresses to the next scale, only certain nuclei,
'ntaining the data required at that scales i.e. the low-low subband coefficients, remain

ive. The rest of the pixels retain the data from the previous scales but are transparent to
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composition at the current scale. The resulting arrangement is illustrated in figure 4.9.

Y represents a low-low filtered coefficient at scale s of the decomposition from cell x, y.,
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LH ML, ™ [LH,
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LH 11.3

LL11.4 LH1W

HL, ™
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Figure 4.9: Results of first and second scale of
algorithm. Adopted from Lopez-Sosa (1998).
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ch a nucleic scheme requires no rearrangement of data prior to decomposition at

sequent scales and, assuming that data can pass efficiently through the transparent

els; allows the convolution algorithm to work with equal effectiveness at any scale.
jez-Sosa, 1998) -

4 Algorithmic Analysis of the Intelligent Pixel Array

.'I'P has to be simple, compact and capable of operation as part of a massively parallel

ay of processing elements. Figure 4.10 illustrates the tasks that the IP has to perform:

- To transmit the coefficients calculated,
- To receive the remote coefficients,
: To compute the inverse 2-D DWT, and

To show the remote image.
I b__e principal objective is to reduce the DWT algorithm until the minimal implementation is
Ob_fained in minimal area. We have to design a pixel architecture that is able fo execute the

llgorithm when it is active in the scale to be transparent in the following scales.

Th_is algorithm and the refated pseudocode have been shown in the figures 4.11 and 4.12.
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To read the pixel value
if it's even in the row (even column}
To ask for the left pixel value and to invert it
If it isn't the last column (there is a right pixel}
To shift it to the right (division by 2)
To add it to the actual pixel value

if it isn't the last column
To ask for the left pixel value and to invert it
To snift it to the right (division by 2)
To add it to the previous calculated value

If it's even in the column (even row)
To ask for the left pixe! value and to invert it
If it isn't the last row (there is a down pixel)
To shift it to the right (division by 2)
To add it to the actual pixel value

If it isn't the last row
To ask for the left pixel value and to invert it
To shift it to the right (division by 2)
To add it to the previous calculated value

} Row Steps

& Column Steps

if column is even
Copy (R2, left)
R2=-R2
if isn't the last column

End

J
Continue to the next Scale
Figure 4.11: Intelfligent Pixel Operation Algorithm.
Adopted from Lopez-Sosa (1998).
Begin if row is even
R1 = Read{image) Copy (R2, up)
Scale=0 R2=-R2
Repeat if isn’t the last row

ghift (R2, right)
R1=R1+R2
If isn’t the last row

Copy (R2, down)

Shift (R2, right) R2=-R2
R1=R1+R2 Shift (R2, right)
If isn’t the last column R1i=R1+ R2
Copy (R2, right) End if
Shift (R2, right) End if
R1=R1+R2 To be transparent if it isn’t (odd, odd)
End if Inc(scale)
Endif Until scale =6

Figure 4.12: Pseudocode based on [P Algorithm. Adopted from Lopez-Sosa (1998)

|
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4.2 Design of the Fiiter Bank

Having discussed the algorithmic functionality and the requirements for the IP, the next
consideration is the design of the filter bank circuitry that can perform the desired wavelet
transforms to scale the input images. As seen in the above section, the architecture of the

filter to perform the transform would be something like the one shown in figure 4.13 below.

X1 | X[2] | X[B] | X4 | X3 x6] | X7} | XI8]

-2 ~-1£2 -1/2 112 -1/2 -112
\V/

L1t Hi L2 Hiz Lis Hia L4 Hia

Figure 4.13: Filter architecture to be implemented

This design was derived from the high pass and the low pass functions for the triangular
filter. Looking at the schematic presented above, the requirement of various functional
blocks such as registers, multiplexers, adders etc was deduced. The description below

contains an explanation of the system blocks from a functiona! point of view.

4.2.1 The Bit Serial Architecture

Before proceeding on to the implementation of the required blocks, it is essential to note
ithat the filter must be designed using a bit-serial architecture. A bit serial architecture is

where the transfer and manipulation of data takes place by serial transmission one bit at a
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time. For example, the register implemented in a bit serial architecture would be a shift
register, so that it can be loaded by shifting the data bits into it from the right or left side of
the register. This is in contrast to the parallel architecture, where all the register cells can be

loaded in one operation,

Input Stream _
10110010 01112 [314|5]6]7] Output

Bit Senal Architecture: Data transfer 1 bit at a time.

Input Stream

ceeeeet
13345411

Qutput

Parallel Architecture: All bits transferred in 1 cycle.

Figure 4.14. The Bit-Serial and Parallel Architectures

» The intelfigent pixel construction shows that information about the value of each pixel is
obtained from the ADC. These values undergo the wavelet transform as depicted by the
above schematic. Thus, to implement the wavelet fransiorm function, we need to
examine the value bit by bit and perform the appropriate additions/subtractions and
stare the result in the output. '

e We need to implement the filter architecture in a self-timed fashion. This means each
operation should be able to produce a ‘Done’ signal, which can trigger the next
operation. The operation can be better co-ordinated if the system were to perform on
one bit ata time.

o For a bit-serial system, addition/subtraction etc can be performed by a 1-bit adder and
carmry circuit. However, to perform similar functions for a parallel system, we need a
multiple-bit adder capable of adding all the bits in parallel and producing a cumulative
carry and sum output. Such architecture would be more complex and considerably
larger than the one-bit adder. Since the intelligent pixel architecture must be very
conservative in chip area, the bit serial architecture is a natural choice.
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« All the above factors make it necessary for us to implement the filter bank in a bit-serial

architecture,

4.2.2 The Register Block

To be able to perform the wavelet transform, we need to store the image value of each pixel
and read it one bit at a time and store the outputs. Thus, the system requires a shift

register.

The filter bank can receive data from different sources

« The anaiog fo digiial convertor, which converts the image value of the pixel into data

o Adjoining pixels; wiwx performing transforms (forward or reverse) values need to be
input from adjoining pixeis © .a then muitiplied by either ¥ or —%. Thus the input is
received from adjoining pixels.

¢ The register output itself. When no operation needs to be performed on a bit (low pass),
the data can be looped back to the register.

Thus, to be able to select the source of data being fed to the register (from the left or the
right), we need to design a 4 x 1 mutitiplexer.

Self-input
s —» 0 | 1 21314 |56 |7
AID—p 4x1
Adjoining—{  Mux
_p .
Contro! Bits

Figure 4.15. Selection of input to the shift register using a 4 x 1 Multiplexer.

