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Abstract
In this thesis, we present a new simple and efficient VLSI architecture (DWT-SA) for
computing the Discrete Wavelet Transform. The proposed architecture is systolic in nature,
modular znd extendible to 1-D or 2-D DWT transform of any size. The DWT-SA has been

designed, simulated and implemented in silicon.

The following are the features of the DWT-SA architecture:

. It has an efficient (close to 100%) hardware utilization.

. It works with data streams of arbitrary size.

. The design is cascadable, for computatien of one, two or three
dimensional DWT.

. It requires a minimum interface circuitry on the chip for purposes of

interconnecting to a standard communication bus.

The DWT-SA design has been implemented using CMOS 1.2 um technology.
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Chapter 1
Introduction

In recent years, there has been an increasingly important requirement to address the
bandwidth limitations over communication networks. The advent of broadband networks
(ISDN, ATM, etc.) [1,2] as well as compression standards such as JPEG, MPEG, H.261,
etc. is an attempt to overcome that limitation. Typical applications for compression,
include high definition television, video conferencing, multimedia communications, etc.
[3,4]. There are two kinds of redundancies in a video sequence, namely: spatial and
temporal, The spatial correlations are usually removed using intra-frame techniques such
as discrete cosine transform [5], vector quantization [6], discrete wavelet transform, cte.
whereas the temporal redundancies are removed by using inter-frame techniques such as
motion estimation/compensation [7,8].

The desirable characteristics for an image or video compression system arc as

follows:

. High performance image/video compression algorithms where there is a



graceful degradation in the quality with increasing compression.
. Low computational complexity algorithms with efficient parallel hardware

(VLSI) implementations for real-time applications.

In JPEG and MPEG standards, Discrete Cosine Transform (DCT) is used for
intra-frame compression. However, DCT suffers from the negative effects of blockiness
and mosquito noise [5] resulting in poor subjective quality of reconstructed images at high
compression (low transmission bit rates). Recently wavelet transform has emerged as a
powerful technique for achieving compression. Wavelet based techniques possess the

following features:

. Basis functions match the human visual profiles resulting in high
quality of reconstructed images.

. Flexibility in representing non-stationary image signals.

. Multiresolution representation which allows direct scalable access to

the data or any sub-set of the data,

. Low computational complexity, O(n).
. Superior objective and subjective performance[9,10,11].
. Efficient parallel VLSI implementation.

1.1 Thesis Motivation

The main reason for the interest in efficient VLSI architectures for DWT is the
intensive computational requirements for its calculation. The designs proposed in
literature range {rom very basic, almost abstract architectures that do not go past the
"black box" level, to those that are detailed and posses a lot of merit. None of them have

ever been implemented in silicon.



There is only one chipset, designed by Aware Inc. for implementing DWT.
However, this is a complex design requiring extensive user control. Programming such a
device is therefore tedious, difficult, time consuming and could be difficult to troubleshot.
There is a clear need for designing and implementing a DWT chipset that explores the
potential of DWT particularly in the area of decomposition algorithm and hardware
implementation and that operates in a turnkey fashion. Here, the user is required to input

only the data stream and the high-pass and low-pass filter coefficients.

1.2 Thesis Objective

The objective of this thesis is to design and implement in silicon an efficient

architecture for computing DWT. The following are the features of the proposed design:

. It has an efficient (close to 100%) hardware utilization.

. It works with data streams of arbitrary size.

. The design is cascadable, for computation of one, two or three
dimensional DWT.

. It requires a minimum interface circuitry on the chip for purposes of

interconnecting to a standard communication bus.

1.3 Thesis Organization

The thesis is organized as follows: A brief literature review of Discrete Wavelet
Transform and architectures for its computation are presented in Chapter 2. The
proposed architecture for computing Discrete Wavelet Transform (DWT) in real-time is
detailed in Chapter 3. The architecture is systolic in nature and performs all coefficient
calculations with only one set of multipliers. In addition, the architecture is simple,

modular, and easily extendible to transforms of any block size.



Chapter 4 presents circuit level design of basic DWT-SA cells, and the analog and
digital simulation results. A number of audio and video applications in which the
proposed chipset can be employed are detailed in Chapter 5. Appendix-A contains a

complete set of gate level schematics of the DWT-SA architecture.

1.4 Main Contributions

The main contributions of this thesis are:
. Design of a simple, modular and cascadable architecture for real-time
implementation of DWT.
. Implementation of the architecture as a DWT chipset using Cadence

software.



Chapter 2

Background and Literature Review

This chapter presents a brief intraduction to Discrete Wavelet Transform (DWT)
and a review of existing architectures for DWT. Recently, several VLSI architectures for
computing DWT have been proposed in literature. The proposed architectures vary from
simple and abstract implementations of DWT to complex architectures whose potential for
real-time implementation has been demonstrated by system level simulations. In addition,
the only commercially available VLSI chipset: the WTP processor by AWARE Inc. is
introduced. The results of cross-comparison between the proposed architectures are also

presented.

2.1 Description of the DWT
DWT decomposes a signal x(n) intoc a weighted sum of smajl "wave-like" basis
functions, called wavelets. The basis functions can be generated by dilating and translating

the "mother" wavelet. DWT extracts information from the signal at different scales. The



first level of wavelet decomposition extracts the details of the signal (high frequency
components) while the second and all subsequent wavelet decompositions extract
progressively coarser information (low frequency components). In practice, this
decomposition is performed only for a certain number of stages. To illustrate the
operation, consider an image (two dimensional input data). The 2-D DWT decomposes
the image recursively into a "low-pass" subimage and three "high-pass" subimages. The
low-pass subimage which retains spatial information looks like a sub-sampled version of
the original image. The high-pass sub-images contain only edges and fine texture

information. This process is shown in Figure 2.1.

/8= b X/8 xf2 -
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(a)

)

Figure 2.1. (a) Wavelet transform decomposition of an image into 4 sub-images.
(b) A three level image decomposition.

Generally in image processing, compactly supported wavelets are used. The
coefficients are calculated from a few neighboring pixels and thus the corresponding "high"
or "low" pass coefficients preserve all spatial information of the original image. This
feature of DWT makes it suitable for use with advanced image processing techniques.

2-D DWT transform is an extension of the 1-D transform and hence can be easily



obtained from the 1-D transform computation. From now on, we only concern ourselves

with the 1-D DWT computation which is illustrated by the following equations:

W, (nj)= i W(m,j—1h(2n—m) (2.1a)
m=0
n
Wy(nj)="> W(m,j-1g2n—m) (2.1b)
m=0

where W(n,0)=x(n), h{n) and g(n) are Quadrature Mirror Filters derived from the wavelet.
In other words, it is a multiresolution decomposition of a sequence of length N, which
generates two output sequences: the "low pass” and the "high pass” series of total length
N.

DWT can be viewed as a special case of sub-band coding [12}, where the DWT
operation, is executed by two filters derived from the wavelet, namely a high-pass filter H,
and the corresponding low-pass filter L. This algorithm, universally known as the

Pyramid Algorithm, is illustrated in Figure 2.2.

N/2 b samples
H 1 P 72 -
N/4 4 samples
sample N/8 &
L 1 f——> 72 N/2 ¢ samples »{H 3 ‘2 samples
L 2 - 42 N/4 £ pamples
N/8 g
-1 L 3 " vz samples

Figure 2.2. Sub-based coding filter bank (Pyramid Algorithm).



2.2 Computational Complexity of the DWT

The Pyramid Algorithm performs the following computations on the incoming
stream of data: The data is passed through the high-pass (H1) and low-pass (L1} filters,
followed by subsampling by a factor of two. The HI filter calculates the DWT output
values for the first octave. The L1 filter outputs are fed back into the filter bank in order to
generate the next octave output values. This process is continued recursively. As shown
in equation 2.2, the frequency of computed samples decreases exponentially. N/2 samples
are generated at the highest resolution, N/4 samples at the next highest resolution and so on
until two samples remain at the lowest resolution level: one low-pass and one high-pass.

Including intermediate samples, a total of:

N N
N+?+Za,uu=%N4) (2.2)

filtering operations or convolutions are executed.

2.3 Data Dependencies within DWT

DWT computation is complex because of the data dependencies at different octaves.

The set of equations 2.4a to 2.4n, for which variables a, b, ¢, d, ¢, f; g have been defined

in Figure 2.2, represent a complete calculation of a three octave DWT transform. Data

dependencies at various octaves are represented by identical symbols used in more than one

octave equation. The transfer functions for a sixth order, non recursive FIR digital filter is

given by the following cquation, where the low-pass and high-pass components are as
follows:

High(2) =g, + 827 + 8,27 + 852" + 8,27 + 82" (2.32)

Low(z) = hy + bz + hz 2 + hz™ + bz + b2 (2.3b)



1st octave: &(0)=gqa(0)+ga(-D+gya(-2)+gqa(-3)+ga(—4)+g5a(=5)  (2.4a)

b(2) = gpa(2)+g1a() +g,a(0) +gza(=1)+ g 4a(=2) + g ga(-3) (2.4b)
b(4) = gya(4) + gya(3) + g5 a(2) + gqa(l} + g 4a(0) + gza(-1) (2.4¢)
b(6) = ga(6) + 81a(5)+ gy a(4) +g4a(3) + g 4a(2) + gga(l) (2.4d)
c(0) = hya(0) + ha(=1)+hya(=2)+ hya(=3) + hya(—4) + hsa(-5)  (2.4e)
e(2) = hya(2) + hja(1) + by a(0) + hya(=1)+ hya(=2) + hsa(=3) (2.4)
c(4) = hga(4)+ha(3)+hya(2)+hza(1) +h4a(0) + hga(-1) (2.4g)
c(6) = hya(6)+hya(5) + hya(4) +h3a(3) +h,a(2) +hga(l) (2.4h)

2nd octave: d(0)=gnc(0)+g;c(~2)+g,c(—4)+g5c(=6)+g, c(-8)+g5c(=10)  (2.4i)
d(4) = goc(4) + g £(2)+ g5 c(0) + g30(-2) + g 4c(—4) + g5¢(~6) 2.4))
e(0) = hyc(0)+ Iye(—2) + hyc(—4) + i3c(=6) + hgc(-8) + hse(=10)  (2.4K)
e(4) = hge(4)+ hye(2) + by c(0) + hae(=2) + hyc(~4) + hsc(—6) (2.41)

3rd octave: f(0) = goe(0)+ g e(—4)+ gye(~8)+ ge(~12) + g4(~16)+ g5e(~20) (2.4m)

g(0)= hoe(O) + hle(—4) + hze(-—S) + hse(-IZ) + h4e(—16) + hse(-—ZO) (2.4n)

As shown in Figure 2.2 and Equations 2.4, several intermediate results (¢, f) are
first computed, and then used to calculate multiple output samples. We note that the

intermediate results must be stored and made available for further processing at specific

time instants.

