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Abstract

Thisresearch examines a very large-scale integrated (VLSI) circuit implementation

of the Winograd and Good-Thomas algorithms for computing discrete Fourier

Transforms (DFTs) with composite blocklengths.. /The theoretical background for calcu-

lating DFTs in general is developed, before~the algorithms of interest are presented., in

detail. Once the validity of the algorithms is established. a, VLSI architecture, which

exploits the parallelism and pipelining inherent in the algorithms, is discussed. Wino-

grad processors use both the small and large Winograd algorithms to compute DFTs

with blocklengths of 15, 16, and 17. Longer blocklength DFTs (240, 255, 272. and 4080)

are computed using a pipeline of Winograd processors. dual-port memories, and an inter-

face processor; the pipeline uses th , Good-Thomas Prime Factor Algorithm tPFA).

Fault tolerance was included in the initial design of the VLSI architecture. Watchdog

processors check both data and addresses of active Winograd processors, while parity

checking circuits incorporated in the Winograd processors augment memory error-

correction coding (ECC).,:::

The numerical accuracy of the VLSI circuit, was determined using a software simu-

lation. The signal-to-noise ratio (SNR) was uised as the accuracy metric. The signal was

the output of a standard module. which used dou ble- precision arithmetic, while the ol-se

• was the difference between the standard and the simulation module. The simulation

module used integer arithmetic to exactly mimic operatun 4 the \'L.I ircu It. The out-

puts of the standard module were also compared with a direct evaluation of the DFT to

* verify the standard module did compute a DFT. Results of the .omparison between the

tandard and simulation modules for single-factor DFT.-, (15. 16. ind 17) indicate lit

.L$l circuit can produce information accurate enough for .vn thctic :iperttire r:dlar :ind

,ther lernanding applications.

viii.. .-
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Architecture and Numerical Accuracy of

High-Speed DFT Processing Systems

Chapter I

Introduction

1.1. Background.

Current radar and image recognition systems require real-time computation of

discrete Fourier transforms (DFTs). These applications need spectral information, given

by the DFT, on a large iumber of sample points to obtain the necessary spectral resolu-

tion for precise calculation of operations such as correlation and convolution. The DFT

is used since only a finite number of sampled values are available, rather than the origi-

nal analog signal. The DFT should not be computed directly because the number of

operations would be proportional to the square of the number of sample points (i.e.,

O(N2)). Instead, the class of algorithms known as fast Fourier transforms (FFTs) is usu-

ally employed, since the number of operations is only proportional to the logarithm of

the number of sample points times the number sample points (i.e., O(NlogN)). The first

popular FFT algorithm, the Cooley-Tukey radix-two algorithm 5 , is still widely used

today. The algorithm, developed in 1965. takes advantage of symmetry properties within

the DFT compdtation to reduce the number of operations.

" 'il the adve'nt )f very large-scale integrated 'LS[I circuits. most DFT calcula-

t ions were performed by general-lpurpose computers or by banks of circuit boards con-

tainlu' mediuim- and large-scale integrated (NISI and LSII circuits. The general-purpose

comp t crs were used for most applications because they had better :wcuracy and'

ithroulghput, unless size and power requirements frcvd the iuse nf integrateuI circuits.

The loss in throughput and or aiccu racy when integralied circuits were used ltt some"'

N.--



jobs had to be processed off-line, rather than in real time (e.g., synthetic aperture radar "'-"-'

S ""and image processing from space vehicles). It is now possible. using VLSI circuits. to put

all the required arithmetic and control circuitry necessary to perform DFT computations

-- onto a single chip. However, several single-chip processors may be needtJ for those

applications which require long blocklengths and/or high throughput. In the case of

synthetic aperture radar, the throughput and blocklength constraints are so severe, off-

line optical processing continues to be used [181.

One method of increasing the throughput is to reduce the number of operations

required to compute the DFT. Winograd has shown a class of algorithms (know as

Winograd Fourier Transform Algorithms; WFTA) to use the fewest number of multipli-

cations in computing the DFT [291. Reducing the number of multiplications gives a

larger increase in performance than reducing the number of additions because the multi-

plications are more complicated, requiring several additions to yield the product. Thus,

designing an integrated circuit which implements a WFTA would be likely to have high

throughput. The remaining question is whether the circuit can provide the necessary

accuracy for the radar and image processing applications.

1.2. Problem Statement.

The research presented in this thesis has two goals: 1) develop an architecture for

a VLSI circuit which computes DFTs using the WFTA: and 2) determine the numerical

accuracy of the VLSI circuit using a software program to simulate the numerical opera-

tion of the circuit.

1.3. Scope.

This thesis report is the first of' a series of four reports on the research of 'LSI (i-

.1'uits uinplenenting a WFTA. This report will foc.is on t he numerical simulat on )f the

2
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VLSI circuit and the development of the circuit from a system-level viewpoint. The

other three thesis reports will cover the following areas:

1) VLSI arithmetic circuitry;

2) VLSI control circuitry;

3) VLSI circuit simulation.

A summary of information contained in the other three reports is presented in the fol-

lowing paragraphs.

1.3.1. VLSI Arithmetic Circuitry. This area of the research is highlighted in the

thesis report of Captain Paul Coutee [61. Captain Coutee discusses the modules neces-

sary to realize the multipliers and the adder/subtractor elements in the VLSI circuit.

The design of the modules, including optimizing the area, is presented in detail. Also,

the requirements of the arithmetic circuitry, from both a systems viewpoint and a circuit

viewpoint, are developed.

1.3.2. VLSI Control Circuitry. Captain Paul Rossbach .22! describes the modules

necessary to realize the control portion of the VLSI circuit, including the signals which

allow the circuit to compute the DFT and the generation of addresses for both input and

output lata. A ring counter and a programmed-logic array (PLA are used to generate

the the control signals. The address circuitry uses a read-onlv memory (ROM) to store

tie :tddresses for the input and output data. .-k special algorithm to reduce the number

of transistors in the ROM is presented in derail.

0

1.3.3. VLSI Circuit Simulation. A functional simulation of the VLSI circuitry is

_ presented in the thesis report of Captain James Collins 4. ('aptain Collins discusses

the language requirements necessary to simulate operation ,1 a 16-point Winograd ""'"

3
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• :-.." processor in detail, implementing such functions as parity checking and generation.

, rounding, and scaling. A simulation in the 'C' computer language is given in detail,

showing the flow of information through the processor. Also, a description of the 16-

point processor is presented using the VHSIC Hardware Description Language (VHDL).

1.4. General Approach.

The general approach to developing the VLSI circuits which perform the WFTA

will be to first introduce the theory of how Winograd's algorithms allow DFT computa-

tions to be calculated using convolution algorithms. Then, the VLSI circuits will be

presented, with block diagrams of individual processors and DFT systems incorporating

processors, memories, and host interfaces. Finally, the numerical simulation of the cir-

cuits is discussed, including differences between the simulation module and the standard

module and results of the simulation.

1.5. Overview of Remaining Chapters.

The remaining chapters in this thesis report will follow the general approach out-

lined in the previous paragraph. Chapter 2 contains the necessary theory to understand

how the algorithms presented in this report can compute DFTs. First. the Cooley-

Tukev fast Fourier Transform (FFT) algorithm is given, since it introduces the concept

o1" algorithms which use fewer operations than the direct evaluation A' the )FT N'xt. --

the use of Winograd's short convolution algorithm is presentetd. I n method of

,uickly computing a cyclic convolution directly. Then. Rader's prine ali,,rithm 'an be

*used to change a DFT calculation into a cyclic convolution computation. The ,ombina-

tion of these two ideas gives rise to Winograd's small DFT algorithm. For longer DFT

blocklengths. \Vinograd's large DFT algorithm or the Good-Thoma.s Prime Factor .\luo-

*-i rhm PFA) may be used with the small Winograd modulesi.

4



Chapter 3 has the information on the architecture of the VLSI circuit. Beginning

with the Winograd processors. the circuits are presented from a system-level viewpoint,

including block diagrams and control signal descriptions. The DFT processor, a system

of Winograd processors and associated memory and interface chips, is discussed next.

Finally, the characteristics of both the individual processors and the DFT system are

presented. Fault tolerance is discussed from a design viewpoint (i.e., incorporating fault

tolerance into the original design of the circuits, rather than as an additional item for

later development).

Chapter 4 contains the information on the numerical performance of the architec-

ture presented in Chapter 3. First, the metric used to determine the numeric accuracy,

the signal-to-noise ratio, is given, as well as some of the main sources of noise (noise

being the difference between the results from the standard and simulation modules). ,-

Second. the details of the programming are given, especially the requirements of the

language to be used and the differences between the standard and simulation modules.

Lastly, the results of the simulation are presented, with the average signal-to-noise ratios

given for three DFT blocklengths.

Chapter 5 has the results, conclusions, and recommendations for the this report.

Future research will be centered on the fabrication and testing of the VLSI circuits: how-

ever. some theoretical work should be accomplished (i.e.. validation of the 17-point algo-

rithm) and efforts should be made to determine the effects of coefficient wordlength and

different types of input data on the numerical accuracy, The appendices contain a

development of the 15-point DFT using the large Winograd ilgnrithm. the simulation

programs, and the simulation results.

5
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Chapter 2

Theory

2.1. Overview

The material in this chapter describes the algorithms used to compute the Discrete

Fourier Transform (DFT) and presents the theoretical background necessary to under-

stand why these algorithms were chosen. The algorithms used are Winograd's Small

DFT algorithm, Winograd's Large DFT algorithm, and the Good-Thomas Prime Factor

Algorithm (PFA). Winograd's Small DFT algorithm allows efficient computation of

DFTs with short blocklengths (e.g., 3, 5, 16, and 17). These short blocklength DFTs are

used in Winograd's Large DFT algorithm and the Good-Thomas PFA to compute DFTs

with longer blocklengths (e.g., 4080) and non-prime blocklengths (e.g., 15). The informa-

tion in this chapter is presented in the following order. First, the Cooley-Tukey algo-

rithm for computing DFTs, known as the fast Fourier Transform (FFT), is given. Then,

the method of computing DFTs from cyclic convolutions is described. Next, the theory

of the Winograd modules is discussed. Finally, the Good-Thomas Prime Factor Algo-

rithm is explained.