The wavelet transforms require multiplication of values by %2 and -%. However these
operations do not require a multiplier; an easier way to implement them is to take in 1-bit left
shifted output thus effectively halving the value received. The positive or negative sign can
be decided later before the value is input to an adder block.
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4.2.3 The Adder Block

To perform the raquired wavelet transforms, an adder block required. This constitutes two

different operations: adder and camy. To enable selection between addition/subtraction one

of the inputs is preceded by an exclusive-or gate. Thus, one of the inputs for this gate is the

input stream and the other is a flag signal which is switched to logic *1° when the operation

is a subtract. This effectively inverts the input stream being fed into the adder, and thus

implements a subtractor.

Sum Output
Subtract Flag
Exclusive-Or @
A Gate
Adder Block
B —@
Carry Cout
¢
Cin
The Adder Block Implemented with the Subtract Flag
input | Subtract | Qutput
Flag Subtract Flag= 11
5 5 5 —0100101
Exclusive-Or
1 0 1
1011010 ——— Gate
0 1 1
1 1 0

Truth Table: Subtract Flag

Block Diagram: inversion of Qutput when Subtract = 1

Figure 4.16. Block Diagram of Adder Block: Using the Subtractor Flag
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4.2.3.1 Generation of Carry Bit

The carry bit being input into the adder Cy, is intuitively taken as the G, from the previous
bit addition. However, this does not define the value of the first C;,. In the addition operation,
the carry in for the first bit of the value should always be ‘1’ and then it shouid be dependent
on the value obtained from the previous carry operation. This can be implemented by an
OR gate, such that one of its inputs is always ‘1’ for the first bit, thus setting the output to *1".
For the rest of the bits, this input becomes ‘0’, making the output dependent on the second
input. The additional control required for determining the first bit of the values can be
designed with Finite State Machines,

Carry Block

Cil'l Cou{

OR

-

1% Bit = 1
Rest=0

Figure 4.17. Carry Generation

4.2.4 Overall Filter Architecture

The diagram depicted below summarises the above discussed requirements for the system
and shows how the data should propagate through the system. This diagram does not
include details about the handshake signals required for the timing co-ordination. Details

about incorporating the handshake signals and control into the system are discussed in the
next chapter.
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Registert
Subtractor Flag
- A
XOR
MUX1
AJD Converter ' i Adder ouT
l Block
MUX2 E B
| Register? i 3'
No Bypass!  iBypass
I ! Cin Cou'l —
Bypass Control ... MUX3
OR .
1% bit=1, Rest=0

Figure 4.18. Schematic System Diagram of Data Flow through the System

The functionality of the design shown above is described in the following steps.
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« The one bit shifted output from Register1 passes through the 4x1 multiplexer Mux1. The
Mux1 is incorporated in the design so that the incoming input data stream can be from
either of the four directions (up, down, left or right) depending on what pixel value is
taken for the addition.

+ The data stream is then passed through the exclusive-or gate XOR which enables the
operation to be switched between subtraction and addition by controlling the value of
the subtract flag.

* The output from the XOR block forms one of the input streams for the adder block. The
second input is the data stream received from the register Register2.

« The output from the adder block is fed to the Register2.

¢ To enable selection of the input stream, a 4x1 mulliplexer Mux2 is implemented before
the register 2. This multiplexer selects the input stream between the adder output, the
ADC, and the register oufput itself.

»  While performing the wavelet transform, sometimes it is necessary to skip the
immediately next pixel and obtain input from pixels one step further. In that case, we
should be able to bypass the neighbouring pixel. This can be implemented by a 2x1
multiplexer Mux3, which can control the input based on the control signal, which is flag
indicating “Bypass”. This gate, however, shall not be implemented in the filter
architecture and has been postponed to the time when filter design is integrated to form
a fully functional intelligent pixel array architecture, Thus it is shown in dotted lines.
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5 System Integration and implementation

5.1 Introduction

In the previous chapter, we witnessed how IP arrays could be utilised to perform the desired
wavelet transforms on an image. We also developed a model based on various building
blocks, and depicted the data flow required for the system. The building blocks required for
the triangular wavelet transform were designed and interconnections were shown as

required for the communication of data (only) through the system.

In this chapter, we further develop the design to incorporate the handshake and control
circuitry for the filter, Then, with a comprehensive circuit design available, we can divide it
into logical blocks and be able to implement the layout for each block and simulate its
behaviour. An overall schematic for the filter, from the point of view of layout, is also shown.

The layout editor MAGIC was used to implement various cells in the design. The basic
design rules for H-GaAs lll designing are also shown. HSpice software was used to perform
circuit analysis on various blocks. When a cell layout in MAGIC is fully functional, its
corresponding electrical circuit can be extracted, and HSpice can be used to perform output
analysis. Graphing software called AvanWaves was used to perform graphical analysis on
HSpice outputs. As mentioned earlier, the height of the Schottky barrier determines the
voltage in GaAs circuits, and thus 0.7V indicates a logic 1",

5.2 System Integration: Handshake Circuitry

Figure 4.18 in the previous chapter provides us with an overafl architecture for a filter cell.
However, this diagram considers only the data transfer aspects of the svstem. For a self-
timed circui, it is required that data transfer between various components of the system is
also accompanied by transfer and manipulation of appropriate handshaking signals.
Furthermore, special logic is required to handle this incoming handshaking signals for a
module and to output appropriate signals for the next block. [n this section, the handshaking
circuitry is added to the overall system diagram in a step-wise manner. Please refer to
figure 4.18 for a clearer understanding of functional blocks discussed.
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1. A register design shall be required to implement Registerl and Register2. These
registers are required to be able to shift data one bit at a time, and take in new input
data from the left and output data at the right. Thus, a 'Start’ signal is required to signal
the registers to shift one bit of data. In this process, the left-most bit shall be read from
the data source and the right-most bit shall be cutput to the Adder. Thus, after input is
ready to be fed into the left-most bit, a ‘Start’ signal should trigger a shift operation.
Simitarly, after the output is read in from the right-most bit, a 'Done’ signal should be
output.

The register is composed of individual datacells. Thus, within the register itself, it is
necessary to have handshaking signals and controls to regulate data transfer between
each data cell. The details of these controls have been covered later in the chapter. The
architectural blocks required for this are a Muller C cell, a Handshake Block and a basic
LCFL cell.

2. The multiplexer MUX1 and exclusive-or gate EXOR will not contain any timing
controllers. They shall be implemented using simple combinational circuits. 1t shall be

shown later why it is safe to do so, without taking the timing considerations into account.

3. The multiplexer MUX2 is also implemented using combinational circuits only. It should
be made sure, however, that all the inputs of the multiplexer are present and the output
has been computed before a 'Start’ signal is sent to the Register2,

4. For the adder to start computing the sum of the inputs from Register1 and Register2, it
requires a ‘Start’ signal. This ‘Start’ signal should be generated only when both the
registers have finished execution ie. A done signal has been received from both the
registers. However, both the registers might receive their respective 'Start’ signals at
different times, thus finishing at different times too. It can also be seen that Register1
requires one less bit transfer then Register2 since we read a one bit left-shifted output,
On the other hand, output from Registert must be processed through two combinational
circuits, a Mux1 and an XOR.