The rest of this chapter is organized as follows; We first, present a detailed
overview of the DWT architectures available in the literature. Section 2.4 presents the basic
Parallel Filter architecture (PF), which is a high level, abstract implementation of the

Pyramid Algorithm. It also summarizes two other DWT architectures similar to the PF



architecture namely: the SIMD Linear Array architecture (LA) and the SIMD Multigrid
Architecture (MA). Section 2.5 describes in detail two, complex approaches for VLSI
implementation of DWT. In Section 2.6, we present the block based architecture for
computation of 2-D DWT. The details of the only commercially available DWT chipset: the
WTP processor from AWARE Inc. are outlined in Section 2.7. A comparison of the DWT

architectures is shown in Section 2.3.

2.4 General DWT Architectures

2.4.1 Parallel Filter Architecture

The parallel filter architecture for 1-D DWT as presented in [13,14], is a very
general, high level, abstract implementation of the Pyramid Algorithm. This architecture
calculates the outputs of the first octave every second sample period, and computes alt
higher octave outputs between the first octave output calculations. The main component of
this architecture (as in most other architectures) consists of two filter banks dedicated for
computing the high-pass and the low-pass DWT outputs, respectively. The computation of
J octave outputs is performed using a storage unit of size L*J, where L is the size of the
support of the basic wavelet &, The block diagram of this architecture for computing J
octaves of coefficients is presented in Figure 2.3. The parallel filters consist of L fixed
point multipliers and L-7 adders. The storage unit, is a bank of J shift registers, each of
length L, where the ith shift register (1 i <J) holds the required inputs for the ith octave
calculation. The outputs are written into the ith shift register every 2/- clock cycles and the
L elements of the ith shift register are fed into the parallel filters every 2f clock cycles. The
control signals {c;} and {a;}which are generated at specific time instants, put the inputs in
or out of the shift registers. The execution time for the architecture is of order O(N), and

the pipeline delay is also of order O(N).
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Figure 2.3. Parallel filter architecture for 1-D DWT.

2.4.2 SIMD Linear Array Architecture

The SIMD architecture [13,14] is a combination of N processors arranged in a
linear array fashion with re-configurable interconnections where each processor is capable
of passing data without delay. The architecture can be reconfigured, depending on which
octave coefficients are being computed. The reconfigurable switches organize the N
processors as an array of size N/2"1 for computation of the mta octave coefficients where
1 € m < J. The interconnection scheme for the computation of 3 octaves on a 8 processor
array is presented in Figure 2.4,

In this architecture, computation of all the outputs of any particular octave is
executed at the same time. The computation consists of multiplying the incoming data
values with the filter coefficients. Partial results are subsequently updated and the input

data is passed to the active right neighbor. In order to compute J octaves using this
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architecture, the lime required is L*J time units and the pipeline delay is also L*J time

units. The overall complexity of this architecture is of order O(Nk) where 0k <J-1.

1st octave computation

2nd octave computation

@- 20,

3rd octave computation
-1— Frocessor

Figure 2.4. Interconnection among processors in the SIMD linear array.

2.4.3 SIMD multigrid architecture

An efficient way of computing 1-D DWT is mapping it onto a multigrid architecture
[13,14). There are (fog N + 1) levels for a multigrid architecture of size N, with Ni2i
processors in level i, where 0 < i < log N. Figure 2.5 presents the block diagram for N =
8. The function of the architecture is as follows: The ith level of the multigrid computes the
(i + Dth octave outputs, and sends the low-pass outputs to the level (i +1). Details of the
computation of the ith octave outputs are similar to those presented for the SIMD linear
array. The execution time for this architecture is L*/, and the pipeline delay is L. The
complexity of the architecture is of order O(NlogNk). The pipeline delay of this
architecture can be decreased to the order of Of 1) by increasing the number of processors at

each level by a factor L.
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Figure 2.5. Interconnection among processors in the Multigrid architecture, N=8.

2.5 Complex DWT architectures

2.5.1 Folded Wavelet architecture

The folded wavelet architecture [15], computes all stages of the DWT
decomposition, on a single processor. The process of folding (also known as
multiplexing) is equivalent to scheduling the computations of different parts of the Pyramid
Algorithm on one complex processor. The higher octave computations are thus performed
in between the first octave computations. The scheduling of all calculations for any number
of stages can be guaranteed within N samples, due to the complexity O(N) -1 of the DWT
computation.

The DWT folded wavelet architecture is based on a schedule of computations as
illustrated in equations 2.4. The schedule is based on the relative frequency of occurrence
of 1st octave, 2nd octave and 3rd octave computations, and hence, are scheduled two. four

and eight time units apart respectively. The schedule of computations is periodic with a

13



period equal to 8 for a three level decomposition. Its design is based on the Pyramid
Decomposition Algorithm and achieves 7/8th hardware utilization. The Folded Wavelet
Architecture uses an output converter to synchronize intermediate results and make them
available for the computations of subsequent higher octave coefficients. It minimizes the
number of registers by a systematic employment of "lifetime analysis" [16,17] in which a
table of activity for intermediate results is constructed. The record is a list of all time units
at which specific variables are used in one frame of computation. The minimum number of
registers needed for implementation is then compiled. The computation of Wavelet
coefficients is periodic, and hence, all registers are reserved for a particular intermediate
result from one period to the next. The systolic VLSI architecture for calculating DWT
proposed in this thesis, is based on the folded architecture. Details of the architecture are

presented in Chapter 3.

2.5.2 Digit Serial Wavelet architecture

The digit serial architecture [15] has a higher hardware utilization and reduced
routing and interconnection overhead compared to the folded wavelet architecture. It
processes more than one but less than all bits of a sample at one time. Moreover, it has a
structure similar to that of the Pyramid Algorithm. For a three octave wavelet
decomposition, where the four output signals generate 4, 2, 1 and 1 output samples, the
processor uses 1/2-word, 1/4-word and 1/8th word digit sizes respectively, and thus
achieves complete hardware utilization.

The difficulty in the digit serial wavelet architecture is in achieving conversion from
the one word-parallel bit serial, to two half-word parallel bit serial data format. The data
rate [16] (number of units of data per input/output clock cycle) at the input and output must
be identical and hence designing a digit serial architecture is a complex task. For a three

octave wavelet decomposition, the ith octave wavelet implementation is obtained using a
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word size W/21 where W is the length of the word and i = 1, 2 or 3. The problem is solved

by rewriting the filter computation equation as follows:

gou(2k) + g1u(2k - 1) + gau(2k - 2) + g3u(2k - 3) =
= [gou(2k) + gau(2k - 2)] + {g1u(2k - 1) + g3u(2k - 3)] (2.5)

Here, two half words are generated in parallel in one cycle, and the constant data
rate at the input and output is maintained. Signal u(n) is processed to generate u(2k) and
u(2k -1). u(2k - 2) is obtained from u(2k) with delay of one word, whereas u(2k - 3) is
obtained from u(2k - 1) also with one word delay. The computation of an output
coefficient consists of computing two half output components, one even and one odd with
half of the filter coefficients in each component. The half output coefficients are then added
together to generate one output coefficient. This process is shown in Figure 2.6.

As shown in Figure 2.6, the basic building blocks of this architecture are serial to
parallel converters and blocks of filters. The converters can be designed using activity
period and register allocation techniques similar to those of the folded wavelet architecture.

The digit serial multiplier and adder circuits are presented in 1 6,17,18].
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Figure 2.6. Three level analysis wavelet decomposition for the digit serial wavelet
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Figure 2.7. The layout floor-plan of the digit serial architecture.

The digit serial architecture solves the problem of decreasing utilization across the

16



octaves, found in the basic architectures of Section 2.4, by using digit-slice arithmetic of
different length for each stage. The first stage employs full precision arithmetic hardware
(e.g.: 16 bits), while the following stages employ only half the arithmetic precision of the
preceding stage. Full precision operations are performed by doubling the number of passes
through the hardware compared 10 the preceding stages. The computational throughput is
thus matched to the incoming data rate. The silicon area of each stage, is thus
approximately half of the preceding stage. The negative aspect of the digit serial
architecture is that the word size must be a power of two, making this architecture unusable

in applications requiring 6-tap filters.

2.6 2-D Block based DWT architecture

The architectures presented in section 2.4 and 2.5, are for 1-D DWT. We note that
a 2-D DWT architecture can be implemented in a straight-forward manner by inserting a
transposer and memory between two 1-D DWT modules. The transposer and the memory
together realign the data stream between the first 1-D and the second 1-D computations and
store the intermediate results.

A block based transform [19], is a non-optimal decompasition scheme, which has
the potential for reducing memory requirements and eliminating the need for a transposer.
However, it introduces blocking artifacts which in turn degrades the picture quality. In
order to alleviate this problem, block treatment schemes such as zero padding, edge pixel
repetition, edge pixel linear extrapolation, and overlapping edge pixels with neighboring
blocks have been introduced [19]. The edge pixel repetition gives the optimal
computational performance with minimum visual distortion.

The 2-D DWT block based architecture presented in [19] consists of four octaves of
decomposition: first octave of Daubechies-4 wavelet decomposition followed by three

octaves of Haar wavelet decomposition as shown in Figure 2.8. The two types of
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decomposition are executed by the "D-4 PROCESSOR” and "HAAR PROCESSOR"
respectively. The two processors can perform both forward as well as reverse transforms.
The Daubechies-4 transform is computed using the following matrix multiplication

operation on a 16 X 16 image block:
Y=W*D*WT (2.6)

where D is the image block (20 X 20) extended on each side by two columns (two rows),
W is the matrix of interleaved low-pass and high-pass coefficients and Y is the output of
the transform.

The operation in Equation 2.6 is implemented using a multiplier-and accumulator
(MAC) block which multiplies a 4 X 4 block data with prestored filter coefficients. The
MAC units generate in parallel the 2-D LL, LH, HL and HH coefficients. The LH, HL and
HH coefficients are output from the chip whereas the LL coefficients are saved for further
processing by the Haar processor. Figure 2.9 presents the block level diagram of that

process.

LI LL(2) LL(3) LL(4)
o
LH(1) LH(2) LH(3) LH®4)
HL(1) HL(2) HL(3) HL(4)
HH(]) HH(2)+ HHQ)Y HH4)Y

Figure 2.8. Block based architecture's forward transform.
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Figure 2.7. D-4 Processor.

The LL coefficients output from the D-4 processor are fed to the Haar processor
which executes three consecutive row by row Haar transforms. The forward 2D Haar
calculation is implemented using a 13-bit adder to add or subtract four LL(1) coefficients.