2.2. The Cooley-Tukey FFT Algorithm.

The DFT is a means of describing the discrete frequency components of a finite

sequence of values 17. The DFT may be viewed as the Fourier Transform of an

*O infinite. periodic sequence (where the original sequence is one period of the infinite

sequence) or as sampled values of the Z transform of the original finite sequence. The

DFT can be expressed using a summation form. as shown in 12-1".

. -.
:: -. . . . . . . . . . . . . .
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° .°.-:~x~k) x •(n) I k k ---- 0.i- , N-1 (2-1) ''-

This direct evaluation of the DFT requires 4N real multiplications and N(4N -2) real ,

additions, if the N input points are complex samples.. As N grows, the number of

operations grows as N-. Most algorithms which reduce the number of operations in

DFT computations take advantage of two properties of the coefficients used in the direct

form of the DFT. The first property is conjugate symmetry, as shown in (2-2).

(N -) - Wha)(2-2)

Conjugate symmetry reduces the number of operations by about one-half. Also, certain

values of the product kn yield coefficients of 0 or 1, which are called trivial coefficients.

The other property which FFT algorithms exploit is periodicity, as shown in (2-3).

. = k(a +N) (k NIX (2--) .. -,, = w,, (2-3) .--

Periodicity provides a greater reduction in the number of operations than does the sy"-

metry property.

The FFT algorithm achieves the dramatic decrease in the number of operations by

decomposing the DFT computation into successively smaller computations. The decom-

position may be performed in either the time (decimation in time) or the frequencv (deci-

mation in frequency) domain. Usually, the decimation is performed when .V is an even

integer. Then, the single summation in (2-1) can be separated into two summations, one

for even integers and one for odd integers (2-4).

nkk.(k) = V .(n It'_ V .(n) z(n WIn

" -" -'.i..,' -,d

AdA
... .. . . . . . . .'. . .,
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The symmetry and periodicity properties described previously can be applied to show

the two summations in (2-4) each correspond to an .V2-point DFT. Thus, the N/2-

point DFT is computed once, then combined with itself to give an N-point DFT. The

decimation process is repeated until only 2-point transforms are computed. The number

of decimations is: log2N; therefore, the number of multiplications required by the ,..-

decimation-in-time FFT algorithm to compute the DFT is: N '2.

Even though the number of operations has decreased by 2N "logn2 . the coefficients

(W N ) must be computed for each of the N'2 points. Also, only two data words may be

read into the arithmetic circuitry for each multiplication/addition operation (often called

a "butterfly"). These two characteristics usually provide the most severe limitation of

the FFT algorithms, that of input/output (I/O) bandwidth. The I/O bandwidth relates

to the rate at which data may be read into and out of memory. Thus, even with the

reduction in the number of operations given by the FFT algorithms, there are still some

problems which limit the usefulness of the algorithms.

2.3. Discrete Fourier Transforms From Cyclic Convolutions.

One of the most frequent applications of the DFT is to compute the convolution of

two finite sequences. The convolution is a result of passing an input signal through a

linear filter. The mathematical representation of a filtering operation is expressed in the

time domain as a convolution of the input signal with the impulse response of the filter.

Often. it is easier to perform the computations in the frequency lomain. where the filter-

ing operation is a multiplication of the spectrum of the input signal with the frequency

reslpone of the filter. The resulting product can be inverse-transformed for time-domain

analysis. Since only a finite number of sampled values of the original analog signal are

available, the DFT is used. rather than the Continuous-time Fourier transform. This

method of 'orn p11 ting convolutions is chosen because con putation of the DFT usually

. . . .



involves fewer operations (multiplications and additions) than direct evaluation of the

convolution itself. However, this relationship may be reversed; a cyclic convolution may

be used to compute a DIFT if the convolution algorithm requires fewer operations than

the DFT algorithm. Winograd [291 has shown such algorithms do exist.

2.3.1. Winograd's Short Convolution Algorithm. The following development of methods

to compute cyclic convolutions was adapted from Blahut ',31 and Winograd '291. A cyclic

convolution may be written as:

8(z) =g(z)d(z) modfm(z)] (2-5)

0,where the degree of g(x) and d(x) is (N-I1) and m(x) z ~N-

The coefficients of s(x) are expressed as:-

s* g ~ ((i k)) dk = 0, 1, N-1 26

k =0

wvhere the double parentheses denote modulo N arithmetic.

This may be broken into several smaller computations by factoring m(x) into K rela-

tively prime polynomials (i.e., those without any common factors). The residues of the

'-3(N) and d(x) for each of the K factors are computed.

~ k(x R y (x )i uing in' (X (2-7a)

k) (xr R d (z) usingmi () ((271))

where R z represents taking the residue of x



V.W~%. -- -C-

* Then. the kth residue of s(x) may be found by:

R Rg (k)(x) d ()r~ mod m~ ()i

Finally, s(x) is found by combining the K residues:

K-1

z) 3(z) a (z) (2-9)
k =0

The WVinograd short convolution algorithm may be expressed using matrix notation

:31: this allows a more compact representation of the Winograd convolution.

C =C(A g)(B d) (2-10)

C~ G ~ D

-CS

where

= (x) in (2-5)

d - d/r/in (2-5)

A =Aft/N) X N matrix of the residues of g(x)

B =AI.Vj X N matrix of the residues of (ix)

C N .X AftAN) matrix of coefficients for the residues of S

S =A!(N) vector of the residues of s(x)

AIi=-the number of multiplications required for an N-point convolution

The form of (2- 10) may be massaged to yield three matrices on the right hiandI side

of the equmat ion: a pre-midit ion mat rix. a post- add it ion miatrix. and a1 d1iagona:l mumlt ipih-

10



cation matrix. The pre-addition and post-addition matrices are composed of zeroes and

ones (the ones may be positive or negative). The multiplication matrix is a diagonal

matrix of coefficients. These coefficients may be computed and stored before they are

needed. The advantages of the matrix form of the short Winograd convolution algo- '.

rithm will become clear when the small Winograd DFT module is discussed.

One of the reasons for computing the cyclic convolution directly is to reduce the

number of operations, especially the number of multiplications. Using the direct method

of computing the cyclic convolution (2-5), one needs 2N 2 real multiplications (assuming
K-I

(k) ," -.
complex input data), whereas Winograd's algorithm requires 2 deg m (x multi-

k -0

plications. For example, the linear convolution of a real 3-point vector with a real 2-

point vector requires six multiplications using the direct method and five multiplications

using Winograd's method 31. Although the savings of the number of multiplications in

the example is not great, it illustrates the idea. Thus, by using Winograd's small convo-

lution algorithm, the number of multiplications is reduced. However, we still must show

the number of operations required to compute the DFT using a cyclic convolution is less

than the number of operations required to compute the DFT using one of the Fast

Fourier Transform (FFT) algorithms.

2.3.2. Rader's Prime Algorithm. Rader's prime algorithm is the link between cyclic

convolutions and DFTs 20'. An N-point DFT may be computed using a cyclic convolu-

tion of length (N-) and index scrambling if N is a prime number. First. find a primitive

,lement r of a finite field of N elements (this finite field is referred to :s a Galols field

and is denoted by GF(N)). Each integer in C'F(N} can be written :s a unique power of'

Now. the DFT

11 . -
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can be rewvritten by breaking out the zero frequency and zero time components:

k V + W Vi k 0,I1, N -1 (2-12a)

N-I

-O Vi (2-12b)

This "breaking out" was done since zero cannot be expressed as a power of the primitive

element -. Let r(i), defined on {I, 2, .. N-11, be a unique mapping of i, also defined on

'~1. 2. N-11, such that:

Thus. r(I) is simply a permutation of i. Now, (2-12b) can be expressed as:

V 1)=V 0 - .~J V ;)(2-13)

or. su bstituting I rf rk) and j =N - I-

Mhere V 'and v' are scrambled output and in put sequences. re-spect ively.

1,l11IS last equ ation (2-14) can be recognized a-s a cyclic convol ut ion bet ween r ' a nd

( refere ne (2-51). The cyclic con%-olutrion can be eval uared tiinghe mnet 1101k described

i parnilraphI 2.3.1. Th is procedlu re, Rader's prime a htorit i in ccmpled %vitli W in oirat s

12
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small convolution algorithm, gives rise to the Winograd Small DFT algorithm.

2.4. Winograd DFT Modules.

Information from the previous section showed how to compute DFTs of prime

length from cyclic convolutions. The reason for doing so was to reduce the number of

operations. especially the number of multiplications, involved in the DFT computation.

This section deals with the methods for computing DFTs of lengths 15, 16. and 17, using

the general approach described in paragraph 2.2. First, Winograd's small DFT algo-

rithm will be described for DFTs whose blocklength is either a prime or a power of a

prime. Then. the fitting together of small Winograd modules to form a large Winograd

module will be discussed. Together, both types of Winograd modules will be used in the

Good-Thomas PFA to create DFTs with still longer blocklengths (reference paragraph

2.4.1. Winograd's Small DFT Algorithm. Constructing a DFT using Winograd's

small DFT algorithm requires knowledge of Rader's prime algorithm and Winograd's , ..

short convolution algorithm. This small DFT algorithm provides an efficient mechanism

for calculating DFTs with short blocklengths: in this case. the blocklengths of interest

are 3. 5. 16. and 17. For the DFTs whose blocklength is a prime number ,eg.. 3..5, and

17). Winograd's small DFT algorithm has three steps:

I ( Change the DFT to a cyclic convolution using Rader's prine algorit hm.

2) C,)mpute the cyclic convolution using \Vinograd's short ,onvolution algorithm-

.,) Incorporate the scrambling required by Rader's prime algorithin by permuting -

the rws of the post-ad dition matrix and the columns of the pre-laition matrix.