All the above factors create uncertainity as to which register shall finish operation first
and be ready to provide output to the adder. One soiution is to be able to wait for both
the ‘Done’ signals from the registers, and produce a ‘Start’ for the Adder only when both
the ‘Done’ signals have been received, Thus we need to design a functional block which
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is capable to receiving two pulse inputs at different times, and output a pulse after the
later input is received. This functional block is called Cell1 in our design and is designed
primarily using D-latches.

5. The Adder block receives a "Start’ signals and starts computing the Sum and Carry from
the two inputs of the registers and the carry input received from previous operation. For
this it requires two different functional blocks, Sum and Carry. Each of these blocks is
designed along the lines of a basic LCFL cell, with the required logic for performing Sum
and Camy being built into them. Each of the two blocks, Sum and Carry can generate a
‘Done’ signal when their execution is finished. However, it can be shown that the Sum
block based on the LCFL. configuration is significantly slower than the Carmry block.
Thus, a ‘Done’ signal from the Sum block should suffice to indicate that both the cells
have completed execution and the logic values present at OQutput are correct.

6. The output from the Camry cell must act as input for the Carmry operation in the next
computation. However, the adder block is required to perform subtraction too. To
perform subtraction, the first bit of the input is inverted. The configuration shown in
figure 4.18, however, cannot be applied to self-timed system design. This is due to the
fact that a looped conducting structure with no break is not good design practice. Thus
two new cells are introduced which act as a “subtract-selector”, and “data buffer”
respectively. The details of these cells shall be given later in the design section. Celi2,
as shown in overall system diagram, requires the '‘Done’ signal from the Adder as its
‘Start’. Cell 3 in tum dernives its ‘Start’ from the output of Cell1. The ‘Start’ signal for the
Adder is changed from output of Cell1 to the ‘Done’ signal of Cell 3.

Cell2 takes in two signals Sub and Request(Sub). Sub is set to ‘1’ for the first bit of the
register in case of the operation being a subtraction. Req(Sub) is also set to ‘1" around

A bt =T L o MRS L T

that time to ensure that the cell goes through a prechaige and evaluate cycle. Cell 3 is
just a data buffer, imitating a 1-bit Register. In this cell, the Output follows the Input
value upon receiving the ‘Start’ signal. This ‘Start’ signal is the output of Cell1, which

pulses when both the registers have finished execution. The ‘Done’ from this cell

indicates that data has been shifted from the buffer to Adder input. Thus, this ‘Done’
signal acts as the ‘Start’ for the adder block.

7. The control circuitry to perform the 'Bypass’ funclion, as discussed in the system-

Ty STAT, W L

diagram before, is provided as optional circuitry. it can also be implemented as self-
timed circuitry; however such implementation has been left to further development of
the design beyond the level achieved in this project.
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The above discussed functional blocks required to perform to communicate and process
data as well as control signals through the system have been described in the System

Diagram shown as figure 5.1.
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.3 Layout Rules for H-GaAs il Design

esign rules, or Layout rules, can be considered as a prescription for the preparation of the
hotomasks that are to be used in the fabrication of integrated circuits. The rule set
provides the necessary link between the circuit designer and process engineer during the
rﬁanufacturing phase of an IC. The main objective associated with the design rules is to
btain the circuit with optimum yield in as small a geometry as possibie without
compromising reliability of the circuit. The design rules for H-GaAs Il described here were
dopted from Eshraghian (19293).

sually, the layout rules represent the best possible compromise between yield and
erformance. In fact, the more conservative the rules are, the more likely it is that the circuit
will function, However, the more aggressive the rules are, the greater the probability of
mprovements in circuit performance. Such an improvement may be at the expense of yield.
Design rules specify to the designer certain geometric constraints on the layout artwork so
E-that the pattems on the processed wafer will preserve the topology and geometry of the
_design. What is significant is that layout rules do not represent some hard boundary
between correct and incorrect fabrication, but a tolerance that ensures very high pfobability

- of correct fabrication and subsequent operation.

;'- Circuit designers usually want tighter, smaller layouts for improved performance and
__fdecreased area. On the other hand, the process engineer calls for rules that resuit in a
- controllable and reproducible process. One imporiant factor associated with design rules is .

- the achievable definition of the process line equipment.

Over the years several approaches have been used to describe the design ruies. Two
major approaches are
* | amba-based rules.

s Micron-based rules,

The lambda-based rules used earlier in the text were made popular by Mead and Conway
(1980). These rules are based on a single parameter, lambda, which characterises the

linear features as well as resolution of the complete wafer implementation process.

In contrast, micron based rules provide specification the minimum separation between

various layout materials in physical dimensions. Degradation in circuit performance can
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make the lambda based design approach unsuitable for GaAs process. However, it makes

the layout much simpler to implement and compatible for other technologies as well.

Table 5.1 shows the minimum spacing required between various layers in the layout.

Layer Rule Feature Dimension
(lambda)

Active (Diffusion) |A1 minimum width 5
AZ minimum spacing 5
A3 minimum to n+ 5
A4 minimum E-MESFET width 5

Depletion implant|B1 minimum D-MESFET gate|2

in+ overlap
B2 minimum width 7
B3 minimum spacing 5

B4 Minimum spacing to E-MESFET (2

Ohmic contact C1 minimum ohmic contact width |5
C2 minimum ohmic-metal spacing |5
C3 minimum cut overlap 2

C4 minimum ohmic contact size 5x5

Gate metal D1 minimum gate-metal gate|2
extension

D2 minimum gate-metal length
D3 minimum gate-metal width
D4 minimum cut overlap

D5 minimum gate-metal spacing

[ B L T A N T R 4 ]

D8 minimum spacing {o ohmic
contact

Table 5.1. Lambda Based layout rules for GaAs. Adopted from
Eshraghian (1993}
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fLayer Rule Feature Dimension
(lambda)
Contact E1 minimum cut size 4x4 i
E2 minimum cut spacing 4
E3 minimum spacing to via 4
Metal 1 (Diffusion} [F1 minimum width 4
F2 minimum spacing 5
F3 minimum cut overlap 2
F4 minimum via 1 overlap 2
Via 1 G1 minimum via size 5x5
(52 minimum via spacing 5
Metal 2 H1 minimum width 5
H2 minimum spacing 5
H3 minimum overlap of via 1 2

Table 5.2. Lambda Based layout rules for GaAs. Continued from
previous page. Adopted from Eshraghian (1993).