Addition and/or subtraction operation for two stages is shown in Figure 2,10,
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Figure 2.10. Foward 2D Haar transform.

In the first stage, the non overlapping pairs of data are added or subtracted and the
results for the first row are stored in a shift register. Subsequently, the results for the first
row are used in the second stage of processing 1o generate four subband coefficients. Asin
the first decomposition, LL(2) coefficients are saved for the third octave decomposition. In
addition to the 13-bit adder, the Haar processor employs 84 (words) X 13 (bits) SRAM
memory to store LL(1), LL(2) and LL(3) coefficients. Furthermore, it has three shift
registers of eight, four and two words which are used to store intermediate results in the

second, third and fourth octave computations respectively.

2.7 AWARE’s WTP architecture

The Wavelet Transform Processor [20] (WTP) designed and manufactured by
AWARE Inc., has been until recently the only simulated and tested DWT architecture. The
WTP is capable of computing forward and inverse wavelet transforms for 1-D input data.
It can execute the DWT using a maximum of six filter coefficients. In addition, it can be
cascaded 10 execute transforms using longer support wavelets. The WTP has been clocked
at speeds of 30 MHz and offers 16 bit precision on input and output data. The DWT
computation is executed in a synchronous pipeline fashion and is under complete user

control. The device is available in a 100 pin plastic pack (PQFP).
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The core of the WTP chip, as shown in Figure 2.11 comprises of the wavelet
transform pipeline, a cross-port switch, a group of registers and three data buses: BUSA,
BUSB and DO. The transform pipeline which constitutes the computational engine of the
WTP consists of four stages which in turn comprises of a 16-bit by 16-bit integer
multiplier, an adder, a shifter, and data registers. In addiiion, each stage has a
corresponding 16-bit filter coefficient register.

The input to and the output from the pipeline, is provided by the three 16-bit data
busses, BUSA, BUSB and DO. The first two are bi-directional buses, which can be used
as either input or output data buses, but one only in each direction at a time. DO is a
unidirectional output data bus. To set the directions of the BUSA and BUSB data buses, a
16-bit, bi-directional switch XD is used.

The WTP processor has three operating modes, compute, load, and idle. The
normal mode of operation is the compute mode, which the processor enters only after the
load mode had been executed. In the load mode, the on-chip registers are loaded and/or
updated. If not in either compute or load modes, the processor is set to idie mode.

The WTP enters the compute mode, when valid data is present on either one of the
two bi-directional BUSA or BUSB buses. Control signal DIV and a clock CLK strobe the
data into the wavelet pipeline. The DOV signal is used to validate the output signals after
the input data has passed through the pipeline. The pipeline continues to operate until the
last output has been validated by DOV at which point the processor returns to the idle
mode.

In the load mode, the register group is loaded/updated under external control.
Clocking of the pipeline is disabled, and BUSB is used to access the data registers. A
control signal COA is used to enter or exit the load mode. When the pipeline is empty and
the chip register group is not being accessed, the WTP is the idle mode.

At the clock speed of 33 MHz, the time necessary 1o compute one coefficient is 33
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ns. The latency of the WTP processor is 9 clock cycles, i.e. the first coefficient is available

9 clock cycles after the first data sample enters the processor pipeline.

Cross-port Switch XD

WP WTP WTP WTP - DO
Pipeline Pipeline Pipeline Pipeline
Stage 0 Stage 1 Stage 2 Stage 3
Stage 0 Stage 1 Stage 2 Stage 3
Regs Regs Regs i Regs
v ! } } }

Figure 2.11. Block diagram of the Aware Wavelet processor,

2.8 Comparison and discussion

The three basic architectures presented in Section 2.4 vary in terms of the silicon
area required for their implementation as well as the pipeline delay and the initial time
period necessary for the computation of the first coefficient. Table 2.1 presents the results
of a comparison in terms of area and pipeline delay for the three basic DWT architectures.

None of the three basic architectures have been implemented in silicon and hence
concepts such as speed and power consumption can only be estimated. In addition, issues
of scheduling intermediate data and control mechanism in general have not been clearly
addressed. The three basic architecturcs have not shown any success in extracting
parallelism present in DWT and have not been considered for the computation of 2-D
DWT. In summary, the three basic DWT architectures are abstract and high level solutions

to the problem of computing 1-D DWT. -~~~
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Parallel filter O(LklogN) N
Dedicated SIMD
linear array O(Nk) LlogN
Dedicated SIMD
multigrid O(NlogNk) L
AWARE’'s WTP O(Nk) O(NlogN)

Table 2.1. Comparison of the area and pipeline period for the 1-D DWT basic architectures.

The block based DWT architecture solves some key problems associated with full
scale 2-D DWT. The chip uses four MAC (muliiply and accumulate) units to execute
forward and reverse transforms. The architecture is scalable and thus meets the throughput
requirements of various applications. It requires only a minimal on-chip memory and
implements 2-D wavelet transform directly and without data transposition. However, the
advantage of small memory, can be a drawback. The block based architecture may
introduce block boundary effects degrading the visual quality. In summary, the
architecture implemented at 60 MHz, achieves real time DWT computation for full size,
gray scale motion video at 30 frames per second.

Section 2.7 represents a summary of the literature on the Aware Inc. WTP chipset.
The WTP architecture suffers from several problems. For example, the issue of control
signaling, which in the supporting documentation has been characterized as {lexible and
completely defined by the user. Delailed analysis of the WTP documentation icads 1o the
conclusion that “under complete user control” means that the user and not the chip is
responsible for controlling the intermediate data inside the pipeline. As poinled out in

Chapter 1, data dependencies between various octave computations necessitate that the
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intermediate results be properly stored in temporary registers. The WTP is unable to
control the internal sequence of events, and therefore, resembles more a filter bank
controlled from outside. The WPT does not function in a turnkey mode and the user has to
be sure that the output obtained is the expected output,

The most sophisticated DWT architectures (folded and digit serial) as well as the
DWT-SA proposed in this thesis have potential for an improved performance. The three
architectures presented in sections 2.5 and the DWT-SA architecture achieve high hardware
utilization and are modular, cascadable and require minimal control by the user. In
addition, they have the ability to function in a turnkey mode i.e. user supplies the data and
the filter coefficients, whereas the chip computes the results.

The comparison of the two most sophisticated DWT architectures, (the folded and

the digit serial) is summarized in Table 2.2.

_—
Propert Folded Digit-serial
No. of Multipliers 16 14
No. of Registers 164 258
Latency 28 70
Power Consumption 16CV2F 9.76 CV2f
Interconnection Complex Simple
Silicon Area Higher Less

Table 2.2, Performance Comparison of the Folded and Digit-serial Architectures.

The number of word-level registers employed in both architectures was calculated
using lifetime analysis. The difference is that in the digit serial architecture a digit serial
processor together with a word converter [ 16] was used. The digit-serial architecture has a

lower power consumption due to reduced t0 0.6V and 0.4V respectively supply voltage in
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the second and third level wavelet decompositions. V signifies the voltage level of the first
level decomposition. The reduction in voltage results from the half size and the quarter size
digits used in the second and third octave computations. Consequently, the number of
adders in the second and third level computations is one half and one quarter the number of
those found in the first level computations. The advantages of the folded architecture are
lower latency, arbitrary size wordlength and pipeline with a finer grain. However, these
benefits require more complex routing, larger chip area and higher power consumption.
The digit serial architecture is superior in applications where latency is not critical. It

requires small chip area and lower power consumption,

2.9 Conclusion

In this chapter, we presented a brief introduction to Discrete Wavelet Transform and
a review of the existing architectures for DWT. The existing architectures vary from
abstract implementations of the DWT algorithm, to complex architectures whose potential
for real-time implementation has been demonstrated by system level simulations. In
addition, we introduced the details of the only available commercially VLSI chipset: the
WTP processor by AWARE Inc. The results of a cross-comparison between the

architectures has also been presented.
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Chapter 3

Systolic Architecture for DWT

This chapter presents the proposed architecture for computing 1-D DWT. The architecture
is systolic in nature and performs both high-pass and low-pass calculations with only one filter, in
contrast to the approaches presented in the literature [23,24,25]). The architecture is simple,
modular, cascadable, and easily extendible for any block size DWT computation, and hence is well
suited for VLSI implementation. We refer 1o the proposed architecture as DWT-Systolic Array
(DWT-SA).

In Sections 3.1 and 3.2, we present the design of the DWT-SA. Here, we describe the
components of the architecture and present two possible schemes for register allocation. Section
3.3 contains a detailed block description of the entire DWT-SA. Design of the high speed Booth

multiplier employed in DWT-SA is presented in Section 3.4.

3.1 Design of the DWT-SA

The design of DWT-SA, is based on a computation schedule derived from Equations 32a-

3.2n, which are the result of applying the Pyramid Algorithn for N=8 (Fig. 2.2), 1o the six stage



filter equations 3.1a - 3.1b. Equations 3.1a and 3.1b represent the high-pass and low-pass
components of the six stage FIR filter. Both sets of equations correspond to Equations 2.4a - 2.4n

and 2.3a - 2.3b respectively, and are repeated below for ease of presentation.

High(z) = g+ 82" + 8.2 + 827 + 8.2 + 82" (3.1a)
Low(z)=hy+ bz +hz 2 + ki +hz ™ + bz (3.1b)
1st octave: b(0)= g00(0)+810(*1)+820(-2)+830(—3)+g4a(-4)+350(—5) (3.2a)
b(2) = g(a(2)+g1a(1) + g, a(0) + g3a(-1) + g4a(=2)+ g 5a(=3) (3.2b)
b(4) = gga(#) +g,a(3) + g, a(2) + g3a(1l) + g4a(0) + g5a(-1) (3.2¢)
b(6) = gga(6)+ga(5) + ga(4) +g3a(3) +g4a(2) + g5a(l) (3.2d)
¢(0) = hga(0) + lya(=1)+ hya(-2) + hya(=3) + hya(=4) + hsa(=5) (3.2¢)
¢(2) = hga(2) + hya(l) +hya(0) + hya(~1)+ hya(=2) + hza(=3) (3.20)
c(4) = hya(4) + hja(3) + hya(2)+ hya(l)+ iy a(0) + hsal-1) (3.2g)
c(6) = hga(6)+hya(5) + hya(4) + hya(3) + hya(2) + hsa(l) (3.2h)
2nd octave: d(0) = gge(0)+g)c(=2)+g,c(~4)+g3c(~6)+g4c(~8)+g5c(-10) (3.21)
d(4) = goe(4)+gc(2)+ goc(0) +g3c(-2) + g 4c(—4) + g 5¢(=6) (3.2
e(0) = hyC(0) + Iye(=2)+ hyc(~4) + g 0(=6) + h4¢(=8) + 15c(=10) (3.2k)
e(4) = hyc(4)+ 1 c(2)+ hye(0) + hye(=2) + hyc(-4) + hige(=0) (3.21)
3rd octave: f()= 806(0)+gle(—4)+gge(—8)+g3-€(-12)+346(—16)+858(~20) (3.2m)

2(0) = hoe(O) +he(-4)+ h?_e(-S) + hse(—lz) +hye(~16)+ hse(-zO) (3.2n)

As shown in Equations 3.2, there are eight first octave coefficient computations, four

second octave computations and two third oclave computations.