The 16-point DFT cannot be computed using this method since 16 is a power , '2:

Winograd's small DFT algorithm requires three steps for DFTs whose hl,,ck length is a

13
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power of 2:

1) Compute a 2(M-I)-point DFT on the even indices.

2) Compute a 2(m 21-point DFT, preceded by 2( -2) - 1 complex multiplications, on

the odd indices.

3) Compute two polynomial products modulo x + 1 (an irreducible polynomial).

Both of the above algorithms are presented in much greater detail in Blahut '3 1

and in McClellan and Rader [161. The equations describing the Winograd small DFT

algorithm for DFTs of lengths 3, 5, 16, and 17 can be found in several references

* r3, 7, 16, 25. 291. Table 2-1 shows the number of operations required for each DFT,

using the small Winograd DFT algorithm; entries are given for Cooley-Tukey radix-2

algorithm for DFTs of lengths 4, 8, and 16 for comparison.

The entries in Table 2-1 are given for complex input data. The entries for the Z

\Vinograd algorithm include trivial multiplications (by I 1 or = j). The Winograd

entries in Table 2-1 were tabulated in Winograd '291 and Blahut i31. The Cooley-

Tukey entries were tabulated in Blahut '3]. As seen in the direct comparisons for the

blocklengths of 4. S. and 16. the small \Vinograd DFT algorithm requires a similar

number of additions as the Cooley-Tukey radix-2 FFT, but substantially fewer multipli-

cations. It is this savings in multiplications which brought about the interest in using

Comparison of Short Blocklength DFT Algorithms
" DFT Small Winograd Coolev-Tukev Radix-2

Size multiplies adds multiplies adds

3 6 12 (a) (a)
1 8 16 16 21

- 5 12 3 4 a) (a)"
8 16 52 48 7"2
1 6 36 I-IS 128 19}2" ,
17 72 :11-1 ( a) ( a I " . ,

-fa DFT size is riot a power of two.

--Table '2--1----- -

• ? .-,- -?-
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,-: the small Winograd DFT algorithm. These savings in the number of multiplications will

become even greater when the large Winograd DFT algorithm is used.

2.4.2. Winograd's Large DFT Algorithm. Winograd's small DFT algorithm yields

computationally efficient DFT modules; however, most applications require blocklengths

which are much longer than those given by Winograd's small DFT algorithm.

Winograd's large DFT algorithm does this by combining relatively prime small Winograd

modules into an operation which yields a blocklength equal to the product of the block-

lengths of the small Winograd modules. There are five steps in constructing a large

Winograd module from small Winograd modules:

1) Scramble the inputs using the Chinese Remainder Theorem;

2) Nest the pre-additions;

3) Nest the multiplications;

4) Nest the post-additions:

5) Unscramble the outputs using the Chinese Remainder Theorem.

2.4.2.1. Index Mapping. Understanding the Chinese Remainder Theorem (&.R.T.) is

essential to building a large Winograd module. The C.R.T requires the factors which

,comprise the composite blocklength to be mutually prime. As a brief, xample. consider

A DFT A' length tifteen 115) Fifteen ,an he written :Ls a prn(uct -1f twc, mutually prime

*':ict,,rs thre and ir-1. thus:"

15 12-15)

0

15

.......... . ..............

. .. . . . . . . . .. . . . . . . . . . . . . . .
. . . . . . . . . . ...... '..--... ..



where ni and n 2 are the two factors.

The input mapping is described by the equations:

ki= (N' X k) mod ni

k = (N' 1  X k) mod n2

(N X n xk)+(N IX n. xk)

where

k indicates the row of the input array

k., indicates the column of the input array

13

0 3 6 9 126
5 141

4 17

14

12

* ... Figure 2-1 lnpuit Miapping fkr 15-1)) it Lar-e WVinogratd Mitde -- 7



For the output mapping, a two-dimensional array is constructed, using n1 rows and n.

columns.

n mod

i2 n mod n,

where

i1 indicates the row

i., indicates the column

13 -

117

17 I



These two-dimensional maps are changed back into one dimension by stacking the

.. .columns (reference Figures 2-1 and 2-2).

2.4.2.2. Nesting of Additions and Multiplications. The nesting of the multiplications

and additions in the large Winograd DFT algorithm is accomplished using the associa-

tive property of Kronecker products. The following example indicates the use of

Kronecker products:

N - NIx N 2

W = matrix representation of DFT of N

- CBAi = WY_

W, = matrix representation of DFT of N sub I

- C 1 B, A,

W = matrix representation of DFT of N sub 2

where

A. A, A = pre-addition matrices

B. B1, B. multiplicative matrices

C. C. C - post-addition matrices

y- input vector (N elements)

The ,ut p)t vector. Y, may, be written using Kronecker products:

- (W W.

- (C, B AI) (C. B., A,)' Y

- (C C., (B, (B I (A, A-) y

-. 7
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One of the advantages of using the large Winograd DFT algorithm is that all like

operations are combined into a single matrix (i.e., the pre-additions are combined into ____

one matrix of pre-additions and the same for the multiplications and post-additions).

Combining the multiplications into a single matrix saves a considerable number of opera-

tions 3, 141. Since the multiplication matrices are diagonal, the total number of multi-

plications required is simply the product of the number of multiplications required for

each small Winograd module which comprises the large Winograd module (i.e., the

number of multiplications is equal to the number of diagonal elements in B, times the

number of diagonal elements in B,2). Figure 2-3 shows the combination of the pre-

additions and the post-additions into single matrices, while Figure 2-4 shows the nesting

of the multiplications inside the additions.

PRE-ADOS MULTI'IPLIES POST-ADDS

Figure 2-:1 Nesiting of Additions in 1.5-1Pin m ..irgen \Viiiog"r~ld M'dtlyt

. ... .
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2.5. Good-Thomas Prime Factor Algorithm.I

The WVinograd modules. discussed in the previous section. provide an efficient .

means of computing short- and medium-length DFTs. One of the drawbacks of using

the mmr large cionsrant modulesfo is thecopin matrices become large and transform imposing cmue serious

the large Winograd algorithm requires a multiplication matrix of size 1280). The Good-

Thomas prime factor algorithm (PFA) requires more overall multiplications than the

large Winograd algorithm. But, since the DFT is broken into several component parts.

the total number of multiplications is resolved into several manageable subproblems -

(e.g., a 255-point DFT computed using the Good-Thomas PFA requires multiplication

matrices of size 18 and 36 for the 15-point module and the 17-point module, respectively;

reference Table 2-2 for total number of operations). Also, the structure of the Good-

Thomas PFA lends itself to pipelined architectures in circuit design (reference Chapter

:3), which means the pre-addition matrix may be working on one problem while the mul-

tiplication and post-addition matrices are working on the previous problem (this gives. --

better utilization of arithmetic resources). Putting together a PFA algorithm involves:

1) Creating input and output maps of the indices:

2) Choosing efficient DFT modules whose blocklengths are mutually prime (i.e.. no

common factors).

The index mapping is identical to that used in the large Winograd algorithm since

~- °

the mapping routine for the PFA also uses the Chinese Remainder Theorem (C.R.T.).

The index mapping is performed prior to the first, module and after the last module. For

example. a 1080-point transform has factors 15. 16. and 17. One possible sequence of

o~perations is dlescribed below:

1 ) Perform the input mapping:

2) Computite 255 16-point DFTs: -4

21

4
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* 3) Compute 272 15-point DFTs:I" ""

4) Compute 240 17-point DFTs; -- :..."

5) Perform the output mapping.

Steps 2, 3. and 4 can rearranged to fit any order. '- .'

The short DFT modules may be designed using any algorithm (e.g., Cooley-Tukey

radix-2. Winograd small, Winograd large, etc.); the only constraint is the blocklengths of

the modules must have no common factors. Winograd modules are well-suited for use

within the Good-Thomas PFA since small Winograd modules have blocklengths which

are either prime or a power of a prime, while large Winograd modules also require mutu-

ally prime factors. The idea behind the Good-Thomas PFA is to change a one-

dimensional DFT into an p-dimensional DFT. where p is the number of mutually prime "

factors (N 1, N,, N ) which compose the overall blocklength. N. In the two-factor case

(i.e.. = N1 x N), N1 N,-point DFTs are computed, then N, NI-point DFTs. The

order of computing the DFTs does not alter the total number of operations (additions

and multiplications). The number of multiplications will be greater than or equal to

more than the number of multiplications required by a large Winograd module of equal

length. However, the number of multiplications for each block is fewer than the number

required for a large Winograd DFT (if small Winograd DFT modules are used in the

PFA). Table 2-2 shows a comparison between the Good-Thomas PFA jusing small

Winograd modules) and the large Winograd DFT algorithm: the entries for Table 2-2 are

for c'omplex input data.

The number of multiplications does not include trivial mulItplicat ions (by I 1 or ±

j,. Entries for Table 2-2 were computed u,ing equations from Iolba and Parks 1.I

FVhile tihe number of multiplications needed for the PFA is approxmately twice that

required for the large \Vinograd. the numl)er of additions required fr the (;, od-Th i n .

P PFA is less. Other algorithms, such a.s the (ooley-Tiikey ral ix-2, reql ire man% i ,,re

multiplicatn-,s than the PFA (e.g.. a 256-point DFT fur c,,niplex inputs ii..,ig t ihe

K22
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Comparison of Long Blocklength DFT Algorithms

DFT Good-Thomas PFA Large Winograd

Size multiplies adds multiplies adds

15 50 81 34 81
240 1100 4812 632 5136

255 1900 7464 1280 8406

272 1640 7540 1280 8168

4080 31148 157164 23312 189048

Table 2-2

Cooley-Tukey radix-2 requires 2048 real multiplications). Figure 2-5 shows a 15-point

DFT computed using the PFA; five 3-point DFTs are calculated, then three 5-point

DFTs.