5.3.1 Width and Spacing Rules

Although diffusion, metal 1, and metal 2 can cross each other without interaction, in some

processes metal 1 is not pemmitted to cross diffusion.

The width and separation rules given in the table are dependent upon the width of the
photoresist. We need to ensure that regions of two unrelated implants do not interact. The
separation between implant is determined from

o  Width of the depiletion region; and

»  Width of the photoresist.

Crossing of metal 2 over channel areas of MESFET should be avoided.
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6.3.2 Transistor Rules

There are two types of implants used to form the two different MESFETs. A transistor is

depletion type if it is inside the n* yellow region, otherwise it is enhancement mode.

[t is essential for gate-metal (red) to completely cross the implant (green) region, otherwise
the transistor that has been created will be shorted by a n” path between source and drain.
To ensure this condition is satisfied, 2A of gate metal extension is necessary. This is termed

the ‘Schottky gate extension’,

Orentation is an important consideration during layout. All MESFETSs need to be positioned
horizontally owing to the anisotropic nature of GaAs, which influences the threshold voltage
of the device brought about as a result of variation in both concentration density and

channel thickness.

Some processes require isolation between devices to reduce their interaction. This is
achieved through lattice damage. The mask is derived from the ‘logical’ operation of the

active layer masks.

5.3.3 Contact Cut and Via Rules

Generally the size of a cut is established from the knowledge of the minimum dimensions
necessary {o give an acceptable resistance. The ohmic contact has a current capability in
the range of 0.5-1.0 mA/pm long. The rules that one may follow are

« Minimum dimensions of chmic cut for source/drain are S5 x 5.

* Minimum dimensions of a cut are 42 x 4X.

» \Via dimension is 5A x 5A.

¢ Metal 1 overlap of via is 2A.

» Metal 2 overlar of via is 21

5.4 Basic Gates in HGaAs Il

In this section, the two basic gates that can be implemented in GaAs are described. The
Modified Ring Notation was described in section 2.3. The NOR gate and the Inverter shown
here are implemented in DCFL family using MRN. The Pull Up/Pull Down ratio of 10:1, as
derived for the DCFL family, can be observed here.
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The layout above shows that the PUPD ratio has been changed (from the normal DCFL
value) for two of the transistors, The reason for this is that the sizing must be chosen
appropriately so that the inputs reach the Nor Gate 3 at the same time. In the initial state
when the request signal is ‘1’ both gates will have an output ‘0", which is the reset mode.
When the request signal goes to 0', and the Enable signal is “1’, since output of the gate 1
is initially ‘0", gate 2 will output a ‘1’ upon receiving two ‘0’ inputs. Now if the input received
by gate 1 from gate 5is ‘1’ then its output will remain '0’ and so the output at gate 1
wouldn't change. However, if the input received by gate 1 from 5 is ‘0, then the output from
gate 1 will go to ON, thus taking the output frcm 2 to OFF. If gate 1 {akes more time to
evaluate its output than gate 2, and if the output of gate 1 is '1' (after initially being in OFF
state), then at the output of 2 there would be a ‘glitch’ simulating an “1' condition, before the
retuming to the correct output '0". This in tum would mean that the gate 3 would receive a
glitch of '1" before receiving the correct output of ‘0’. Note that eventually when the correct
signal is received, this gate will stili remain at ‘0, as OUT signal will tumn to “1". But in that
case the Complete signal would have been set to ‘0’, before the evaluation is finished. This
is not as required by the circuit. Even though we can argue that the output of complete gate
would eventually go fo other parts of the circuit, such as Muller C cells, which would
infroduce enough delay anyway, this is not according to the principle of operation of the

self-timed systems. Qur approach ensures design of robust systems.

Thus a stronger pull down is required in gate 2, while stronger pull up is required in gate 1.
According to suggestion from Stephan (sizing used in his designs), the PU/PD ratio of
(1/2:411) and (1/3:6/1) for the gates 1 and 2 respectively was adopted. Note that this is a
departure from the normal DCFL WIL ratio of 10:1

HSpice Simulation:

The HSpice simulation for the LCFL Basic celi has been shown on the next page.

Graph 1 of the simulation shows the Request signal which pulses from logic ‘1" to logic 0’
for a peried of 1ns including rising and falling times.

The Complete signal is generated in the circuit about 0.2ns after the request. Thus the
computation time is 0.2ns.

Input and Enable are both in [ogic ‘1’ state.
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In graph 2, the Out and Out’ signals are shown. As seen Out, follows the value of Input
when request is low (evaluation phase). The QOut’ signai is shown to spike. This spike has

been smoothened out due to the modified PU/PD ratio, as discussed earlier.
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HSpice Simulation

The HSpice simulation for the Muller C cell has been shown on the next page.

» Graph 1 shows both the inputs. As seen, there are three different conditions with both
inputs “1°, both inputs ‘0’ and one-high-one-low condition.

+ The QOutput switches to "1" when both inputs are '1’, switches to ‘0' when both inputs are
‘0, and remains unchanged when only when of them is in state “1". This is as expected.

e The delay in the circuit is 0.25ns.

» Prior to simulation, an inverter was attached to the Ouiput to simulate load conditions.
Similary two inverters each were also added to the inputs to 'smoothen’ them, making
them more realistic. This has been implemented in all the HSpice simulations for
various circuits.
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5.7 Handshake Block 1

The handshake block is another important building block for self-timed designs. For our
design, it has been utilised in the implementation of the bubble-shift register. Thus, we need

to implement and test this cell before implementing a register cell.

Behaviour

The behaviour of the circuit can thus be described by the following truth table.

Enable n+1 Enablen |Complete n+1 Request n

0 0 0 Same as Previous

JEEE WL NP U U o T ot B e

[ S o TN o I N §
0D 2 O a2 O -

QO O O - O O O

Table 5.4. Behaviour of the Handshake Block 1

Design

Figure 5.7 shows the electrical layout for the Handshake cell.

+ When Enable n or Complete n+1 signals are in ‘logic 1’ state, the request n signals goes
low. However, when Enable n+1 signal is on and other signals are logic ‘0", the latch
input conducts fo ground and the Request n signal goes to logic “1°.

+ This functionality of the handshake block is applicabie in manipulating the request and
complete signals between cells in the bubble register.
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Hspice Simulation

The Hspice Simulation for the Handshake block has been shown on the next page.

e The Complete n+1, Enable n and Enable n+1 signals are pulsed at different intervals.
« The output switches on and off as per the requirements shown in the behaviour table.

» Response time for the circuitis 0.2ns,
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5.8 The Register and Unit Register Cell

The design of a self-timed bubble-shift register is shown in figure 5.8. The Muller C cell;
Handshake Block and LCFL basic cell have been irhplemented in the previous sections. As
é’an be seen from the figure, it is a repetitive design, and each unit cell represents one bit
storage on the register. The figure shows how the register is divided into its component unit
cells. Thus, to implement this register, we need to design the unit register cell and replicate

it by abutting the required number of such cells together.