Equations 3.1a and 3.1b show that the high-pass and the low-pass filter coefficients can be
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computed using a six stage multiply and accumulate digital filter, where partial results are
computed al the each stage separately and then progressively passed to the next higher stage for
accumulation.

In addition, Equations 3.1a and 3.1b suggest that due to filter coefficient calculations
spanning over 5 clock cycles, a temporary storage is required for the incoming data samples.

Closer analysis of Equations 3.2a -3.2n, indicates that there exist data dependencies
between adjacent octave computations. The second octave coefficient calculations require the
results from the first octave computations, whereas the third octave calculations depend on the
results from the second octave computations. As a result, intermediate registers are required in
order to store different octave outputs before they are used in the subsequent octave computations.

In Sections 3.1.1 and 3.1.2, we present the three components introduced above. We start
with the description of the Filter Unit (FU) and its subcomponent, the Filter Cell (FC) We then
continue with the presentation of the storage facilities: the Input Delay unit (ID) and the
intermediate Register Bank (RB). In Section 3.2, we describe the design of the rest of the
architecture and particularly of the control mechanism. Architectural details of the high-speed

Booth multiplier employed in the Filter Cell are presented in Section 3.3.

3.1.1 Filter Unit
The Filter Unit (FU) proposed for this architecture is a six-stage non-recursive FIR
digital filter whose transfer function for the high-pass and low-pass components are shown in
Equations 3.1 where gp to g5 and hg to ks are the filter's high-pass and low-pass coefficients,
respeclively.
Computation of any coefficient can be executed by employing a multiply and accumulate
method where partial products are computed separately and subsequently added. This feature
makes possible systolic implementation of DWT. The latency of each filter stage is 1 and since

partial components of more than one DWT coefficient are being computed at any given time, the
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latency of the filter once the pipeline has been filled is also 1. The systolic architecture of a six-
stage filter is shown in Figure 3.1. Here, partial results (one per cell) are computed and

subsequently passed in a systolic manner from one cell to the adjacent cell.

SAMPLE INPUT

I(nT) I(nT-1) I(nT-2) I(nT-3) I(nT-4) I(nT-5)

CLK

Figure 3.1. Systolic operation of the six stage filte.

Filter Cell

Equations 3.1 show that except for different values of filter coefficients high pass and low
pass computations at specific time instants are identical. By introducing additional control
circuitry, both computations can be performed by the same hardware. The difficulty however, is
that each multiplication must be executed in half the clock cycle. The proposed filter cell consists
therefore of only one multiplier, one adder and two registers Lo store the high-pass and the low-
pass coefficients as shown in Figure 3.2.

The high-pass coefficient calculation is performed during the first half of the clock cycle
and the low-pass calculation is performed during the second half.

A high speed Booth multiplier is used in the filter cell. Its detailed description is presented

in Section 3.4.
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Figure 3.2. Proposed filter cell.

The Input Delay Unit (ID)

Equations 3.1a and 3.1b show that the value of computed filter coefficient depends on the
present as well as the five previous data samples (the negative time indexes in Equations 3.1
correspond to the reference starting time unit 0). It is therefore required that the present and the

past five input data values be held in registers and be retrievable by the FU and the CU. Figure 33

shows the block diagram of the ID unit.

As shown in figure 3.3, five registers are connected serially. At any clock cycle each

register passes its contents to its right neighbor which results in only five past values being

retained.
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Figure 3.3. Input Delay unit (ID) architecture.

The Register Bank Unit (RB)

Several registers are required for storage of the intermediate partial results. Analysis of
Equations 3.1a and 3.1b justifies the requirement for the register bank, however it does not explain
its size. In the next section, it will be shown that the number of registers required is 26. The
registers are connected serially and are controlled by an overall clock. The output of one register is
directly connected to the input of the adjacent register, and thus the register bank is implemented as

a shift register shown in Figure 3.4,

Rz-1 Rz~ 2 Rz-26

Intermediate | l j
s —_—

Results Reg. Reg. Reg.

1 2 - == 26

. ? by

Figure 3.4. Register Bank (RB) block diagram.

3.2 DWT-SA Control (CU)

One of the most important aspects of the DWT-SA architecture is its potential for real-time
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operation.

The proposed DWT-SA archilecture computes N coefficients in N clock cycles and
achieves real-time operation by executing computations of higher octave coefficients in between the
first octave coefficient computations. The first octave computations are scheduled every N4 clock
cycles, while the second and third octaves are scheduled every N/2 and every N clock cycles
respectively. The CU design incorporates architectural innovations that achieve the real-time
operation,

There are several approaches for scheduling the octave computations. In the DWT-SA
architecture, we propose a schedule based on the filter latency of 1. The computations are
scheduled at the earliest possible clock cycle, and computed output samples are available one clock
cycle after they have been scheduled as shown in Table 3.1. The delay is minimized through the
pipeline facilitating real-time operation. For example, the computation of d(0) can only be executed
after the calculation of ¢(0) has been completed. The calculation of ¢(0) scheduled for cycle 1 is
completed in cycle 2 due to the filter latency 1. d(0) is therefore scheduled for computations in a

later cycle, cycle 4.

| High - pass Low - pass

1 b(0) c(0)
2 . .

3 b(2) ¢(2)
4 d(0) e(0)
5 b(4) c(4)
6 {(0) £(0)
7 b(6) c(6)
8 d(4) e(4)

Table 3.1. Schedule for one complete set of computations.
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The schedule presented in Table 3.1 is periodic with period N, and the hardware is not

utilized in cycles 2 or kN+2 where k = 1,2,3... The computation schedule in Table 3.1 leads to a

high hardware utilization of 7/8 or 87.5%.

3.2.1 Register Allocation

The next step in designing the DWT-SA architecture is the design of the Control Unit
(CU), and the Register Bank (RB). The two components synchronize the availability of operands.
There are two schemes which can be employed for this purpose, namely Forward Register
Allocation (FRA), or the Forward-Backward Register Allocation (FBRA). The FRA method uses
a set of registers which are allocated to intermediate data on the first come first serve basis. It does
not reassign any registers to other operands once its contents have been accessed. The FBRA
scheme is similar, except that once the operand stored has been used, the register is reallocated to
another operand. The FRA method is simpler, requires less control circuitry and permits easy
adaptation of the architecture for coefficient calculation of more than 3 octaves. It results however,
in less efficient register utilization.

In either scheme the coefficient computations are periodic and therefore, each register
containing a specific variable will be reserved for the same variable in the next period. The

construction of the register allocation tables for both FRA and FBRA are presented below.

FRA Register Allocation

To demonstrate the construction of the register allocation table using the FRA approach, we
will consider the case of computing the coefficients ¢(0) and ¢(2).

As shown in Table 3.1. coefficient c(0) is computed in cycle one, whereas the coefficient
¢(2) is scheduled for computation in cycle 3. These two computed coefficients along with other
four; ¢(4), c(6), c(8) and c(10) are needed for the computation of coefficient e(0). According to

Table 3.1, e(0) computation is scheduled for cycle 4. However, the six cocfficients ¢(0), ¢(2),
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c(4), c(6), c(8), c(10) will not be available until cycle 12, and therefore the calculation of e(0) has
t0 be scheduled for cycle 4 + N, or 12. Similarly, coefficient e(4) is computed not in cycle 8, but 8
+ N, thus cycle 16. The number of registers needed becomes apparent once one complete frame of
computations has been scheduled.

Systematic application of the described method, yields a complete schedule of computation
for all intermediate and final coefficients as shown in Table 3.2. Due to its size, the table has been
divided into two parts.

In the FRA register allocation approach where data moves systolically in one direction
only, it is possible to increase the number of DWT decomposition octaves by placing additional
registers in series after the register R26. The new registers hold the intermediate coefficients
needed for the computation of the next decomposition octave. Hardware utilization of the higher

octave decomposition registers is inversely proportional to the order of computed coefficients.

FBRA Register Allocation

Table 3.2 shows that not all registers in the FRA register allocation scheme are used at
every time instant. In fact, close examination of Table 3.2, suggests that for the first 10 second
octave calculations, registers R1 to R11 are used 87.5 % of the time, whereas for the second to
third octave calculation, registers R12 to R26 are used 25 % of the time.

A higher register utilization can be achieved by applying the reallocation scheme where
empty registers are reallocated to other variables once the original variables held in them are no
longer valid. This approach, which in ideal case would make use of every register at every time
instance, has a ncgative impact on the complexity of the architecture. It requires additional
complex control circuitry for data reallocation, and results in a less modular architecture compared
to the FRA approach. Moreover, the FBRA approach eliminates one of the most important aspects
of the DWT-SA architecture, its modularity. Table 3.3 shows a complete register allocation table

for the DWT-SA using the FBRA approach.
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e(4)

c(4)

e(0)
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Table 3.2. FRA Register allocation.
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Table 3.2. FRA Register allocation (continued).
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Table 3.3. FBRA register allocation.
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3.2.2 Activity Periods

Tables 3.2 and 3.3, shows that the last pair of coefficients i.e. f(0) and g(0) for the first
group of eight samples is available at ime instance 38. This means that coefficient computations
are overlapped for 5 periods (38/5 < 5). Table 3.2 also shows the time periods when the
intermediate coefficients must remain valid in order to produce the subsequently higher octaves of
coefficients. For example consider the case for a first octave coefficient c(0). It remains active
from the time instant it has been computed to the time of calculation of the next higher octave of
coefficients. In this configuration, it means from time instance 1 to time instance 12. Similarly,
e(0), a second octave coefficient remains active until the third octave coefficients (in which it is
used) are computed, i.e. from time instance 12 to time instance 38. All the intermediate results,

and the associated periods of activity are listed in Table 3.4.

[ sample | Avaibieatyde | Lifeperioa |

() 1 1012
c(2) 3 31014
c(4) 5 51016
c(6) 7 71018
e(0) 12 1210 18
e(4) 16 1610 38

Table 3.4. Activity periods for intermediate resuits.

The number of registers required in this architecture is directly proportional to the number
of levels of DWT decomposition, and is calculated during the construction of the timetable of
computations. For the DWT-SA architecture which computes three octaves of DWT
decomposition and employs the FRA register allocation method the top row of Table 3.2 indicates

the number of registers is 26.