2.0. Summary

The material in this chapter has shown how to reduce the number of operations

necessary to compute a DFT. First, the class of FFT algorithms was examined. The

FFT algorithms reduced the number of operations by exploiting the conjugate symmetry

and periodicity properties of the DFT computation. However, the 1 0 bandwidth of the

FFT was poor due to frequent memory references for both data and coefficients. Thus, a

different class of algorithms, developed by Winograd, was analyzed. The Winograd algo-

rithms. which have been shown to use the fewest number of multiplications for DFT - -"

computation 29,, were developed using cyclic convolutions to compute DFTs with short

hl,>cklengt hs. For longer blocklengths. or for those blocklengths whhic are not prime,

the large \Vinograd and Good-Thomas PFA were shown to be efficient ailgorithtn- for

DFT computation. The material in the next section shows how to implement these algo-

rith ms in a VLSI architectuire.

2.:.
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Chapter 3

VLSI Implementation

3.1. Overview

The material from the previous chapter showed the algorithms used to compute the

DFT. Now. we need an architecture which can implement those algorithms in a very

large-scale integrated (VLSI) circuit. VLSI circuits lend themselves to regular, parallel

structures 151. The matrix form of the Winograd algorithms map easily into VLSI cir-

cuits, with regular structures of adder/subtractors and multipliers (although determining

the routing between the elements is not a trivial task). Also, the structure of the \Vino-

grad algorithm lends itself to pipelining, the ability to work on more than one problem

at a given time. The information in this chapter is provided for both the 16-point \Vino-

grad processor and the 4080-point PFA processor. First, the overall layout, signal flow,

and physical characteristics for both circuits are given. Then, fault tolerance is

presented from a system-design viewpoint. Finally, the computational throughput of the

PFA system is described.

3.2. Winograd Processors.

The signal flow. circuit layouts, and physical characteristics will be discussed for

the 16-point \\'inograd processor (the l (-point processor being, chosen s being represen-

tative of the Winograd processors). The differences for the 1.5-point and 17-point chips

relate to the internal data representation (30 bits for the 15-point and 34 bits for the

17-point versu.s :32 bits for the 16-point) and the number of sign ,xtensions required to

prevent arithmetic overflow (4 sign extensions in the 15-point and 5 in the 17-point

versus 3 sign extensions in the lb-point). The internal data represent:ation will 'h:1age

the ititle to cornmpite :1 DFT (reference paragraph 3.5 The neI 1'-r igii ,Nte wi-,ns ,o

25
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prevent arithmetic overlow is discussed in more detail in paragraph 4.2.2.

The data flow for the 16-point chip is shown in Figure 3-1.

As seen in Figure 3-1, the circuits of the 16-point processor may be grouped into three

categories:

1) Input/Output (1/0);

2) Control,

RESULTS DATA H4ANDSHAKES/
OUT IN SCALING

SCALING

FORI REuL S
OUTN CHECK RSS

I iY/e3 6-R~ntWngru rcMn

REAL...R.EAL.... ....T...



3) Arithmetic.

The Parallel In, Serial Out (PISO) registers take inputs from the data memory, while the

Serial In/ Parallel Out (SIPO) registers send results to the data memory; there are two

sets of each type of register, one set for real data/results and one set for imaginary ,

data/results. Also, there is a 4-word buffer which holds the 12-bit addresses for the data

memory. There are two types of control circuits; one type is for on-chip control of tim-

ing and address generation, while the other is for off-chip communication (scaling con-

trol, handshake signalling, etc.). The arithmetic circuits reflect the three components of

the Winograd modules: a pre-addition matrix, a post-addition matrix, and a multiplica-

tion matrix. Adder/subtractors and multipliers compose most of the arithmetic circui-

try; there are also several reset circuits for clearing intermediate results before a new 16-

point DFT is started. The signal flow through the 16-point processor is described below:

1) The host processor sends an OPERATE signal to the 16-point processor. so the

j ". processor may begin computing DFTs;

2) Sixteen 24-bit data words are loaded from the input memory to the real and

imaginary PISO registers:

31 After all sixteen data words are loaded, the PISO registers latch the words into -

the serial output portion of each register:

4a) The input data words then are serially shifted into the arithmetic circuitry,

after passing through a parity check cell which flags any parity errors, on the input data:

Ib) While the first set of data words are being shifted out serially. the next set of

,l'ata words are being loaded, in parallel. into the PISO register from the dara memory

referenc- paragraph 3.2. 1.).

Ti The lata pass through the matrix of pre-adders. muiltipliers, and post-adders

tis s where the l-point DET is ('orif ted 1

27
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6) Before being sent to their respective SIPO registers, the real and imaginary

results are sent through the parityrounding cell (which rounds the 32-bit arithmetic

results to 23-bit output results and computes a parity bit to be appended to the 23-bit

result);

7) After all twenty-three data bits and the single parity bit have been shifted into

the SIPO registers, the result words are latched into the parallel portion of each register:

8) The 24-bit results are shifted out of the SIPO register, through the scaling cell

(which checks the most significant seven bits of each output data word to find the smal-

lest number of sign extensions for all 4080 words), and out to the output memory.

9) This 16-point processor continues to compute DFTs until it has exhausted all

the addresses for that particular DFT blocklength (i.e.. 255 16-point DFTs will be com-

puted in the 4080-point PFA system).

Each type of circuitry for the \Vinograd processors is discussed in greater detail in the

f'ollowing paragraphs.

3.2.1. Input/Output Circuitry. There are two types of 1 0 circuitry. one for data
Iq

cnd one for addresses. The data 1 0 circuitry are the PISO and 'qlPO registers. Each

type of data register has master-lave two (lip-ttops in each cell. One thip-Ilop is used to .'

-tore the input data. while the other is iised to store the output Idata. For exam ple. the

:1puit (lip-flops in each cell of the PISO array hold the input d:cra as e:ch 21-bit word is

-ifted into the PISO register. \Vhen the la lh 1nal is t1 ItIvated, the bits In the in put

flip-11ops are copied into the output lip-flops Then. the otptts may h. ,liifte., out

-erial shift out) while a new set of inputs is being shifted in parallel hift in l Figurs

,"2". -21b. and 3-2c show the sequzence ,I' shifting in, latching<. Anil -hifting -tit f,,r te' '

Il-I() register The operation of the SlP() register is similar. ,xccept ie inpcit -hilt l[ is .' -

1 . c, ,eri:Mll e hle , theo , tput shtifting is l e in in p rallel 1':1Ahc,,n

28
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twelve bits suffice for the addressing ($2 sup 12 49$.Tedt drs slae

onto the address bus during one clock cycle; the data words from the memory are loaded

* onto the data bus on the next clock cycle (reference paragraph 3.2.3 for memory require-

ments). A more complete description of the address generation process is given in para-

graph 3.2.2.

.~~ - "

3.2.2. Control Circuitry. There are twvo type of control circuitry': one is for oflf-cip

communication. whlile the other is for on-vhip communication. Off-chip comn icnlat ion

consists of three handshake signals and a three-bit. scaling tfactor. The three handshake

siignals are OPERATE DONECO P. and DONEIN. The O AEiftOu

Tinated by the interface chip and s sent to the Winograd processor it strts the proces-

--or compitin; DFTs. The DONEIN signal is originated by a iograd processor 1odd is

-. sent. to thle in terface processor: it ind(1icate-, thle \Vinograd processor lias tin islied it Is

30
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through the input data. The DONECOMP signal is originated by the Winograd proces-

sor and is sent to the interface processor; it indicates the Winograd processor has

finished its DFT computations. Each Winograd processor computes an output scaling

factor which indicates the largest magnitude of any data word in a particular DFT com-

putation. Refer to paragraph 3.3. for more information on the handshake signals. -

The scaling factor is a three-bit number passed from one processor to the interface

processor. The scaling factor is a direct indication of the smallest number of sign exten-

sions for the given set of 4080 data words. The scaling factor is computed as the data

words are being transmitted from the SIPO register to the data memory; the scaling fac-

tor is latched into a special register when a particular Winograd processor has finished

its pass through the data. When the interface processor receives the DONECOMP sig-

nal from a Winograd processor, it reads the scale factor from the register and sends it to

the next processor in the system (reference paragraph 3.3.). The host may or may not

provide a scaling factor (depending on system configuration); if the host does not provide

the scaling factor. the first Winograd processor assumes a scale factor of zero.

There are two types of on-chip control circuitry; one is used to implement the pro-

cessor timing diagram, while the other is used for address generation. The processor

timing diagram reflects the temporal relationship of internal control signals necessary for

the arithmetic circuitry to correctly perform a 16-point DFT calculation (e.g..shifting.

latching, etc.) and to enable special circuits (parity. rounding, etc.).

The parity check cell between the PISO register and the aridietic circuitry is

,nabled for twenty-three clock cycles. This allows the parity check cell to compute the

parity on the input data word and compare its result to the input parity hit. There is

an arithmetic round signal which enables the multipliers to round the 60-bit results I32

2S 60) to thirty-two bits 6 . The round circuitrv in the P R cell between the

arithmetic circuitry and the SIP() register is active for twent '-folur clock cycles. This

allows the round circuitry to operate on the most significant twent v-four hits of data.
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rounding the result to twenty-three data bits for the SIPO register. The parity circuitry

in the PR cell monitors the output of the round circuitry in the P/R cell; after the

twenty-three data bits have been sent to the SIPO register from the round circuitry, the

parity circuit appends a parity bit (computed from the 23 data bits). -6%

The shifting of output results from the SIPO register is straightforward and occurs

at the same relative time each 32-cycle period; however, the shifting of input data words

depends on the input scaling factor (from the previous processor). If scaling was not

implemented, five zeroes would be inserted at the least significant end of the incoming

data word and four sign extensions would be appended at the most significant end. The

four sign extensions allow for arithmetic growth in the DFT computation and for the

extra sign extension required by the multipliers [61. Only three sign extensions are

required for arithmetic growth since the two results from the pre-addition matrix which

have more than eight terms are multiplied by one (i.e., trivial multiplications); thus, only

three, rather than four, sign extensions are required to allow for arithmetic growth. The

reasons for using sign extensions are explained in more detail in paragraph 4.2.2.