Done

Start

gure 5.8 Self-timed bubble shift register. Adopted from Lachowicz et al (IEEE Transaction [1])

Details of Data Transfer through the Register

| Initially, the Request n at the right most cell of the register is low.

After the start signal is received at Cell 3, this is processed through the Muller C
element and a request is generated for the LCFL cell, which transfers data from left to
right.

The complete signal from the LCFL cell then interacts with the handshake block of the
next cell on the left, thus eventually generating a request signal that cell.

In this manner, the request is transferred from right to left. Note that the direction of flow
of data is opposite to direction of flow of control.

There is always one ‘non-relevant’ cell in the register. This is called the bubble. Initially
‘the bubbie is at cell 3. As the request signals progress further, the bubble moves from

right to left and data moves from left to right. Hence the name bubble shift register.
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Design the of Unit Register Cell

All the component cells of the register cell — the Muller C, Handhake Block and a LCFL
'--s;torage cell — have been implemented. Thus to implement the register cell, it is required to
_:'onnect these in a correct manner. The figure 5.9 is a schematic representation of the

ayout, and shows the interconnections as they occur in the actual layout.

- OUT

—Enable n+1

Figure 5.9. Schematic MAGIC Layout for Register Cell
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Table 5.5. Logic States for different cells after shift operations

These results were reflected in the HSpice graphs.
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5.9 The 2 Input Multiplexer

‘The 2 Input Multiplexer is a relatively easy design. It is being used in our design to perform
the ‘Bypass’ function. it will also form a building block for the 4 input multiplexer, as we shall

see later.

Behaviour

The principle of operation of a 2 input multiplexer is very simple. It selects between two
32'inputs based on the value of another control input. The fruth table below shows this
;function.

INO IN Control  [Outout

U - EYEE = =)
SN o IR U o S O o B S |
_ - D =S A O C O

‘Table 5.6. Functicn of 2 2-Mux

In 0 Do )

ouT

In1 {>0

Control

Figure 5.10. E[ec_tricai Layout for 2 input Multiplexer
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Design

The design of the 2 input multiplexer, although intuitive, is made complex due to the fact
that GaAs designing allows us to use only nor gates and inverters, The electrical layout of
the muitiplexer is as shown in figure 5.11.

HSpice Outputs

HSpice simulation for the And cell is shown on the next page.

o The control is pulsed between ‘0’ and “1'.

+ The output follows one of the inputs 1 and 2, based on the control signal.

» Response time in the circuit is 2ns.
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'5.10 The 4 Input Multiplexer

The 4 Input Multiplexer is a very widely used design component. As shown earlier, our
- design required two 4 Input Multiplexers.

ehaviour
A 4 Input Multiplexer selects between 4 different inputs, based on the value of a 2 bit control
signal. The selected input then becomes the output. The truth table below shows the

_:";function of the Multiplexer.

o
o
Q

NG N -'INZ ,mé Output

N e Y = = Y - )

Shaded Area shows that Value is Inconsequential
Table 5.7. Truth Table for 4 Input Multiplexer.

Design

There were two different approaches taken in implementing the 4-Input Multiplexer. Figures
5.13 and 5.14 show the two different designs. The first design is easier to implement as it
utilises the previously designed 2 input multiplexer. However, the second design is faster

and more compact. The second design utilises 3-input and 4-input NOR gates.
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ING
2x1 Mux
IN1
2x1 Mux — OUT
N2
2x1 Mux
IN3
Co “
Figure 5.12. Design a 4-Mux using a 2-Mux
—>| —> —
P B
2x1MUX L 2 x1MUX 2 x1MUX
-
Inputs 1 & 2 Inputs 3 & 4 Controls
Figure: 5.14 Schematic MAGIC Layout for 4 x 1 Multiplexer: Design 1
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INO D“' \

IN1 I>° \

ouT

IN2 :>° \

IN3

Co Cq

Figure 5.13. Design of 4 Input Multiplexer using 3-Inp and 4-inp NOR Gates
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5.12 The XOR Cell

. An XOR gate is a very commonly used gate in logic designing. It can conventionally be
treated as a standard gate. However, using only nor ga{es and inverters, the circuit
becomes slightly more complex. The XOR cell used for the project was a simple
combinational implementation; a self-timed gate was not perceived as necessary.

' Behaviour

_The function of an XOR cell is very well known. It is shown by the truth table below.

Input1 |(Input2 |O/P
0 0 0
0 1 1
1 0 1
1 1 0

Table 5.8. An XOR Gate

Design
The electrical layout for an XOR cell is shown below. Note that the design consists of an
AND gate, which has been designed previously.

Input 1 - )

Input 2

ouT

>

\

And gate”

Figure 5.17. Electrical layout of an XOR gate.
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Hspice Simulation

HSpice simulation for the XOR cell is shown on the next page.

« The output switches between ‘1’ and ‘0’ as per the requirements set out in the behaviour
tabie.

e The response time for the circuit is 0.15ns.
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5.13 The Wait Cell

The wait cell {called Cell 1 in the complete system diagram), as the name suggests, waits
for two signal pulses to arrive, and then generates an output pulse. The input pulses arrive
at different times, and the cell is to generate an output puise only after the later pulse has
arrived.

Behaviour
The wait cell is to receive (wait for} two input pulses, and in tum output a short pulse when
the later of the pulse is received.

5.13.1A D Latch

To understand how the Wait celi performs the required function, it is necessary to
understand D-latches and their construction. A layout cell of @ D latch has not been
designed explicitly; it has been implemented as a part of the Wait cell.

Figure 5.19. Electrical Layout of a D Latch

The figure 5.20, shows the electrical fayout of a D-latch. It shows the 2 nor gates and the

set and reset signal. By definition, a D-latch outputs a sustained iogic "1’ signal when the

‘Set’ pulse is received. Similarly, it outputs a logic ‘0’ when a ‘Reset’ pulse is received. The

following steps describe how this is achieved,

¢ Assume that initially there is no input being received through the SET or RESET lines.
Now if oufput of nor gate A is a logic ‘1", then gate B receives logic “1' through input
ncde 2, and its output becomes ‘0'. This is turn means that a lagic ‘0’ is being input back
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to A through node 2. This makes both inputs at A '0’, thus maintaining its output at '1".
Thus the circuit is in a steady state, with the QUT signal being ‘0. Similarly if the output

at A were a logic ‘0", the circuit would be in a steady state with OUT signal being 1".