38



We note that since no variable in Table 3.2 has a negative time index, a periodic
interpretation of that table is required. Consider for example, the variable ¢(-2) in the computation
of d(C) and e(0) in cycle 4. The periodic interpretation of Table 3.2 implies that the register which
holds the variable c¢(-2) in cycle 4, also holds the variable c{-2+8) in clock cycle 4+8. Table 3.2
shows that ¢(6) is held in register RS.

3.2.3 The Control Unit (CU)

The Control Unit of the DWT-SA architecture is shown in Figure 3.5. It schedules the

computation of each DWT coefficient as shown in Table 3.1.

Clk Control
J % 3
I =1 mux [ 4
4:1 j
Iz-1 = mux [
411 v
1z-2 —»1 ux 1 From
4:1 vY Register
Iz-3 > wux [ Bank
4:1 vy
1z4 >t mux
4:1 +
Iz-5 ™ wmux [
41
\ \j 4 Y Y 4’
To Filter Unit

Figure 3.5. The Control Unit (CU) block diagram.
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CU is a switch, that passes data from the Input Delay (ID), or the Register Bank (RB} to
the Filter Unit (FU). CU is a modular switch with a number of subcomponents equal to the
number of taps in the FU. The CU multiplexes data from the ID every second cycle, and from the
RB in cycles 4,6, and 8. In cycle 2, CU remains idle, i.e. it does not allow any passage of data.
The block diagram of the CU is presented in Figure 3.5.

Proper timing, synchronization as well as enabling and disabling of the CU is ensured by

the global CLK signal.

3.3 DWT-SA Architecture

The DWT-SA architecture employs the FRA register allocation scheme. From now on, we
will refer only to the FRA register allocation.

The proposed DWT-SA architecture is shown in Figure 3.6. Itis obtained by systematic
analysis of the FRA register allocation table (Table 3.2) in conjunction with the filter equations
(Eguations 3.1 and 3.2},

The number of switching inputs in each control subcell is equal to the number of octave
computations. The first octave computations are scheduled every second clock cycle and therefore
that corresponding switch input is labeled 2k, where k is any non-negative integer. Moreover, its
inputs are supplied directly by the ID. Second octave computations are executed in clock cycles 4
and 8, which is reflected by the labe! 4k+3. The third octave computations are scheduled in clock
cycle 6, or 8k+5. Both second and third octave computations use partial results from previous
octave computations and therefore use inputs from RB. Table 3.2 determines which register is
used as output.

The DWT-SA architecture comprises of the four basic blocks: the Input Delay unit (ID), the
Filter Unit (FU), the Register Bank (RB) and the Control Unit (CU).
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Delay of the DWT-SA architecture consists of the latency period necessary to fill up the
filter for the first time, plus the delay through the registers as described in Table 3.1. First results
are thus produced 5 + 38 clock cycles after the first input sample has entered the pipeline.
Subsequent coefficients come out of the pipeline every 8 clock cycles. The output coefficients are

output from the final filter stage.

3.4 High Speed Multiplier

In order to meet the real-time requirements of application such as video compression a fast
multiplier design is required. Several multiplier architectures suitable for VLSI implementation
have been proposed in the literature [23]. They are the usual "paper and pencil” algorithm of an
array multiplier consisting of m shifts and m-J additions in a multiplication of two numbers, where
m is the number of bits in the shorter number. This approach is relatively simple to implement and
results in a regular structure. The drawback however, is its large size and low speed. Other
architectures, such as Wallace Tree and Dadda structures, reduce the number of addition stages, by
employing special circuitry, and are hence very irregular.

The Booth algorithm [24] is a powerful algorithm for signed-number multiplication which
has two main features: it treats both positive and negative numbers uniformly and is significantly
faster than an array multiplier due to the reduced number of add stages required.

Booth's technigue is based on the fact that a consecutive string of 1's can be rewritten as a

difference of two numbers, as shown below:

Ak i s pirk=d pik=2, oi=1 (3.3)

The multiplier (M1) is scanned from right to left, one bit at a time and if the pattern changes
from 1 to 0 or (0 to 1) a multiplicand (M2) is added or (subtracted). The same result can be

obtained by examining pairs of bits in M1 in conjunction with the bit to the right of the bit pair
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considered. For example, consider the following binary string, consisting of 7 binary digits,

where the bold zeros are padded extremities:

e 9 o1 r 1 1 0 0

Four pairs of numbers can be distinguished. The first group on the right, implies that 21
M2 will be added, with the least significant bit in column 20, The second pair of numbers signifies
that 0 * M2 will be added to the partial product, with the least significant bit in column 22 The
next group, means that +21 * M2 will be added to the product, with the least significant bit in
column 24. Finally, the last group of numbers will add 0 * M2 with the least significant bit in
column 26, Each bit pair is examined concurrently with the higher-order bit of the next lower pair,
and therefore, there are a total of eight possible versions of the multiplicand, as summarized in

Table 3.5.

Multiplier bit Bit on

) 2 [ r. side | Multiplicand multiples Explanation
i+1 i i-1 to be added
0 0 0 0X No string
0 0 1 +1 X End of string
0 1 0 +1 X Single 1
0 | 1 +2 X End of string
1 0 0 22X Beginning of string
1 0 1 -1X End/Beginning of string
1 1 0 -1X Beginning of string
1 I ! 0X String of Is

Table 3.5. Multiplier bit pair recoding scheme.
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The standard add-shift method requires 8 additions while the Booth algorithm

multiplication requires only 4. By consistently examining the pairs of bits, the total number of

additions is always m/2 where m is the word length of the multiplier.

The block diagram of a Booth multiplier employed in the DWT-SA architecture is shown in

Figure 3.7. Two computational subcells, namely: Full-Adder and/or Half-Adder are represented

by squares whereas the two control subcells: Booth Recoder cell (BRC) and the Shift-and-

Complement cell (SAC) are shown implicitly by the modified strings of numbers (M0-M3) and

(Q0-Q3) flowing into the multiplication array as the Multiplicand and the Multiplier.

colfre————umay Mu]tiplicand v———-

PPO-«—-*—-

M2 M1 MO

ok !

- Q0

Y

PO
p1 Multiplier
Q2

PPAat— 4 — — & — — F — — 3 — — 4 —
1L

P P

Figure 3.7. Booth Muluplier Architecture.

BRC and SAC subcells execute the algorithm of Table 3.5. The BRC converts three

adjacent bits of the Multiplier input into a recoded Booth digit. The outputs of BRC are used by



SAC to control the inputs 10 the adder stages. SAC selects a bit from the multiplicand input word
and feeds it to the adder. The bitin position m or m-I can be selected. Sclecton of bit m-7 has the
effect of multiplying the muluplicand by two. The result can also be complemented which converts

the operation into a subtraction.

Schematics of all components of this multiplier are included in the Appendix A.

3.5 Conclusion

The proposed DWT-SA architecture uses only one filter in contrast to two parallel
computational hardware employed in [15]. The architecture is optimized in hardware by using
only a single multiplier and adder set in each filter cell to perform to generate all high-pass and low-
pass coefficients. As demonstrated in Chapter 4, the proposed DWT-SA architecture can execute
wavelet transform for monochrome video in real-time. |

The DWT-SA architecture does not use any external or internal memory modules to store
the intermediate results and therefore avoids the delays caused by access, read, write and refresh
timing. In addition, there is no need for complex control circuitry to put the intermediate products
in and out of the memory as a set of registers controlled by a global clock is employed. This
results in a simple and efficient systolic implementation for the computation of 1-D DWT and
hence is suitable for VLSI implementation.

The proposed architecture can be used to compute the DWT of any length sequence without
dividing it into smalier subsequences. The only limitation of the DWT-SA architecture is the
number of decomposition octaves, set at three, which can be easily increased by augmenting the
number of temporary registers. We note that this approach does not necessitates any modification

to the computation scheduling.
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Chapter 4

VLSI Design of the DWT-SA

This chapter presents detailed circuit and gate level implementation of the DWT-SA.
Section 4.1 shows the gate level design and simulation results of the FU. In Section 4.2 and 4.3
we describe the gate level design of the CU, and the RB. Simulation results of the entire

architecture are shown in Section 4.4.

4.1 FIR Filter

The DWT-SA employs a sixth order non-recursive FIR filter whose architecture is
presented in Chapter 3. The filter behaves in a systolic manner by computing partial products of
more than one coefficient at a time. The first multiply and accumulate stage computes the first
partial product and passcs it to the second filter stage where it is added to the second partial
product. That repetitive action continues until a complete DWT coefficient is output from the sixth
filter stage. The delay through each filter stage is 1 clock cycle. Due to parallel computation of
more than one DWT coefficient, the time necessary to complete the computation of the first

coefficient is 5 clock cycles. Subsequent coefficients are output every clock cycle. The filter
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schematic is presented in Figure 4.1.
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Figure 4.1: 6-stage FIR Filier.

" As shown in Figure 4.1, the high-pass and low-pass filter coefficients are loaded into each
filter cell separately and before any DWT coefficients are computed. The filter is controlled by a
clock and responds to its high and low levels for the computation of the high-pass and the low-

pass DWT coefficient respectively.

4.1.1 Filter Cell

Two different filter cells are employed in the design of the FIR filter. "Filter Cell Left" is
used for the first stage, whereas "Filter Cell" shown in Figure 4.2, is used in the other five filter
stages.

The need for two different filter cells results from the lack of the "carry in" component in
the first filter stage. Consequently, the "Filter Cell Left" does not posses an adder present in the
other five stages. Both filter cell types contain a multiplier and a multiplexer to select between the
high-pass and low-pass coefﬁciems. The filter coefficients and the input data are 8 bit wide and

when multiplied, yield a 16 bit partial output of which 8 lowest bits are passed from one cell to the

next cell.
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Figure 4.2: Filter Cell.

4.1.2 High Speed Booth Multiplier

The multplier implemented in the DWT-SA architecture is based on the Booth Algorithm
high-speed 8 X 8 integer multiplier whose general architecture is presented in Chapter 3. The
multiplier comprises of four different subcells: the Booth Recoder Cell (BRC), the Shift and
Complement Cell (SAC), the Full Adder (FA) and the Half Adder (HA) as shown in Figure 4.3,
A total of 4 BRCs, 36 SACs, 36 FAs and 9HAs are used in the design. Note that the multiplicand

is the X input in Figure 4.3, whereas the multiplier is the Y.