The zeroes change the arithmetic inputs to thirty-two bits (to balance the 32-cycle

period for reading in new data). If the input scaling factor is greater than or equal to

four. no additional sign extensions are required (since the incoming data words have at

least four sign extensions: thus, nine zeroes may be inserted at the least significant end

of each data word (9 - 23 = 32). If the input scaling factor is less than four, additional

sign txtensions are needed: the number of sign extensions required is: 4 - insalle and the

number of zeroes inserted is: 5 -ns-ale (where inscale is the three-bit input scaling

factor). The effect. of inserting the zeroes at the least significant end is to delay shifting

the 23-bit incoming data word out of the PISO register into the atrirhmetic circuitry.

The address generation circuitry computes the input and output. addresses. The

addresses are stored in a read-only memory (RO).I The order of the addresses is

governe(d by Chinese Remainder Theorem (reference paragraph 2..2.1. ). The ;,ddIress

32
32 ..
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buffer holds four addresses since the access time of the ROM is too long to retrieve a sin-

gle address in two clock cycles. A pointer to the first of a group of four addresses is

loaded into the ROM address bus; the four addresses are loaded from the ROM into the

address buffer. The pointer is incremented to the next set of four addresses and the. -

address generation process is repeated. Since different configurations may be used for

the overall DFT processor (i.e., compute 240-, 255-, or 272-point DFTs rather than

4080-point DFTs), any of the Winograd processors may be required to implement the

PFA input mapping; thus, each Winograd processor uses this method of address genera-

tion. The output addresses are identical to the input addresses (i.e., the result is stored

at the same relative location in the output memory as the corresponding input was

taken from the input memory). Thus, the output addresses are merely delayed versions

of the input addresses. Rossbach '221 has more details on the control circuitry.

3.2.3. Arithmetic Circuitry. The adder,,'subtractors in the arithmetic circuitry emu-

late the pre-addition and post-addition matrices of the Winograd modules. Since the

addition matrices contain both positive and negative entries, the elements which reflect

the operation of the addition matrices must support both addition and subtraction.

.Multiplication by imaginary coefficients is reflected in the post-addition matrix (reference

paragraph 2.3.1.). So. the results from the real and imaginary multiplication circuits

must be combined. This is indicated in Figure 3-1 by the dotted line separating the real

and imaginary post-addition circuits. The multipliers are bit-.,rial and emplo% a

modified Booth's algorithm 6. Each multiplier cell represents two bits of the

coefficient. Thus. fourteen multiplier cells must be used for 28-bit c ,efficients. Since the

•oefficients are known ahead of time. they may be hardwired into the multiplier. rather

than being stored in a coefficient memory. This reduces the time and area required t"-

pert')rni a rnultilication. The multipliers round the results 'rom ixvty bits f2S - "'

60I it) thirty-two (32) bits. The use of rouinding rather liaui truncation prm'id-,s :i ntrer
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- - signal-to-noise margin (reference paragraph 4.2.2.). Coutee 61 has more details on the

operation of the arithmetic circuitry.

3.2.4. Physical Characteristics of 16-Point Processor. There will be three phases of

fabrication and packaging for the Winograd processors. In the first phase, test macro-

cells for parts of the arithmetic and control circuitry were designed using scalable 3-11m

design rules for complementary metal-oxide semiconductor (CMOS) technology. These

test cells were packaged in 32-pin dual in-line packages (DIPs). Test cells fabricated and

tested to date have worked at a clock rate of 50 MHz '6, 2"21.

After the design of the VLSI circuits is verified, the Winograd processor will be

fabricated using a 1.25-Mm CMOS process. These single-chip processor should be pack-

aged using pin-grid arrays or chip carriers :8] to support the 144-pin requirements (96

data. 24 address, 12 control, and 12 power). Each processor should occupy one square

inch of surface area on a circuit board (assuming a 144-pin package).

The final phase of fabrication will bring the processors and required peripheral dev-

ices (interface processor and memories: reference paragraph 3.3.) into a hybrid circuit

package. The reasons for using the hybrid circuit are reduced surface area. increased

reliability (elimination of error-prone wire bonds), and increased 1 0 bandwidth (shorter

paths between processors and memories means faster transitions are possiblel. The tar-

get clock rate for the 1.25-am chips is 70 MHz.

Table 3-1 contains a summary of Winograd processor characteristics.

3.3. 4080-Point PFA Processor. The Winograd processors described in the previous c-""

tion provide a means of computing DFTs. But, there must be other devices which enable the

ata to be sent to the Winograd processors anl which tor, the results. Also. the individual

"- . -\'inograd processors compute short blocklength DFT: i,l'tjl itpplications revmr,, blockl,,ngti- ot.
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Winograd Processor Characteristics
Characteristic Value

Technology CMOS
Packaging Pin-Grid Array

Chip Carrier
Size 1 sq. in. (a)
Pin Count 144
Clock Rate 70 MHz
Power I W (a)

_ _ _oo__100 mW (c)

(a) estimated
(b) active mode; estimated
(c) standby mode: estimated

Table 3-1

256 (image processing) and 4096 (synthetic aperture radar and matched filtering). Thus, a system

which computes these longer blocklength DFTs needs to be addressed. The 4080-point PFA sys-

tem was chosen as a representative system. Systems for computing DFTs with blocklengths of

240. 255. and 272 points will use one less Winograd processor, memory controller, and data

memory. The layout of the 4080-point PFA processor is presented in Figure 3-3.

There are separate chips for each \Vinograd processor, dual-port memories, and the

interface processor. The Winograd processors operate autonomously, computing DFTs

using either the small \Vinograd algorithm (16- and 17-point) or the large \Winograd

algorithm (15-point). The dual-port memories allow one Winograd processor (or the host

processor) to till one half of the memory while its neighboring processor reads from the

other half of the memory. The interface processor provides overall ontrol of the pipe-

line: asyvnchronous control signals from the memory controllers, the \Winograd processors.

and the host flow through the interface processor.

'Te signal flow through the processor for one DFT is descrilbed below:

1) The host processor fills left half of input memory with data:

.2) \Vhen tlic host finishes tilling left half of input memorN. it ent.-, st hael-hz, k,

-Igrn:l t,. the lirst nih'in ' ,mtroller. indic:Ititg I h, left 11:lhlf of the iinpit r,,' ,rv is " . -
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, filled:

3a) The first memory controller switches the control logic for the input memory

such that the host is writing to the right half of the input memory and the 16-point pro-

cessor is reading from the left half of the input memory; .- "

3b) After the memory controller has switched the logic for the input memory, the

host sends an OPERATE signal to the interface processor, which relays the OPERATE

signal to the 16-point processor (this initiates the 16-point pass thrcugh the data);

4) As the 16-point chip is computing 255 (15 X 17) DFTs, it sends the outputs to

the left half of memory 1;

5) When the host has finished filling the right half of the input memory with new

input data, it sends a handshake to the first memory controller, indicating the right half

of the input memory is ready;

6) When the 16-point processor has finished reading in 4080 data words, it sends a

S' DONEIN signal to the interface processor, which relays the DONEIN signal to the first

memory controller (this allows the first memory controller to switch the control logic of

the input memory such that the host is writing to the left half of the input memory and

the 16-point processor is reading from the right half of the input memory);

7) When the 16-point processor has finished computing 255 16-point- DFTs. it

sends a DONECOMP signal to the interface processor, which relays the DONECO IP

signal to the second memory controller (this allows the second memory controller to

switch the control logic of memory 1 such that the 16-point processor is writing to the

right hall' of memory 1 and the 15-point processor is reading from the left half of

memorv I and to the host, (indicating the lb-point processor has liished its pass

throiugh the lata),

'lI \When the host has received the DONECOIP ,signal 'rom the I U-pi it prs-.

-, (via the interf'ace processor) and the host has tinished tilling the ridirt irtlf .I the

input meiorv. the host sends an OlER.TE signal to the itnterlwac prns,,r. r i tlch.
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* relays the OPERATE signal to the 16-point processor (this allows the 16-point processor

to begin its pass through the next set of 4080 data words);

8b) When the host has received the DONECOMP signal from the 16-point proces-

sor (via the interface processor), the host sends an OPERATE signal to the interface

processor, which relays the OPERATE signal to the 15-point processor (this allows the

15-point processor to begin its pass through the first set of 4080 data words);

9) As the 15-point processor is computing 272 (16 X 17) DFTs. it sends the out-

puts to the left half of memory 2:

10) When the 16-point processor has finished 255 16-point DFTs, it sends a

DONECOMP signal to the interface processor (this allows the interface processor to send

a handshake to the second memory controller, indicating the right half of memory 1 is

ready);

11) When the 15-point processor has finished reading in 4080 data words, it sends

a DONEIN signal to the interface processor, which relays the DONEIN signal to the

second memory controller (this allows the second memory controller to switch the con-

trol logic of memory I such that the 16-point processor is writing to the left half of the

input memory and the 15-point processor is reading from the right half of memory 1);

12) When the 15-point processor has finished computing 272 1.5-point DFTs. it

sends a DONECONIP signal to the interface processor, which relays the DONECONIP

signal to the third memory controller (this allows the third memory controller to switch

the control logic of memory 2 such that the 15-point processor is writing to the right

half if memory 2 and the 17-point processor is reading from the left, half of memorv 2)

and to the host (indicating the 15-point processor has finished its pass through the datal: .