+ Now if a pulse of ‘1’ is received at gate A through the 'Set’ line, its output becomes ‘0.
Even after the pulse has passed, the circuit maintains a steady state with output from A
being ‘0", as seen before. Thus the QUT signal maintains a logic "1’ till further input is

received. Thus the latch has been sef.

¢ Similarly, if a pulse of ‘1" is received at the RESET line, the output of B would be ‘0, and

the OUT signal will maintain a logic ‘0’ ill further input. Thus the latch has been resef.

Design of the Wait Cell

Having understood the function of the D-latch, it is now appropriate to utilise them to

achieve the function of the Wait cell.

Anup Savia

Done1 SET System
D Reset
RESET
-OQUT
Done2 SET
D
RESET
Modified PU/PD Ratio
Figure 5.20. Electrical Layout of Wait Cell
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Figure §.21 above shows the electrical layout of the Wait cell. As seen, two D-latches and

an And gate are used in the design. The design and implementation of both these cells has

been discussed earlier. The operation of the cell has been described in the following cells.

¢ At start, assume that there is no signal at the Done1 and Done2. A ‘reset system’ pulse
of logic ‘1" is received at the nor gate, setting its output to logic ‘0. Thus the OUT signal
pulses from ‘1’ to ‘0". This pulse, however, is reversed again by the inverter, and both
the RESET lines on the two D-latches receive a pulse. This sets their output to ‘0. This
is thus the initial state of the circuit.

¢ In the initial state, both the inputs to the ‘And’ gate are fogic ‘0". Thus its output is ‘0" too.
This means both the inputs to the nor gate are logic ‘1', making its output ‘1". Thus, in
the initial state (after the reset pulse), the OUT signal is at constant "1’ level, and none
of the D-latches have been set.

¢+ When the first of the two input signal pulses (Donet and Done2) amives, it sets the
corresponding D-latch, One of the inputs to the And gate becomes ‘1'. However, since
an ‘And’ gate requires both its inputs to be logic “1’ to output a ‘1’, its output remains
urichanged.

¢ When the second input pulse arrives, both the D-latches are set, and both the inputs for
the And gate are in logic ‘1’ state. Thus, there is an output of ‘1’ from the And gate,
which in tum acts as input to the nor gate. The output of the nor gate becomes drops to
logic ‘0". Thus, after amival of both the input pulses, the QUT signal has changed from
logic 1’ to logic '0'.

¢ The logic ‘0" at QUT signal is again inverted to ‘1’ for the two Reset signals. Thus the D-
latches are 1eset again, and eventually the Output rises back to logic *1. Thus, the OUT
signal pulses to a ‘0’ state for a very short time, depending on the delay in the circuit. To
increase the duration of this QUT pulse, more delay should be introduced in the circuit.
Thus the PL/PD ratio of the inverter is modified to introduce more delay in the circuit.
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5.14 Data Buffer

The data buffer (called Cell3 in over system diagram) performs the function of holding one
bit of information. It is a self-timed cell, and passes the data along from input to output upon
receiving a ‘request’ signal. This cell is very similar to a unit cell in the bubble-shift register,
and thus is implemented by modifying the register unit cell.

Behaviour
As mentioned, the data cell is required to hold one bit of data and transfer it upon receiving
a request signal.

Design

The data huffer design is very similar to the unit register cell. It is implemented simply by
removing the handshake block (and its coresponding inputs and outputs) from the register
cell. The electrical layout is similar to the register cell. Cell layout is as shown below.

Layout 12: The Data Buffer

Since the behaviour of a Data cell is similar to the Register cell, HSpice analysis for the
Data cell is not shown.
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5.15 The Subtract Selector

The subtract selector (called Cell 2 in the overall system diagram) enables us to set the first
bit of each register value to ‘1", in the event of the operation being a subtraction. This is
required to obtain a 2's complement of any binary number, so that subtraction can be
performed in the adder block. The cell design was based on the basic LCFL cell structure.

Behaviour

The subtract selector should output a ‘1’ upon receiving either an input of logic '1" or
altematively if the subtract flag is set. Thus it should perform an ‘OR’ function. Since it is a
self-timed circuit, a request signal should be received at an appropriate time. For the first bit
of the addition/subtraction it should receive a request signal as soon as the system starts
operation. For the remaining bits, it should receive a request signal that coincides with the
‘done’ signal from the previous block, ie the Adder.

Design

Reguest (Sub)

Done from Addi SET

Done from Cell 2_ RESET

ol

Request (Sub) = ;|'{ | ~ Falling edge while Sub is *1'
: ——System Start

Sub=

Figure 5.21. Electrical Layout of the Subtract Selector Cell
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¢+ When the system is in its first cycle of operation, however, the celi does not receive any
‘Done’ signal from the adder. It should be able to generate an appropriate Ci, for the first
bit addition. For this purpose, the Request{sub) signal triggers the cell. The start of this
signal coincides with the system Start signal.

¢ The subtract flag should be programmed so that it switches to logic ‘1" during the first bit
of a new pixel value where a subtraction is required. This can be achieved using a Finite
State Machine (FSM}. This, however, is not encompassed in the scope of this project.

HSpice Simulation

The HSpice simulation for the Subtract Selector is shown on the next page.

« Graph 1 shows the Request (Sub) signal. It is pulsed from ‘0’ to “1’. The subtractor fiag
has been set meanwhite. Thus the output shifts from ‘0’ to ‘1’ around 1.5ns.

+ The Graph 2 shows the two Done signals from Adder and Data buffer. Initially, the Done
from data buffer is high to ensure that the circuit is reset. When a pulse of Done arrives
from the Adder, the request for the circuit goes to high. It remains high till the Done from
data buffer arrives. The Output switches off, as the subtractor flag and input are
switched off (graph 1).

¢ Response time for the circuitis 0.35ns
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5.16 The Sum Cell

The sum cell is a part of the Adder, and it provides a sum of the two input values and carry
input. it is designed based on the LCFL cell architecture,

Behaviour
The sum cell is required to output a sum of three binary numbers, two inputs from registers
and the carry from previous summation. The function is described by truth table below.

ﬂlnput 1 f{input2 [CamyIn [Sum Out
0 0 0
0 0 1 1
0 1 0 1
0 1 1 0
1 0 0 1
1 0 1 0]
1 1 0 0
1 1 1 1

Table 5.9. Truth Table for Sum Operation

LetInput 1= A, Input2 = B and Carnry in = C.

ThenSum=A'B'C + ABC' + ABC' + ABC

The Kamaugh map for the above boolean equation is shown below

EC\AB [o]®) 01 11 10
') 1 1
1 1 1

Table 5.10. Kamaugh map for Sum function

As seen from the Kamaugh map, there is no simplification possible for the logic equation
stated above. This must be implemented in our circuit.
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Selt-timed sum cell 1n GaAs LCFL
(no Ccarry reuse)

r----.‘ﬁﬂ-ﬂﬂ-------ﬂlﬂﬂwﬂﬂﬂ---“.ﬂ“-ﬂ-

=)

— SUM g

. £
g
: -y |
' ' -1 I

Request Complete

Figure 5.22: Electrical Layout of LCFL Sum Cell.