Booth Recoder Cell (BRC)
The Booth Recoder Cell transforms three adjacent bits of one of the inputs (the multiplier or
the Y input) into a recoded Booth digit [1]. The recoded Booth digit is the control signal that

operates on the second input (the multiplicand or the X input) as it passes through the four add
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stages. The bit patiern of the Y input controls whether in the second, third or fourth add stages the
X input is added to, added two times, subtracted from, or subtracted two times from, the previous
add stage. The three output signals from the BRC subcell control the operations: COMP, §X and
§2X, execute the control table shown in Figure 3.5. Gate level design of the BRC cell is presented
in Figure 4.4. Transistors are minimum length: 1.2 um with the with indicated in the schematics.

As an example, 10/5 indicates the P-channel and N-channel width to be 10 and 5 um respectively.
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Figure 4.4, Booth Recoder Cell.

Shift and Complement Cell (SAC)

The SAC cell is the second control subcell used in the multiplier. It selects the input from
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the multiplicand or the X input and passes it to the three adder stages of the multiplier. The
selection process is completely based on the state of control signals from the BRC cell. I the SX
signal is selected, all n bits of the multiplicand are passed to the adder stage. If the 52X signal is
asserted, then n-I bits are passed to the adder stages, which has the effect of multiplying the X
input by two. Only one of the two: SX or 52X, can be selected at a time.

COMP signal can be activated anytime with either one of the above two control signals,
thus changing an add operation to a subtraction. We note that if COMP signal is asserted, the carry
bit at the output of the multiplier corresponding to the particular adder stage is setto 1. This has
the effect of adding a 1 to the least-significant bit position when the partial product is
complemented. The process of complementing and adding one to a number implements a
subtraction when the number is represented in 2’s complement form. Gate level design of the SAC

“cellis presented in Figure 4.5.
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Figure 4.5: Shift and Complement Cell.
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Fuil Adder Cell (FA) and Half Adder Cell (HA)

The Full Adder Cell and the Half Adder Cell are variations of those presented in [25].
Because both of these cells are part of the critical path, modifications were performed in order to
decrease the carry out delay. Gate level schematics of the FA and the HA are presented in Figures

4.6. and 4.7.

12

e
3
invd2/1e .
E
13 ot 1018

15 ot &

inZ2/10 ol 18 2R

l—._ =it — cout
= Jp— |_ T
i o 1w : [
£ 2ond20/20 wWZe/18

i
N L A—
G=ced18/10

T N

A I l-; T
jud EY qe ] |2 .‘: :
L 172 oo
|L?c0\f‘ e kzz’zz sl S0/ 28 b= or
e/e )

i 16 e suw
" s dag /20

k- ol

i
113 O ;

1o20d20/20

Figure 4.6: Full Adder.
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4.1.3 Filter Multiplexer

The multiplexer éelects between the high-pass and low-pass filter coefficients and passes it
to the multiplier. It is a standard 8-bit logic design controlled by the phase of the clock. Its 8-bit
block configuration is shown in Figure 4.8, whereas the 1-bit gate design is presented in figure

4.9.
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Figure 4.8: 8-bit Filter Multiplexer.
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Figure 4.9: 1-bit Multiplexer.

4.2 Control Unit

The architectural details of the CU were presented in Section 3.2.3. The following
presents the gate level implementation of CU in the DWT-SA architecture.

The top level schematic of CU is a combination of six word level switches that multiplex
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data going to the FU, as shown-in Figure 4.11. The switches are enabled and controlled by a
Master Control (MC) circuit. The inputs labeled TOP come from the input pipeline and serve in the
computation of the first octave DWT coefficients. Signals labeled MID(dle) and BOT(tom) are
outputs from the RB and serve in the computation of the second and third octave DWT
coefficients, respectively. Signal GR(ound) is a VSS connection employed during the k+2 clock

cycles when the multiplier is in its idle mode.
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4.2.1 Switch

The six word-level switches execute data multiplexing operation shown in Table 3.1, Each

switch comprises a 3-bit counter, logic gates, and a demutltiplexer as shown in Figure 4.12. Data

to the FU is selected from different inputs depending on the clock cycle.
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Figure 4.12: The Switch.
.
Demultiplexer

The demultiplexer takes the four different inputs, combines them with appropriate control
signals: T{op), M(iddle}), B(ottom) and G(round) generated by the counter and the control logic,

and passes the output to the FU. The gate level circuit of the demultiplexer is shown in Figure

4.13.

3-Bit Counter

A standarg, 3-bit counter based on 3 master slave (MS) T flip-flops is employed in the
DWT-SA. The counter is enabled by the rising edge of the clock cycle and remains active (counts
from O to 7) until it becomes disabled by the reset signal. Figare 4.14 shows the implementation

of the 3-bit counter, whereas Figure 4.15 shows the Master-Slave flip-flop used in the counter.
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The Master Control (MC) circuit ensures that the CU does not start operation untii valid

data samples are present at its inputs. It takes five clock cycles to fill up the input delay pipeline

with data and thus, the MC enables the CU on the rising edge of the 6th clock cycle. It remains on

until the entire chip is disabled. The internal structure of the MC consists of a three-bit counter and

logic circuitry as shown in Figure 4.16.
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4.3 Storage

As presented in Chapter 3, two storage units are required in the DWT-SA architecture.

First, is the ID unit, consisting of five 8-bit registers connected in series, whose outputs are the

delayed input samples to the FU. The second storage unit is the RB whose function is to store the

intermediate octave coefficients. The RB consists of 26 8-bit registers connected in series. D-type

Master-Slave flip-flops shown in Figure 4.17 are used to implement the above storage units.
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4.4 DWT-SA Simulation Results

aznd20/20

The DWT-SA architecture was simulated to validate its functionality and performance.

Three different level simulations were performed:

. Analog gate level subcircuit simulations.

. Digital circuit level simulations.

. Digital chip level simulations.

The analog simulations were executed using the Hspice simulation tool, running under the
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Opus 4.2 design platform. During analog simulations, all subcircuit transistors were sized to yield
optimal speed and minimal chip area. An example of the type of work performed is presented in
Section 4.4.1. Once the gate level analog simulations of all subcircuits were completed, digital
simulations were performed on groups of subcircuits forming a more complex functional circuit.
Larger blocks of circuits were assembled progressively and verified until the entire DWT-SA
architecture was simulated. The digital simulator used was Verilog logic simulator running under
Opus 4.2. The results from two digital simulations: the Booth multiplier's and the complete DWT-

SA architecture's are presented in sections 4.4.2 and 4.4.3 respectively.

4.4.1 Filter Analog Simulation Results

A sample of analog simulation result is presented in Figure 4,19. The example represents
the analog behavior of a Shift And Complement (SAC) cell which forms an integral part of the
multiplier, In figure 4.19, the output Q is shown as the top wave. The input signals below Q
correspond to COMP, S2Xx, 2X, SX and X respectively.

The analog waveforms in Figure 4.19, provide two pieces of important information needed
1o verify the design of a VLSI subcircuit. First, they verify the proper function of a subcircuit by
shbwing the switching action in each gate. Secondly they provide time delays through each gate.

These last parameters are later extracted and used in digital simulations of larger circuits.
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4,4.2 Filter Digital Simulation Results

To illustrate the usefulness of the digital simulations in verification of a digital circuit, we
present in Figure 4.19a and 4.19b, the results of the digital simulation of the filter. Lines 1 trough
6 in Figure 4.19.a represent the six inputs stages I(nT) through I(nT-5) as defined in Figure 3.1.
Lines 7 and 8 are the CLK and the output from the filter respectively. The figure also shows that it
takes 5 cycles for all filter stages to receive their respective data samples. During the sixth clock
cycle, filter results (the high-pass coefficient in the first half of [he clock cycle, and the low-pass
coefficient in the second half of the clock cycle) are computed. Due to the systolic nature of the
multiplier, more than one filter coefficient calculations are executed at the same time, and thus after
the sixth clock cycle, coefficients are computed at every clock cycle.

For clarity, lines 7 and 8 in Figure 4.19a are enlarged, in Figure 4.19b and show the
correct computation performed by the filter. Filter's high-pass and low-pass coefficients, the input

samples as well as the computation results during the sixth clock cycle, obtained in the simulation

of Figure 4.19 are summarized in Table 4.1. The results coincide with the results computed using

Equations 3.1a and 3.1b.

’ High-pass Filter coefficient l Low-pass Filter coefficient

InT)=2 H= L=-1
I(nT-1) =1 H=2 L=-2
I(nT-2)=2 H=1 L=-1
I(nT-3) =1 H=2 L=-2
I(nT-4) =2 H=1 L=-1
I(nT-5) =1 H=2 L=-2

High-pass Result 12 or  O00C
Low-pass Result -12  or FFF4

Table 4.1: Sample Filter Simulation Results.
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Figure 4.19b: Filter Digital Simulation Results, Partial Blow-Up.

4.4.3 DWT-SA Digital Simulation Results
Figure 4.20 shows the simulaied operation at the clock speed of 20 MHz of the entire
DWT-SA architecture during the first thirty eight cycles. As stated earlier, the operation of the

DWT-SA architecture is periodic with period equal to 8 cycles, and has an initial pipeline delay of
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38 cycles. In order to illustrate the entire operation of the DWT-SA architecture, digital simulation

results after the first 38 clock cycles are depicted in Figure 4.20.
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Figure 4.20: DWT-SA architecture digital simulations.
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Figure 4.20: DWT-SA architecture digital simulations, (continued).
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Figure 4.20: DWT-SA architecture digital simulations, (continued).
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Figure 4.20: DWT-SA architecture digital simulations, (continued).
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Figure 4.20: DWT-SA architecture digital simulations, (continued).
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The signals in Figure 4.20 are the input sequence, it's delayed versions, clock, intermediate
outpuis of the six tap filter, and finally the output of the filter (or output of thc DWT-SA
architecture). All subsequent signals are the contents of the 26 registers.

As mentioned earlier, six cycles are necessary to fill up the input delay circuitry and the
filter, with data. Only then, computations of coefficients begin. As shown in Figure 4.20, the
first coefficient calculation takes place at time 500 ns. Tt is the first cycle of coefficient calculation.
Cycle 38 corresponds to time instance 4300 ns.

Two outputs are generated per cycle, with high pass coefficient in the first half cycle, and
the low-pass coefficient in the second half. Such order is necessary, because low pass coefficients
are required for subsequent calculations. High ps; -oefficients are thus generated first and output
from the chip. Low pass coefficients are stored in registers and subsequently used.