13al When the host has received the DONECONIP signal from the 15-point proces-

sor (via the interface processor) and the 16-point processor has finished filling the right

half of memory 1. the host sends an OPERATE signAl to the interface processor. which

relays the )PER.TE signal to lhe 15-point processor tihis allows the 1.5- p int processor
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to begin its pass through the next set of 4080 data words);

13b) When the host has received the DONECOMP signal from the 15-point pro-

cessor (via the interface processor), the host sends an OPERATE signal to the interface . .-

processor, which relays the OPERATE signal to the 17-point processor (this allows the

17-point processor to begin its pass through the first set of 4080 data words);

14) As the 17-point processor is computing 240 (15 X 16) DFTs, it sends the out-

puts to the left half of the output memory;

15) When the 15-point processor has finished 272 15-point DFTs, it sends a

DONECOMP signal to the interface processor (this allows the interface processor to send

a handshake to the second memory controller, indicating the right half of memory 2 is

ready);

16) When the 17-point processor has finished reading in 4080 data words, it sends

a DONEIN signal to the interface processor, which relays the DONEIN signal to the

third memory controller (this nIlows the third memory controller to switch the control -.

logic of memory 2 such that the 15-point processor is writing to the left half of memory

2 and the 17-point processor is reading from the right half of memory 2);

17) When the 17-point processor has finished computing 240 17-point DFTs. it

sends a DONECOMP signal to the interface processor. which relays the DONECOMP

signal to the fourth memory controller (this allows the fourth memory controller to

switch the control logic of the output memory such that the 17-point processor is writing

to the right half of the output memory and the host is reading from the left half ofl' the

ouitput memory) and to the host (indicating the 17-point processor has finished its paSs

through the data):

IRtl \When the host has received the DONEC'ONIP signal from the 17-pmit pru,,s-

sor (via the interface processorl and the 15-point processor has finished tilling the right

half of rnemorv 2. the host sends an OPEF.ATE signal to the interface processor. h I.ch

relays the OPERATE .Esignal to the 17-point prn.essor ( this allows the 17-jpit pr,-,,,r
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to begin its pass through the next set of 4080 data words);

18b) When the host has received the DONECOMP signal from the 17-point pro-

cessor (via the interface processor), it begins to read the results from the output

memory.

The salient features of the PFA system are the asynchronous control signals for

host-processor and processor-processor communications and the data flow between the

processors. The interface between the host and the Winograd processors is simple,

requiring only three handshake signals. The Winograd processor operate autonomously,

communicating with the host (via the interface processor) only at the-beginning and end

of each DFT. The DFT problems are pipelined both within the Winograd processors

and in the PFA system, providing high throughput (reference paragraph 3.5.). Another .

virtue of the system as shown in Figure 3-3 is it may be reconfigured easily if necessary

(reference paragraph 3.5.).

3.4. Data Memory Requirements.

The data memory is implemented off-chip from the Winograd processors: there was

insufficient area on-chip for the WFTA circuitry and memory circuitry 6, 22>. The

memory must be organized into banks of 4080 24-bit words. The most significant bit will

be a parity bit (odd parity), while the remaining twenty-three (23) bits comprise a

twos-complement representation of the data. The parity bit is used to provide an

Iindependent 'heck on the memory circuits: odd parity is used so the "-stuck at zero" or

"stuck at one" states (caused by memory power failure) may be detected. The memory

controllers monitor the DONE signals from the processors to the host.. The controller

switches the status of the left and right halves of the memory (reference paragr:lph

3.2.2. . Read Write signals are generated by the on-chip Vinograd processor control cir-

" .. iutry The access time for the data memories mis: be less than 28 ustw,,lk vls -

relerence paragraph 3..). Currently, ,4f-the-shelf 256K-blt meniories ha1' :icce-,, f Iriels.
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, of approximately 40 ns 301. If the trends in memory design hold to the same pattern

as the past ten years, memories with the required capacity and access times should be

available in 1987 11, 19, 261. Current 256K-bit memories use on-chip error-correcting

codes (ECC) to provide additional fault detection capability ,23, 301. Also, spare rows

or columns are provided for internal reconfiguration if necessary 231.

Data memory characteristics are summarized in Table 3-2.

3.5. Fault Tolerance.

Fault tolerance is the ability to operate in the presence of faults and provide useful

results to users '24. Many ideas have been expressed on the issue of fault tolerance:

however, most deal with the concepts of fault avoidance, fault detection, and system

recovery 24, 271. Before discussing these three concepts and their application to our

system design in the following paragraphs, some definition of terms are presented.

Error: the resource (system) assumes an undesirable state

Failure: the user (host) perceives the resource ceases to deliver an expected service

I Data Memory Characteristics

Characteristic Value

Technology CAIOS

Packaging DIP
Piii-Grid krray

Size 4.5 sq. in. a)

Pin Count -t8
'ccess Time 25 ns

Power 1() rn\V il

{:1) area for 18-pin DIP
(1) 1 Iverige for 256 Nbit chips.

Il)le 3-2
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I

Fault: the hypothesized cause of an error or failure 2.

Reliability: how often a component fails to perform its function

281.

Availability: the probability a system is operational at a given time

[281.

3.5.1. Fault Avoidance. Fault avoidance increases reliability by lessening the proba-

bility of failures and errors. Component design and environmental hardening are the two

most popular methods used for fault avoidance [241. Component design reduces errors

by careful signal routing and increased circuit integration, while environmental harden-

ing seeks to protect the system from outside interference. Some examples of fault

avoidance are single-chip microprocessors (component design) and crystal ovens (environ-

mental hardening). In both cases, emphasis is placed on removing the causes of faults,

\ ,' rather than the effects of the faults.

The Winograd processors employ component design to achieve fault avoidance;

however, the processors must be fully operational before fault avoidance is realized. To

this end, chip testability is of prime importance 6. 22'. The individual chips must be

certified as fully operational with no faults before they can be used in a system. The

testability of the Winograd processors is enhanced with multiplexers which allow the

pins to operate in two modes (Test and Operate). The Test mode allows test vectors to

be written to and outputs to be read from most internal ,ircuits. lndividual memory

c'hips also must be capable of being tested. Since commercially available memory c,1ips

will be used, this feature is assumed to exist.
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3.5.2. Fault Detection. Many techniques are available for fault detection: two of the

most popular are information coding (also called error-correction coding or ECC) and

consistency checking '12, 231. Information coding may be used to detect and correct bit

errors. Parity checking is a form of information coding which provides bit error detec-

tion. Although simple and easy to implement, parity checking has a limitation in that it

mav not detect multiple-bit errors. A more powerful ECC is the single-error correction.

double-error detection (SEC-DED) Hamming code. This code may be used with parity

checking to further reduce bit error probabilities. In the PFA system. the parity check-

ing of the Winograd processors provides an independent check on the data memories. If

one memory chip should suffer catastrophic failure, the on-chip ECC would be useless.

The \Vinograd parity checking allows detection of this case.

Consistency checking usually involves extra processors which operate in parallel

with active processors. These extra processors (sometimes referred to as watchdog pro-

- cessors) compare the results from their computations and the results from the active pro-

cessor to determine if an error has occurred '12'. The Winograd processors have the

capability of operating actively or in the watchdog mode. The interface processor sends

control signals to the \Vinograd processors which configure the processors as either active

or watchdog. There is one active Winograd processor and two watchdog processors.

When the interface processor sends the OPERATE signal to the active processor, it. also

sends OPERATE to the two watchdog processors. The watchdog processors receive the

same data as the active processor and compute the same DFT: however, the watchdogs

n1v monitor the output data lines of the active processor .\n rror signal is sent to the

interface processor if either one or both watchdog processors detect an error on the data

lines. klso. the watchdog processors monitor the input and output address lines of the

IctIV, processor and Ilag any addressing ,rrors. Thus. the watchdoc proce,.sors let ect

o),,th ,data :ind address errors of the active processor Fiti re 3-4 shows he ,-,tiiira, - "n

• -.• ., t lie act ive and watchdog prccessors.
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proper operation). Space and time redundancy may be combined into a hybrid realiza-

tion of system recovery. Spare resources are switched from standby to active mode to

replace devices which have exhibited a given number of faults.

System recovery is implemented by the interface processor. The interface processor

monitors the watchdog error lines and the parity error lines from the active Winograd

processor. Parity errors are recorded and may be used for memory reconfiguration (see

below). If both watchdog processors detect the same error condition, the interface pro-

cessor may remove the active processor from the system, designate one of the watchdog

processors as the active processor, and continue operation with one active processor and

one watchdog processor (rather than two watchdog processors and one active processor).

If only one watchdog processor detects an error, the interface processor may restart the

computation (issue another OPERATE signal) or it may remove the watchdog processor

and continue operation with only one active processor and one watchdog processor.

Data memories may employ space redundancy, as well as parity and error-correction

coding. Extra memory locations may be used when on-chip ECC indicates several suc-

cessive errors '231 or when the interface processor has recorded several parity errors

from the same memory chip. A summary of the fault tolerant features incorporated into

the design of our VLSI circuit is given is Table 3-3.

* 3.0. Computational Throughput.

The Winograd processors should employ a clock rate of 70 \ll1z. \ 70 \lFlz clock

rate means a clock cycle time of 14.3 ns. Thus. each 32-cycle period h.s 160 ns (457.6

* as). The latency through the 16-point Winograd processor is 117 clock cycles: thus, the

16-point processor takes:

2 X 117 = 234 (lirst and last sets of 16 data words)

253 X: 32 S096 (255 - 2 - 253)
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Fault Tolerant Features

Characteristic Type or Value

Fault Avoidance Component Design (a) (b)
Fault Detection ECC (b)

Consistency Checking (a)
System Recovery Space Redundancy (a) (b)

Time Redundancy (a)

(a) Winograd processors
N data memories

Table 3-3 -.

8096 + 234 = 8330 clock cycles

8330 X 14.3 ns = 119.12 us

Similarly, the 15-point processor takes 119.06 is and the 17-point processor takes 119.18

as to complete their passes through the data. Thus. the latency through the 4080-point

PFA pipeline is:

119.12 - 119.06 -- 119.18 357.36 ,us

Adding 2.64 uis for overhead (handshaking, etc.) brings the latency through the 4080-

point PFA pipeline to 360 gs. However, once the pipeline is filled. DFT results will

appear at the output memory every 120 jus (8333 results per second). This throughput

will allow a 4080-point PFA array element (consisting of \Vinograd processors, dual-port

memories, and and interface processor) to meet many of the high data rate applications.

such as synthetic aperture radar (reference Chapter 4). The number of arithmetic opera-

tions computed for each \Vinograd processor and the 4080-point system are riven in

Table 3-4.