Design

Figure 5.22 above shows the electrical layout of the Sum cell. As seen it is based on the
LCFL cell architecture. The logic is implemented by paralie! branches of pass transistors
conducting to ground. These transistors are then controlled by appropriate inputs to
implement the function above The figure shows that there are upto 4 pass transistors in
series in each of the branches conducting to ground. For the logic function to be
implemented comrectly, the latch should be grounded to fogic ‘0’ through the conducting
branches, if any. This is not possible using a normal PU/PD ratic as pull-down is not strong
enough to remain lower than threshold voltage through 4 transistors. Thus, the pull-down
has to be made stronger. So the ratio for pull-down transistors has been changed to 10:1 as
seen in the layout below. This makes the circuit ‘area-expensive’.
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5.17 The Carry Cell

The carry cell is required to compute the carry generated in the Adder through its operation.
It receives two input values and carry from previous operation, and computes the carry
accordingly. This cell is also designed along the lines of LCFL architecture,

Behaviour

The carmry cell should take in three inputs, two from the registers and the carry generated in
previous operation. It should then be able to output the appropriate carry out signal. The
function can be described by the truth table below.

Input 1 input2  [Camyin |Camy Qut
0 0 0 0
0 1 0
0 1 0 0
0 1 1 1
1 0 0 0
1 0 1 1
1 1 0 1
1 1 1 1

Table 5.11. Truth Table for Carry Operation

Let lnput 1=A, inputB, Carylin=C
Then the logic equation for Carry becomes

Camry OQut= A'BC + AB'C + ABC' + ABC

Th2 karmmaugh map for the above logic equation is shown below.

"C\AB 00 01 11 10
@ @ 1
1 1 1 1

Table 5.12. Kamaugh map for Carry function

The function thus simplifies to
Camry Qut= AB+ BC + AC
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Design
The figure 5.23 above shows the electrical layout of the carmry cell, It is derived from the
logic equation for the function. The cell layout is shown below

Self-timed carry cell in GaAs LCFL

S
R

W W a Ak e M R R R W P N N N

Request Compleic
Figure 5.23: Eleclrical [.ayout of LCFL Carmry Cell
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5.18 Complete Filter Celi Implementation

The logical architecture of the overall filter cell has been shown earier. Based on this
architecture, various cells were designed and implemented. Thus, to construct the filter cell,
it was necessary to provide intercornections between varous blocks designed.

Note that all the different cells implemented were laid out so that their height was equal to
one of the two standard heights used in the system. This allows us to abutt the cells
together, sharing the power, ground and reset rails. As shown in the figure, the register
cells, 4x1 multiplexer and data buffer were all designed be of the same height. Similarly, the
adder, carry, exclusive or, subtract selector and wait cell were designed to be of the same
height. Thus it was possible to abutt them side-by-side in the final layout.

The schematic layout shows the approximate sizes and interconnections for various blocks
in the system. These sizes are to scaie and thus the schematic can be translated directly to
actual arangement of cells in the filter cell. These blocks were interconnected together in
MAGIC layout as per the schematic. However, fiom the point of view of analysis, HSpice
simulation could not be performed. This is because the convergence equations for the
HSpice simulation engine were too long, and the simulation time for each new test was
prohibitively large (a few hours for each run). Thus only 3 or 4 of such blocks were
connected at a time and tested.

From the schematic it is observed that the approximate dimensions of the filter cell would
be under 8004 x 1000A. Since A for H-GaAs lil technology is 0.4 microns, this would make
the filter cell dimensions 0.32mm x 0.4mm, or 0.13 mm®. Besides the filter cell, other
circuitry needed in an Intelligent Pixel (eg the A/D Convertor) shall alsg occupy space. Thus
the cell area of 0.13mm? would impose a limit on the minimum size of the pixel. Using
technologies like H-GaAs IV and sub-micron CMOS can improve this area and enable us to
implement the filter cell more efficiently. The power dissipation through the system is
expected to be about 20mW.

As seen, the control circuitry for a cell becomes increasingly complex as the functionality
and size increases. Further additions to this cell would be integration of finite state
machines to calculate appropriate system starts, bypass circuitry and other interconnection

details between two pixels. This would also require a considerable amount of controf
signals.

Anup Savia Engineering Project Report




GaAs FIR Filter for Wavelet Transforms 149

Note that apart from the cells designed for the system, there would be an inverter required
at the butput of the Wait cell. This is because the output pulse of the Wait cell is of opposite
logic level as the required input pulse for the next cell. Besides, inverters shall also be
required before sum celis performs its function. This is because the sum cell also requires

complement of inputs for its function.

1
: I
X |
; L 4x1 RO R1 R2 !
| . B [
A/D Conv. mux :
. —}’ :
' t
' f
ol f
' 3
' R3 R4 R5 R& |
T Bk
' ]
I
: E Data Buffer
: I
1 X
3- R7 R8 ! R L 4x1 1 !
- ST !
i ‘ 9 mux {1 L]
1
| —| ! Output to Cell
i I T e T '
Lo o S
Adder { = { i L Wait
Sum to — i Carrvjr fi 1 ﬂ;] :
H
N E—— — . e
Adder done, Subtract Selector
also triggers Req Subtract
;Efm for next (Sub)
Done from Register below
Subtract
Output from

below register

Figure 5.24: Schematic Layout of the Filter Cell. Power, Ground and Reset not shown.
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5.19 Evaluation of Simulations

The HSpice simulations were shown after the design description of each cell. All the cells
have performed as expected. The design and testing, however, wasn't a straightforward
process in all the cases. Some cells required several design corrections. The most notable
was the Register cell. Initially, attempts were made to test it individually as a single cell. But
later, it was seen that a register cell can be tested better as a part of the whole register.

Circuits like Muller C, Handshake block etc were initially designed without a Reset signal.
However, these were later modified to include the reset signal.

The power dissipation was calculated for all the circuits, and has been shown in table 5.13.
Power dissipation is calculated by finding the mean current drawn from the Vdd rail during
circuit operation and multiplying it by the Vdd voltage, which was 2 V in our case. In
MESFET circuits, the current drawn in the circuits is normally quit constant, making it easier
to find the mean current. The graphs showing current through Vdd for various circuits are
shown at the end of this section.