In order to facilitate reading of Figure 4.20, clock cycle numbers n and time instances r at
which all final and intermediary results for the first octave are computed are shown in Table 4.2.
Due to periodical nature of computations, subsequent frames coefficients are computed at time
instances 7 + 8. Final DWT coefficients are shown in bol@ while the intermediate results are

underlined,
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Ir
High-gass coefficient “ C__Xcle of comgutation Low-pass coefficient || Cycle of computation

1st octave 1st octave
b(0) n=1; t=500ns <@ n=1; t=500ns
b(2) n=3; t=700ns (@) n=3; t=700ns
b(4) n=5; t=900ns c4) n=5; t=000ns
b(6) n=7; t=1100ns c(6) n=7; t=1100ns
2nd octave 2nd octave
d(0) n=12; t=1600ns e n=12; t=1600ns
d(4) n=16; 1=2000ns e(d) n=16; t=2000ns
3rd octave 3rd octave
£(0) n=38; t=4300ns g n=38; t=4300ns

Table 4.2. Table of coefficient calculations for the DWT-SA architecture.

4.5 DWT-SA Precision and Arithmetic Range.

The purpose of this thesis is to demonstrate that a 1-D or 2-D DWT can be executed
efficiently in real-time using dedicated hardware. An 8-bit wide data input and filter coefficients
are used in the design and the arithmetic range supported by the DWT-SA is from -127 to +127.
The architacture functions properly as long as at every stage in the internal filter pipeline, there is
no arithmetic overflow. In case of overflow, the intermediate result will be clamped at either one
of the two extreme values.

To solve the problem of limited value range, the DWT-SA architecture can be extended to
16-bit width for the input data and filter coefficients. The change required, is simple and consists
of extending the bus width throughout the DWT-SA architecture from 8 to 16 bit and designing a
multiplier operating with wider operands and producing 32-bit results. That last change is also

easy to implement due to a very modular and extendible multiplier design. The resulting DWT-SA
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16-bit architecture would require 4 times more transistors, would occupy 4 times more silicon arca
consume about 4 times more in power and be about 40% slower due to longer time necessary for
the multiplication operation. (Simulation resuits show that critical path delay through the multiplier
grows less than linearly as the number of adder stages is increased). The range of values
supported by the 16-bit DWT-SA is from -32767 to +32768, which is more than satisfactory for

most data compression applications,

4.5 Conclusion

Gate level design of each cell in the DWT-SA architecture is presented in Chapter 4. By
subdividing the chipset into four distinguishable components, the hierarchical methodology used in
the design of the DWT-SA is presented. Subcircuit analog simulation results, subcircuit and circuit
level digital simulation results as well as the complete digital simulation results for the overall

DWT-SA chipset are presented.

7]



Chapter 5

DWT-SA Applications

In this chapter, two system architectures for computing a 2-D DWT using the 1-D DWT-
SA architecture proposed in Chapter 3 are presented. Both architectures are based on connecting
the DWT-SA chipset(s) to the standard backplane VMEbus. The 2-D architectures are
extendible to any image size. The architectures have a potential for real time computation of 2-D
DWT by adding extra pipelining and extensive parallel processing to systolic operation of the 1-

D modules.

5.1 2-D Wavelet Decomposition

The 2-D DWT decomposition is widely used in image processing applications for
achieving compression. It is an extension of the one dimensional DWT operation to a two
dimensional array of data and is executed as follows. First, the DWT computation is executed on
input data in one direction, i.e. rows (columns) followed by a matrix transposition operation.

Subsequently, the same DWT operation is performed on the columns (rows) of data[1]. The
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corresponding data flow is shown in Figure 5.1.

2-D DWT 1-D 1-D 2.0 DWT
| AARNE "= TRANSPOSE ———
input DWT ™ 1 DwWT Output data

Figure 5.1. 2-D DWT decomposition architecture.

Matrix Transposition

The matrix transposition operation can mathematically be stated as:
XTy=Xi fori,j=12,-N

For a 4 X 4 matrix, the operation is shown in Figure 5.2.

[ Xa1 Xgo Xa3 Xu

Transposition X2 X Xy X4

4

[ X14 X4 X3g Xy

Figure 5.2. Transposition of a matrix.

Several maltrix transposition architectures have been proposed in literature[31,32,33].

However, these architectures lack the modularity and cascadability necessary to achieve real time
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2-D DWT operation using the 1-D transformation presented in chapter 3. The one architecture
modular enough to adequately perform matrix transposition required by the 2-D DWT
architecture is presented in [34]. It possesses the necessary serial and parallel loading capability
as well as cascadability to perform transposition of a matrix of any size.

It consists of three basic components: transposer module (TM), input module (IM), and

output module (OM).

TMisa N x N matrix of N< basic cells interconnected as N rows of cells with each row
consisting of N column of cells as shown in Figure 5.3. Tt has two modes of interconnection: the

A-mode and the B-mode.

I
| B4 B3 B2 _IB1

eI i
2yl o] {E-» T
A A A i
3
3 » gf L ;f —p Ic :3??_———“3
i
IlT IZT IBT 14
— —_—
A-mode B - mode

Figure 5.3. Transposer module.

Cells are connected from left to right in the A-mode and from bottom to top in the B-
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mode. A row (column) of data is loaded in and out of the module in each clock cycle. In the A-
mode a row (column), initially the first row (column), of data of a matrix is loaded in parallel into
the cells TC11-TC41 at every clock cycle. Meanwhile, the second row (column) of data is
prepared to be loaded into the TM by the IM.

In the next clock cycle the second row is loaded into the transposer cells TC TC11-TC41
while the first row (column) of data moves to the cells TC12-TC42. The procedure continues and

at the end of four clock cycles all the rows (columns) of data are loaded into TM.

IM: A series of multiplexers necessary for selection of serial or parallel input. It is
composed of N flip-flops and N 2-to-1 multiplexers.
OM: A series of multiplexers necessary for selection of A mode or B mode sequence. 1t

is composed of N flip-flops and N 2 to 1 multiplexers.

The transposer operates in a systolic manner as follows. First it accepts data in a parallel
or serial mode in the IM (serial input necessitates realigning of input data). Secondly, it passes
the aligned input data to the TM. Finally, the OM propagates the transposed matrix data out of
the transposer. Note that the TM works in parallel only, and therefore the IM should work at a
clock rate that is equal to N times that of the TM where N is the one dimensional size of the

matrix.

5.2 Interconnection standards and DWT-SA

Several commercial interconnection standards have evolved in the computer lield. These
standards are intended to facilitate the interconnection of equipment manufactured by a wide varicty
of companies. Many commercial standards are “de facto standards”, due to their widespread

popularity. One such widely accepted interconnection standard is the VMEbus which we have
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selected as the method of choice for connecting and using the DWT-SA chipset.

5.2.1 VMEbus overview

The VMEbus is a sophisticated backplane bus intended for high-performance
microprocessor systems. It has several advanced features that make it suitable for use in both
single-processor and multiprocessor systems.

There are several options available for configuring a system based on the VMEbus, The
bus may have 8, 16, or 32 data lines and may use 16, 24, or 32-bit addressing.

The signals on the VMEbus are divided into four groups, as follows:

1. Data transfer bus (DTB).
DTB arbitration.

Priority Interrupt.

B W W

Udlities.

The DTB comprises all lines used for transferring data during read and write operatioas.
They include the address and data lines and the control lines needed to carry timing signals and
information such as the operand size and the direction of the transfer. All VMEbus data transfer
lines are summarized in Table 3.1.

Data transfer over the VMEbus can take place in 8-bit, 16-bit, or 32-bit quantities. The
number of address bits used may be 16, 24, or 32. Read and write requests are differentiated by
means of the WRITE* line, which is activated for write operations only. The timing of a data
transfer is controlled by asynchronous handshake signals. The master activates the Address
signals, AS*, DSO*, and DS1*, and the slave responds by activating the Data-Acknowledgment

signal, DTACK*.
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[_—ﬁs_iﬁ_ation_ﬂ Function Driver Number
AOT - A31 Address 35T 3l
AMO - AM5 Address modifier ST 6
D00 - D31 Data 38T 32
WRITE* Write operation 3ST ]
AS* Address strobe 3ST-HC I
DSO0*, DS1* Data strobe 3ST-HC 2
LWORD* Long word 3ST 1
DTACK* Data acknowledge oC |
BERR* Buss error oC 1
Total 76

Table 5.1, VMEbus data transfer lines,

Irrespective of the address, data are always placed on the data lines such that the least-
significant data bit is in line DO0. A byte transfer always uses lines D07 1o D00 and a word
transfer uses lines D15 to DOO. Hence, a 32-bit device, such as a memory board, must incorporate
appropriate multiplexers to shift byte or word data to the low-order data lines, to enable byte or
word transfers to take place.

Shifting data to the low-order section of the bus is needed to simplify the connection of 8
and 16-bit devices. Recall that in the proposed DWT architecture, the coefficients as well as input
data are all 8 bit, and the output data is 16 bit. By using WMEDbus, reading in the input samples as

well as writing out the output samples is greatly simplified.

5.3 2-D DWT Architectures

There are two methods for achieving 2-D DWT. The first method called the simple 2-D

DWT-SA uses only one DWT-SA chipset tc compute both of the 1-D DWT transformations in
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Figure 5.1. Tt therefore requires that the first 1-D DWT results be stored temporarily in memory,
and once the transposition has been completed be fed back to the DWT-SA. Due to sharing of
resources between the first and second 1-D DWT computations, that scheme excludes the
possibility of computing 2-D DWT in real-time as defined in Chapter 3.

The second method called the extended 2-D DWT-SA, uses two 1-D DWT dedicated
hardware to compute the 1-D DWT in Figure 5.1. This scheme speeds up the computation of

the 2-D DWT,

5.3.1 Simple 2-D DWT Architecture

In the simple 2-D DWT-SA architecture both row and column DWT computations are
performed by the same DWT-SA chipset. Rows coefficients are computed and stored in
memory, subsequently are realigned in software, and fed back to the chipset for column

computation.

The DWT-SA chipset is a simple, dedicated engine for computing DWT coefficients. It

is compiised of the following input and output lines:

. Signals FHO - FH7 and FLO - FL7 are the two 8-bit busses respectively use for
loading the high-pass and low-pass filter coefficients. The busses are employed to
input all six high-pass and six low-pass filter coefficients, a pair per clock cycle.
This apnroach was chosen to minimize the number of pins required. Six clock

cycles are required to set all filter coefTicients.

. An 8-bit data input bus (DO - D7) supplies the input data samples.
’ A 16-bit (00 - O15) tristate output bus feeds the computed DWT coefficients
when the R/W signal is low.
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. A RST line is provided to reset the DWT-SA chipset,

With the exception of the CLK and RST lines, all other signals in the 2-D DWT-SA simple
architecture, share the 32 bit data bus as follows: 8 bit high-pass filter cocfficients are connected to
data lines D00 to D07, whereas the low-pass filter coefficient bits are connected to lines D07 -
D15. That arrangements permits simultaneous loading of a pair of filter coefficients. Data sample
bits 0 to 7 are connected to lower 8 bits DO0O - DO7 of the data bus, and the 16 output bits to lines
D00 - D15.