0

3.7. Summary.

The material in this section has shown how the algorithms presented in (ChIpter 2

.n',pped in to A VLSI architecture. The \\inoral prrocessors have three types of ,irui-
-on rol inpu .-.tr es:_-'i1rc~t n

try control input output,. and arithmetic. There will he three pha.es ,, f:ihric:tiii 'r
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Rate of Arithmetic Operations

Processor MMPS(a) MAPS(b)

15 79 378
16 43 323
17 144 646

4080 266 1347

(a) Millions of Multiplications per Second
(b) Millions of Additions per Second

Table 3-4

the Winograd processors; the ultimate design will use 1.25 pm CMOS, with the processor

and all peripheral devices mounted on a hybrid circuit package. The 4080-point PFA

system demonstrated how longer blocklength DFTs could be computed using the Wino-

grad processors. data memories, and an interface processor. The computational

throughput of the 4080-point PFA system, assuming the Winograd processors use an

internal clock rate of 70 -Iz, will be 8300 DFTs per second (i.e., a new DFT result

every 120 ps). Thus, the ability to compute DFTs using VLSI hardware has been shown

to be feasible. The next chapter will show the circuits also provide the required numeri-

cal accuracy for many applications.
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Chapter 4

Numerical Performance of Winograd Processors .

4.1. Overview.

The previous chapter discussed the transition from the mathematical algorithms

presented in Chapter 2 to VLSI architecture which implem, ted the algorithms. The

material in this chapter will describe how well the VLSI circuits perform the DFT com-

putation, using numerical accuracy as the metric. A comparison will be made using

software programs to simulate the operation of the VLSI circuits and to compute a stan-

dard result. The simulation programs use integer arithmetic to achieve the same results

as the VLSI Winograd processors, while the standard programs use double-precision real

arithmetic to provide "correct" results (within the limits of the computer system). The

flow of information in this chapter will be to first present material on the metric used for

numerical accuracy. Next, the programs used for the comparison are discussed. Finally.

the results of the comparison are given.

4.2. Signal-to-Noise Ratio and Noise Sources.

The metric used to measure the numerical accuracy between results from the simu-

lation and standard programs is the signal-to-noise ratio (SNR). The SNR has been used

for many' years to measure the quality of communication systems The SNR is the ratio

,)f the power in the signal to the power in the noise (interfering signal). Since the power

in the signal may be many orders of magnitude greater than the power in tile noise, a

logarithmic form of the SNR is often used: this form of the SN? conwerts the dimension-

less ratio into a number with the units of decibels (d0). The formni la for converting the

ratio (signal power to noise power) to the logarithmic form is sho-wn below-

SVR 4, = 10 log,,, (ratio I I-
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The power in the signal is the the sum of the power at each frequency component; the

power at each component is found by squaring the magnitude of the voltage signal at

that particular component. A similar computation is used to compute the power of the

noise. In this case, there is only one signal source, the "correct" result computed by the

standard portion of the program. However, there are several sources of noise, mostly .

caused by the scaling required to prevent arithmetic overflow and the finite-length

coefficients used by the multipliers in the Winograd processors. These noise sources are

now discussed in greater detail.

4.2.1. Scaling. The inputs to the arithmetic circuitry must be scaled down to avoid

arithmetic overflow and because the multipliers expect each input to have two sign

extensions -61 Whenever a DFT is computed, the transform results experience arith-

metic growth: this is most easily seen by observing Parseval's relationship:

'o -1
N",-i 2 1 .V -l A

Vj =- Vk~ (4-2)
N

where

tV represents the input sequence:

V. represents the transformed sequence:

N is the DFT blocklength. -

The VLSI circuit uses a blocked floating-point number repre-sentation. This is ,imilar to

an integer representation. but a number of bits are set aiside for an exponent. Thus, a

number is represented by a fixed length mantissa (23 bits and an exponent (a positive

3-1bit number). For a 1-point DFT, the transform results may grow l)v k fac,-r .,I '

fifteen. This can be seen bv looking at the l)re-ad(litioni matrix o1 the I[-1-point DFT

-. " (reference Appendix .A). Since fifteen can be represented I by I'ur hits (2 Im). the 15-
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point Winograd processor appends five sign extensions to the inputs to the arithmetic

circuitry, four for arithmetic growth and one for the multipliers. The 16-point DFT

requires four sign extensions and the 17-point DFT requires six sign extensions (reference

paragraph 3.2.3.). The 16-point WFTA chip only needs three sign extensions to avoid

arithmetic overflow since the two inputs to the multipliers which have more than eight

terms are multiplied by trivial coefficients. Multiplication by trivial coefficients only

requires a shift, rather than passing the inputs through the multiplier circuitry. The

extra sign extensions are not required for all inputs, they are insurance against arith-

metic overflow. Thus, the numerical accuracy of the results suffer since all the sign

extensions are not used. On the average, two of the sign extensions will not be used.

Since random numbers are used, the output spectrum will be fairly flat, providing the

worst case for scaling. If the variance of the inputs (a,) is assumed to be l , then the

variance of the outputs (a2) can be found using (4-2):

25 160 0

or. collecting terms and noting a' is the same for each term on the right-hand side of

(4-3): " .

16
S= a 4 (4-4)

4

Thus, the outputs are four times as large as the inputs, on the average. This uses only 2
two of the sign extensions provided to prevent arithmetic overflow: the other sign exten-

IT 
f

sions are basically wasted. as far as numerical accuracy is concerned. Thereforee there

will be two wasted sign extensions for the 15-point and 16-point simulations and three :

"'" wasted sign extensions for the 17-point simulation. This translates into i 12 ,13 ,s( in

. NR 'r the 1.3-point tnd 16-point sirmilations (1 bit 6 dlI 17 . "calin provide, the
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largest source of noise in the Winograd processors.

g~ ." -.- ,.

4.2.2. Arithmetic Roundoff. Another source of noise is created when the 32-bit

results from the arithmetic circuitry must be shortened to twenty-three bits. There are

two choices; the results may either be truncated or rounded. Truncation, where the

least significant nine bits are simply ignored, gives an error of t bit (on the average).

Rounding, where the twenty-third bit is rounded up if the twenty-fourth bit is a one.

gives an average error of bit. The noise power provided by this source is:

2

16X 1 =(4-5)

0

10 X log 01 = 0 dB

1- - Thus, rounding provides better arithmetic performance than truncation. However. 1-''.,

rounding is more difficult to implement, requiring a latch and an adder, while truncation

requires no special circuitry. In the VLSI implementation, the rounding circuitry added

no significant delay to the propagation of the arithmetic results to the SIPO register:

thus. rounding was chosen instead of truncation. Rounding is also done when the 60-bit•

products are changed to thirty-two bits in the multipliers: however, this source of noise

is almost insignificant since the results are rounded to twenty-three bits at the SIPO

register. Figure 4-1 depicts rounding at the SIPO.

4.2.3. Finite-Length Coefficients. The \Vinograd processors use fixed coefficients.

which are hardwired into the multipliers. Coefficients which are not a power of two or

combinations of powers of two are not exactly represented. This represents a toise
r.

source which could be very significant. since many multiplications :ire pertrnmled in the

DFT conputation. To reduce the effects of using finite-length coefficivits, the 'ilic'iut
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3139292027 1 3 2 1 a
9 IIAGNITUDES

9 SIGN E XT E NSION S 23 ORR BIT RON N

Figure 4-1 SIPO Rounding

wordlength is increased: however, this also increases the latency through the arithmetic

V4A circuitry. Thus, there is a tradeoff between the coefficient wordlength and the latency

through the arithmetic circuitry. The latency through the arithmetic circuitry does not

significantly affect the overall throughput of the Winograd processors. Thus. the

coefficient wordlength could he increased arbitrarily to give better numerical perfor-

mance: but, the area required by the multipliers would grow beyond the size of the VLSI

* chip (multipliers are the most costly in terms of area '6). Therefore. to reduce the

p effects of the finite-length coefficients, vet maintain reasonahle chip size, the wvordlength

was chosen to be twen ty-eight hits.

4.3. Simulation Programs.

Thle goal oft he simulation program171s IS t Wolold: 0nW ISa is, t *xCt lv .u N i lat1 e tlie

* 'perat ion of the VLSI implemei'ntat ion. whi Ic the other goal is to prov ide :k precise re-suIlt

to compare with the simuilation reSult. To~ simnulate t he WIcirctiit peri ii, lbit-leel. .-

-manipulations (shifting and naskIng) irv requiired. 1.5 well a., .2-bijt iit 4r ;ind I it
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real arithmetic. The standard module was compared with a direct implementation of

the DFT. using (2-1). The computer language chosen for the simulation programs was ,.

'C'; *C' possessed the numerical requirements discussed above and it was available on the

VAX 11-780 Scientific Support Computer (SSC) at the Air Force Institute of Technol-

ogy. The information on the simulation programs will be presented in the following

order: .

1) Number representation;

2) Differences between standard and simulation modules;

Listings of the simulation programs are given in Appendix B. The flowgraph of the

4080-point simulation program is shown in Figure 4-2.

4.3.1. Number Representation. The VLSI circuits use a two's-complement notation

for all numbers; the most significant bit indicates the sign of the number, while the other

4 bits indicate the magnitude. Positive numbers have zero as the most significant bit: the

remaining bits represent the magnitude in the obvious manner. Negative numbers are

represented by complementing a positive number with the same magnitude. then adding

one. Internal results are thirty-two bits for the 16-point algorithm (30 bits for the 15-

point and 34 bits for the 17-point), coefficients are twenty-eight bits. and input data are

twenty-three bits. The simulation modules represent these different wordlengths by

declaring all variables to be long integers (32 bits on the VAX SSC). then masking the

most significant bits to obtain the desired wordlength. Tht: stand Lrd modules represent

all variables as double-precision real numbers.