Cell Mean Current . |Power
Through Vdd (mA)  [Dissipation (mW)

Carry Cell 0.38 0.76
- {Subtract Selector 0.86 1.72
|Data Buffer 0.71 1.42
4 Input Mux-1 - 3.45 6.9
4 [nput Mux-1| 1.95 3.8
Register 9.35 18.7
Sum Cell 0.37 0.74
Wait Celi 1.46 2.92
And Cell 0.58 1.16
2-Input Mux 1.15 2.3
Exclusive OR 0.85 1.7
Handshake Block 0.25 0.5
LCFt Basic Cell 0.39 0.78

Table 5.13. Power Dissipation for cells implementad
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As seen from the table, even simple combinational circuits in MESFET GaAs consume

considerably more power than more complex PDLL based self-timed circuits.

Table 5.14 shows the dimensions of various cells implemented. The number of transistors

used in design is also shown, thus deriving the layout density. All these figures are
integrated together to find the parameters for the final fitter cell.

KCell Height j Widthj [Area Transistors [Transistors
(micron?) Per mm2 (1000's)

Register Cell 227 189 6864 19 3.96
Register 227 1100 39952 190 6.77
Muller C 84 70 941 8 10.99
AND 109 54 942 4 5.54
XOR 136 80 1958 8 4.95
LCFL Basic 92 96 1413 6 6.35
Handshake 161 151 3890 20 5.83
2x1 Mux 137 107 2345 10 5.35
4 x 1 Mux 152 349 8488 30 4.74
4x1 Mux 2 202 191 6173 22 4.43
WAIT 126 105 2117 4.65
Subtract Selector 124 100 1984 3.97
SUM 137 191 4187 18 5.29
Canry 139 143 3180 12 4.97
Filter Cell 1000 800 128000 328 3.73

Table 5.14 Cells and Layout Dimensions
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6 Conclusion

As stated in the project definition, the aim of this project was to design a triangular (three

tap) FIR filter capable of performing a discrete wavelet transform. This DWT algorithm was

required to be implemented in an Intelligent Pixel (IP). The main objectives relating to this

aim were:

+ Investigation of properties of Gallium Arsenide, and a study of various transistor
devices possible.

+ Understanding the architectural requirements for an FIR filter cell to be able to
perform a discrete wavelet transform within the Intelligent Pixel.

¢ The implementation of an FIR fiiter cell in Gallium Arsenide.

¢ Comparison of hardware and software simulations.

6.1 Project Achievements and Contributions

The original contributions of this project are as follows.

&

A study of GaAs and its logic families, design styles and performance characteristics
was done. Data and information from various sources relating to self-timed systems, the
MRN and various logic families was presented in a cohesive form.

A theoretical coverage of wavelets and wavelet transforms and their applications to
image compression was provided. This material was adopted from various sources and
provides a lucid explanation of concepts of this conceptually difficult mathematical
subject. The process of wavelet transformation and its merits were discussed and
finally, the triangular wavelet transform was analysed.

The triangular wavelet transform algorithm was evolved and the filter architecture was
evolved based on the specification of the transform. This demonstrated the constitution
of a circuit design from given specification.

The filter design was implemented in H-GaAs Il technology. Various issues of self-
timing and design style were discussed and incorporated into the project.

The implementation of filter design provides not only a functional layout, but also gives
background information of the various issues to be considered for future projects in this
area. The results obtained can be used as a benchmark to evaluate cther current and
future projects related to the field.
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6.2 Comments and Recommendations for Future Research

The project scope can be extended by performing a VHDL analysis on the filter
architecture. The VHDL option for testing and simulation of the system was forsaken
because of unavailability of software licence and time constraints during the course of the
project.

During the implementation of filter, there were a lot of design changes and re-design efforts
made on the circuit level. These changes also translated onto the layout implementation,
leading to quick-fix adaptations at a later stage. Development of a well-defined electrical
layout for the filter cell, along with a review of the design style, floor ptan and such other
issues would result in more sophisticated, compact and optimised designs.

Wavelets and related theory are mathematically intensive concepts, requirnng extensive
reading of texts and related papers. Emphasis should be laid on establishing a strong
background on wavelet transforms before commencing the initiai design for related circuit
systems. As a part of further research, an analysis of various wavelet transforms and
comparison of their performance with the triangular wavelet transform using software-based
simulation should be undertaken. This would provide a better perception of the overall
scheme of things and be an interesting primer for future projects in this area.

On the whole, the project contributed sucessfully to the research activites at the Centre for
Very High Speed Microelectronics, Edith Cowan University. Not only did it provide a
working model for various components of the FIR filter system, it will also act as a case-
study for future design efforts in this area.
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Appendices

Appendix A: Algorithm for MATLAB Analysis of Triangular
Wavelet Transform.

Beginning with a one-dimensional row of data. We obtain the coefficients for high and low
pass on the row.

The values of the coefficients L and H of the first step are;

Li1 = Xy, Heg = -(Xq9/2) + Xoz = (X14f2), L1z = Xos
Lot = Xo1, Har = ~(X24/2) + Xao — (X24/2), L2z = Xo3

The inverse transform function can be calculated adding the next values
Xi1 = Lat, Xz = (Lanf2) + Hyg + (Laf2), Xia = Xp2
The general equation for obtaining the high pass and low pass after the first pass filtering.

Low Pass Lg = Xoes
High Pass H = -%({Hze1) + Hox — Ya(Hape1)

And for inverse transform

Xk = Lgenyz , for K = odd values
Xe= V2 Loy Himy + %2 Ly + 1

These general equations can be applied to matrix operations as shown in the following
algorithm for MATLAB based wavelet transform.

Start

1. Read target image into n x n matrix.

2. Pad ‘0's to the column and row beginning and end.
Obtain 2 Matrices: Lk = Xy.q and
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= Ya(Ha1) + Hox — Ya(Hae1). Decimate altemate values of H and L (Remove Os)

3. Form a new matrix with interleaved H and L coefficients.
4. To perform a columnar transformation, transpose the new obtained matrix and pass it
through step 2 and 3.

And for Inverse Transform

1. Form two matrices, Odd and Even

2. Read contents of L into Odd. Interleave Odd with altemate ‘0's, starting position 2. Call
the new Matrix Y.

3. Interleave H with ‘0's, starting position 1. Perform Z = %Y, + H + %Y.

4. To obtian columnar inverse transform, transpose Z and perform steps 1 through 3
again.

The final matrix Z should represent reconstructed image. Compression can be achieved by
discarded the low coefficients after a transform.

The signal to noise ratio on such a transform and compression is calculated as
Criginal = Signal
Reconstructed = Signal + Noise

~. SNR = Signal/Noise
= Original/(Reconstructed — Original)

The values for original and reconstructed image are the RMS (root mean square) value of
all the pixels in the image. Such algorithm was applied to the image “Lena” using MATLAB
software in the VLS| research laboratory. The results of compression on the image shall be
demonstrated visually during the seminar presentation for the project.
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