To ensure proper functioning of the proposed architecture interfaced to the VMEbus, a
clock synchronized with the data output signals of the architecture is necessary. Since the DTB
buts is the medium on which data is fed into the DWT architecture as well output from, it must be
shared in a way that allows for bi-directional flow. The way to achieve this functionality is to
allow for data to be stored and retrieved in every cycle, as shown in Figure 5.4, Here, read and
write operations follow one another, with the read to DWT-SA operation occupying the first half of
the R/W cycle and the write from DWT-SA operation using the second half of the R‘'W cycle. The
scheme is made possible because of the fact that only one (high-pass coefficient) of two
coefficients computed by the filter is output from the architecture; the other, as explained earlier is
stored in a local register for higher octave processing.

It should be noted that once every eight cycles, two highest octave coefficients (one high-
pass and one Jow-pass) are produced and must be output. This implies that the data bus has to be
available for two consecutive write operations, situation that could create conflicts on the data bus.
The solution to the problem can be found by reexamining the schedule for one complete set of
calculations in Table 3.1. It is shown that one out of eight clock cycles, two DWT coefficients are
computed (cycle 6). Similarly, in one out of eight cycles, no DWT computations take place. This

suggests that one of the computed output coefficients (the high-pass coefficient) can be output
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(written 10 DTB) in a manner similar to all the other DWT coefficients. The second output
coefficient can be stored in the Register Bank and be output during the idle clock cycle which takes
place in cycle 2, 4 clock cycles later. Register Allocation in Table 3.2 shows that in the time period
from cycle 6 to cycle 2, the coefficient will have traveled to register RB4, and thus must be writien
to DTB from that location. It is for that purpose that in Figure 3.6, the output of the filter and the
output of the RB4 are multiplexed. In clock cycle 2 the DWT-SA output is taken from RB4,
whereas in all other time instances it is taken from the filter output. This approach removes the
possible conflicts and bus contentions and consequently results in an orderly read-write DWT-SA -

DTB transfer as shown in Figure 5.4.

R/W

READ WRITE READ WRITE READ WRITE READ WRITE READ WRITE READ

o YOO

Figure 5.4. DWT Architecture - DTB data transfer.

The designed chipset can be considered as dedicated hardware accelerator, that computes
DWT coefficients, but does not realign data that has passed through it. These functions have to be

taken care of by other sysiem components. A possible scheme is presented in Figure 5.3,
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Figure 5.5. VME Interface for the 2-D DWT-SA simplec architecture.
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5.4 Extended 2-D DWT Architecture

The extended 2-D DWT-SA architecture is proposed in order to exploit fully the parallelism
present in the 2-D DWT transform, and achieve real-time operation. In comparison (o the simple
2-D DWT-SA architecture presented earlier, the extended 2-D DWT-SA architecture operates with
two DWT-SA chipsets, one of which performs the 1-D DWT on the image rows, and the other
executes the 1-D DWT on the image columns. The architecture for the extended 2-D DWT-SA is
shown in Figure 5.6.

The two DWT-SA chipsets are separated from the VMEbus by their respective

microcontrollers and the transposer unit, which have the following tasks:

. Both microcontrollers receive filter coefficients for their respective DWT-SA
chipsets and assure that they are properly set up.

. Microcontroller 1 receives data input from the VMEbus DTB and passes the data to
its DWT-SA 1 chip for processing. It also receives the results and sets them in sequence
before they are fed into the transpose module. Only after a row of input data has been
processed completely and all its coefficients have been calculated, can they be realigned and
subsequently passed onto the matrix transposer.

. The matrix transposer receives input one row at a time and after N such inputs it
produces first transposed output column.

. Microcontrolier 2 receives the transposed data and feeds it to the second DWT-SA 2
chipset for the stage of columns processing. It also receives the final results and sets them in

sequence before they are output to the VMEbus DTB.
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Figure 5.6. Extended 2-D DWT-SA architeclure.
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5.4 Extended 2-D DWT Performance Estimates

Full size 512 X 512 pixel video input requires complete DWT coefficient calculation every
33 ms, which corresponds to a standard rate of 30 images per second.

A typical image is composed of 512 rows, which in turn contain 512 pixels each, the total
number of DWT coefficients is 262144, corresponding to one DWT coefficient {or every pixel.
Considering that the input to the architecture is sequential, on a row by row and pixel by pixel
basis, it takes 38 + 512 clock cycles to compute a complete set of DWT coefficients for cach row in
the input image. As explained previousty 38 cycles is the initial pipeline delay through the 1-D
DWT architecture. At the simulated and achievable clock rate of 20 MHz, 550 clock cycles
(512438) correspond to 27.5 us. Since there are 512 such calculations to be performed in order to
complete 1-D DWT computations for all rows, the time required to complele the task is 14.08 ms.

As complete rows of DWT coefficients became available they are realigned by the control
circuitry and subsequently fed into the matrix transposer module. This approach results in
extracting additional parallelism from the architecture and suggests that realigning is performed at
no additional cost to the overall delay through the 2-D architecture. Equally negligible delay is
associated with the matrix transposition operation. That is due to the fact that by the time the last
row of coefficients is being calculated, N-1 rows of previously computed coefficients are already
in the matrix transposer module waiting only for the last row of coefficients to be input. Thus the
delay through the matrix transposer equals 512 + 2 cycles i.e. 514 cycles. The two additional
cycles account for the delay trough the input and output modules of the transposer. As a result, it
takes 14.08 ms + 0.0257 ms = 14.1 ms 10 get all rows of 2-D input data wrough the first 1-D DWT
computation, coefficient alignment as well as matrix transposition. At this point scquential data
will be nrocessed by the second 1-D DWT architecture, but now on column by column basis. It
can be concluded, that 14.08 ms later, all 2-D DWT coefficients for the 2-D input stream are

computed, for a total of 28.18 ms.
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The second 1-D DWT computation is performed on data temporarily stored in the matrix
transposer. This suggests that the moment that operation begins, the first 1-D module is free to
start computing the DWT coefficients of the following input frame. As a results partial
computations of two sequential frames are executed at the same time. Consequently, the time
required for computing one frame of DWT coefficients is just the time required for computing the
first 1-D transformation i.e. 14.]1 ms. In this manner, the overall hardware utilization and
efficiency is close to 100%.

It can be concluded that full frame 512 X 512 monochrome video can be processed in less
than half the time required for real time computation.

In the case of color video, three color planes instead of one have to be computed in the time
allowed of 33 ms. That corresponds to 11 ms time allocation for each color plane. In order for
this architecture to successfully process color video in real time, it would have to function at a
faster clock rate. Moving to smaller than 1,2 um technology is required because the speed of
computation is directly related to the process technology. 30% Speed improvement of up to 30%,
can be achieved with a process technology between 0.6um - 0.8um. In 1995, such technology is
becoming a standard used by most VLSI manufacturers, suggesting that in the very near future, a
2-D DWT architecture just presented will be able to successfully process full motion, standard size

video input signals.

5.6 Conclusion

In this chapter two-dimensional DWT computation using the DWT-SA architecture is
introduced. Two 2-D DWT architectures, simple and extended 2-DWT architectures using one and
two DWT-SA chipsets respectively are presented. Performance estimates for the 2-D DWT-SA

extended architecture are presented.
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Chapter 6

Summary and Future Work

6.1 Summary

Tn this thesis, a new simple and efficient VLSI architecture (DWT-SA) for
computing the Discrete Wavelet Transform has been presented. The proposed
architecture is systolic in nature, modular and extendible to 1-D or 2-D DWT transform

of any size. The DWT-SA has been designed, simulated and implemented in silicon.

The following are the features of the DWT-SA architecture:

. 1t has an efficient (close to 100%) hardware utilization.
. It works with data streams of arbitrary size.
. The design is cascadable, for computation of one, two or three

dimensional DWT.
. It requires a minimum interface circuitry on the chip for purposes of

interconnecting to a standard communication bus.
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The design of DWT-SA, is based on a computation schedule derived from the DWT
Equations 3.2a - 3.2n, which are the result of applying the Pyramid Algorithn for N=3§
(Fig. 2.2), to the six stage filter equations 3.1a - 31.b. The high-pass and the low-pass
filter coefficients can be computed using a six stage multiply and accumulate digital filter,
where partial results are calculated at the each stage separately and then progressively
passed to the next higher stage for accumulation.

Minimum number of intermediate registers are used in the design to store different
octave outputs before they are used in the next octave computations. A high-speed
multiplier based on the Booth Algorithm is employed in the filter.

The DWT-SA design has been implemented using CMOS 1.2 um technology.

Two system architectures for computing a 2-D DWT using the 1-D DWT-SA
architecture proposed in Chapter 3 are presented. Both architectures are based on
connecting the DWT-SA chipset(s) to the standard backplane VMEbus. The 2-D
architectures are extendible to anSf image size and have a potential for real time

computation of 2-D DWT.

6.2 Future Research Work

The DWT-SA architecture, proposed in this thesis is a proof of concept. Its
intention is to demonstrate that a 1-D or 2-D DWT can be executed efficiently in real-time in
simple, dedicated hardware. The architecture is constructed using 8-bit wide data and filter
coefficients. Due to this constraint, the arithmetic range supported by the DWT-SA ranges
-127 to +127. The architecture functions properly as long as at every stage in the internal
pipeline as well as in the filter, the intermediate result is not greater than +127 or smaller
than -127. Violation of this rule resuits in an output clamped at either one of the two
extreme values leading to an imprecise result.

Future research work consists of extending the DWT-SA architecture to a 16-bit
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architecture. The change required, is simple and consists of extending the bus width
throughout the DWT-SA architecture from 8 to 16 bit and designing a multiplier operating
with wider operands and producing a 32-bit result. That last change is also easy to
implement due to a very modular and extendible multiplier design. The resulting DWT-SA
| 16-bit architecturc will require 4 times more transistors, would occupy 4 times more silicon
area consume about 4 times more in power and be about 40% slower due to longer delay
necessary for the multiplication operation. (Simulation results show that critical path delay
through the multiplier grows less than linearly as the number of adder stages is increased).
The range of values supported by the 16-bit DWT-SA is from -32767 1o +32767, which is
more than satisfactory for most data compression applications.

Another possibility for future work consists of porting the DWT-SA simulations
and layout onto a newer process technology, for example 0.5um. That improvement
would almost certainly result in real-time execution of DWT on color video.

Finally, a completely new design methodology based on algorithm synthesis (by
using the Synopsis tool) can be explored. Due to the systematic data flow through the
architecture which can be expressed by a set of equations, the Synopsis top-down approach

has the capacity to dramatically cut the design, simulation and verification time required.
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Appendix A

Architecture Schematics

The following pages contain a complete hierarchical set of schematics for the proposed

DWT-SA architecture.
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