4.3.2. Differences Between Standard and Simulation Modules. There are four major

(littenes between t lhe standard and similatin modules of the -ntmi antn prr'gr:s. . .. •

The sirntlation modile reqtiires :t special rn iltiply hinction m : d hit-d ,e rii:tmpsi Lt ns.
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11NDOI" N 11R1

STANDARD MIODULE

COMIPUTE SN R

END0

Figure -4-2 Simulation Program Floweb art

* Ih e siif Ilation roefriciets sihould reflect the choice of' 28- hit intre-ers 1*(r the VLSI cir-

,ult. The effrts )I* the scaling and1 the multiplication requir, ai scalnq- the -itaniiartj

ut putts Cor co NR 01 ptat tons.
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4.3.2.1. Simulation Multiply Routine. The simulation module cannot multiply two

long integers using the intrinsic multiply function of 'C'; the multipliers in the VLSI cir-

cuit round the results to thirty-two bits, rather than truncating them as the intrinsic

multiply function does. However, more importantly, the products from the VLSI multi-

pliers are sixty bits long; using the intrinsic multiply function in 'C' gives 64-bit pro-

ducts since 'C' expects long integers to be thirty-two bits. Thus, a special multiply func-

tion, which gives 32-bit results rounded down from 60-bit products is used. The algo-

rithm used in the function is presented in Aho, et. al i1. The simulation multiplication

routine is shown in Figure 4-3.

4.3.2.2. Simulation Scaling and Rounding. The bit-level manipulations required by

the simulation modules are manifested in the scaling and rounding routines (reference

paragraphs 4.2.1. and 3.2.1.). Scaling is implemented as a logical shifting operation:

only the zero filling is done, since the 'C' language on the VAX SSC (also using two's-

complement notation) automatically supplies the sign extensions. Rounding is done by

masking the bit used for rounding decisions (using the & operator in 'C'), then incre-

menting the result if the output of the masking operation is a logical one. The inputs to

the standard and simulation modules were outputs of the random number generator

intrinsic to 'C', masked to twenty-three bits. The period of the generator (2 ) was

sufficient *o ensure random inputs. The range of the inputs was I 1 to remove the DC

bias.

4.3.2.3. Simulation Coefficients. The decimal mefficient t,, d t he -. t and rd \Vinograd

modulIes hadl to he changed to 'integer repretitati-n 1',,r the -aia'lmi-ii nielaile Thle
VLSI circuit used 28-bit coefficients: thus. the Mii-utlat 'ii i , r:, .l:,. th,. ,,cinial

'oericients into at usable form. First. the ,lecimai ,'.,tici, t- A.l . \ %I1 - III th".

Y
"oefficients had a magnitude less than one. Fur the 15-p int III, fit- I'II ,,li . ..
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were divided by four since the largest coefficient was 2.308. Similarly, the 16-point

coefficients were divided by two (largest coefficient was 1.383) and the 17-point

coefficients were divided by eight (largest was 4.081). After the coefficients were scaled

such that they were all between =±= 1, were multiplied by 2 , since 28-bit. two's comple-

ment numbers are bounded by 2'- 1 and -(2 ). The results from the 15-point and the

17-point modules had to be multiplied by factors of two and four. respectively, to pro-

vide a common reference with the 16-point module.

4.3.2.4. Simulation Versus Standard Outputs. Since the simulation modules incor-

porated scaling and integer multiplication, the outputs from the simulation module were

of a different order of magnitude than the results from the standard module. The inputs

to the simulation module were shifted left four places (scaled up by 2' 16). The simu-

lation multiplier results were twice as large as they should have been since the simula-

tion module shifted the results to the right twenty-six places. while the decimal

coefficients of the standard module were multiplied by 2' 7 to represent the 28-bit

coefficients used in the VLSI circuits. The results of the arithmetic circuitry were shifted

right by 9 places (scaled down by 2 - 512). Thus, the net effect of the input scaling,

integer multiplication, and SIPO rounding was:

input X 16 X 2 input
(4-6)

* 512 16

Thus. tlie standard results were sixteen times as large aL tbe output.-; t'rom the simula-

tion module. The standard resuIts were divided bv sixteen, rather than scaling the simu-

O lation inputs u) by sixteen. This wa-s done since the VLSI circuit will compute the DFT

accrding t, the algorith in used by the simulation module: thus. the numerical weluracv

ihould be measured utsing those results, rather than a shifted -rion f the resu ""

* .5
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4.4. Simulation Results.

There were two types of simulation results, one when the results from the standard ,

modules were compared with results from the direct DFT and the other when the stan-

dard results were compared with the simulation results. In both cases, the signal-to-

noise ratio in dB was used.

4.4.1. Standard Versus Direct DFT. The results from the standard Winograd

modules were compared with results from the direct DFT for six different blocklengths.

For each blocklength, 100 different set of random-number inputs were used and the aver-

age SNR computed for both the real and imaginary outputs. Table 4-1 shows the

results for this portion of the testing.

The decrease from approximately 275 dB for the single-factor DFTs to 175 dB for

the double-factor DFTs was probably due to the arithmetic roundoff in the direct DFT.

Since the direct DFT performed many more operations than the Winograd modules, the

cumulative roundoff from the computer increased, possibly overwhelming the noise due

to the difference between the results from the two routines. Still. the results show the

standard modules were computing the DFT, rather than some other mathematical func-

tion.

Standard Versus Direct
DFT Results (dB)

DFT Real Imag
Size SNR .,NR

15 269.7 270.0
16 270.0 26..
17 269.8 269.7

210 175.9 175.0
255 175.5 175.6
"2"2 175.1 1750

- Tal)e I-I.

58

P7"



4.4.2. Standard Versus Simulation Results. For this area of testing, the DFT block-

lengths were 15, 16, and 17. Again, 100 cases of random-number inputs were used to

compute an average SNR for each blocklength. Results are shown in Table 4-2.

The results from this comparison agree well with the theoretical expectations given '- '"-

in paragraph 4.2. Recall from paragraph 4.2., the loss due to scaling was 12 dB for the

15-point and 16-point simulations and 18 dB for the 17-point simulation. For all three

simulations, the loss due to SIPO rounding was approximately zero dB. Since the out-

puts were twenty-three bits, the output signal power should have been:

23 bits X 6 dB/bit = 138 dB

Thus, the theoretical output SNR for the 15-point and 16-point simulation should have

been 126 dB and the output SNR for the 17-point simulation should have been 120 dB.

These results compare well with results from other VLSI circuits, notably the CUSP chip

(94 db SNR for a 16-point DFT using a 20-bit number representation 211).

4.4.3. Application Accuracy Requirements. The preceding paragraphs showed how

well the \Vinograd processors performed the DFT computation. But. do these results

indicate our VLSI circuit can be used for the applications which need high accuracy? A

typical synthetic aperture radar (SAR) example may provide an answer. (reference

Table 4-3 for SAR parameters taken from Hovanessian :91).

Standard Versus Simulation
Results dB) -" "-"

DFT Real Imag
Size SN

.. 16 127.6 127 -6
17 120.8 120.7

Table -2

59

.........................................................



* .,7

SAR Parameters
Parameter Value

PRF 1225 pps
Pulse Width 33.8 ,us -
Transmit Frequency 1275 MHz
Vehicle Velocity 7.14 km/s
Vehicle Altitude 375 km
Antenna Width 2m 
Range Beamwidth 6.73
Range Width 100 km
Azimuth Length 10.9 km

Table 4-3

The time to fly one range beamwidth is 1.53 seconds. The sampling rate is 12

megawords per second (i.e., 12 million 23-bit complex words are collected from the sensor

each second). Since a 4080 X 4080 image is collected every 1.53 seconds, only one PFA

array element (reference Chapter 3) is required to keep pace with the sensor data output

(reference paragraph 3.6.). The 23-bit number presentation provides a potentially

greater accuracy than current 16- or 20-bit systems. For a 16-bit system, the best SNR

which can be expected (using the 6 dB/bit rule) is 96 dB. Thus. even without taking

into account noise, the VLSI architecture given in Chapter 3 has a potentially better

numerical accuracy than a 16-bit system. Although comparable. or even better, accu- 

racy can be obtained using general-purpose computers, the PFA array element can be

placed on the vehicle for real-time signal processing. Also. the PFA array element can

be used to code the image data sent back to the user (using transform coding techniques

18 ). -

4.5. Summary.

In this section. the methods of finding the numerical accu-ravy of the VLSI 'ircults.

0.- usin, software simulations. have been (lescribed. First, the metr c for leterm ni i iZ the

accuracy. the signal-to-noise ratio, was presented. Then. two ,I' the rniijor soilrs .4
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noise, scaling and SIPO rounding, were discussed. Next, the simulation programs were

given, with special attention paid to the differences between the standard and simulation

modules. The results of the standard module compared favorably with outputs from the -".-4..

direct computation of the DFT, showing the standard module did indeed compute the

DFT. Finally, the standard and simulation results were compared; excellent agreement

with theoretical expectations was noted. Also, the numerical accuracy of the simulation

results compares favorably with other VLSI DFT processors and shows the VLSI chips

can satisfy the accuracy requirements of SAR signal processing.

161
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Chapter 5

Results, Conclusions, and Recommendations

5.1. Overview.

The previous chapters have shown the transition from mathematical algorithms to

a VLSI implementation of those algorithms and how well the VLSI implementation per-

forms, using numerical accuracy as the metric. The material in this chapter gives results

of the research, presents conclusions of the research, and discusses recommendations for

future research.

5.2. Results.

There were three results from this research: 1) determining the accuracy of the

simulation programs; 2) verifying the accuracy of the standard against which the simula-

tion results were measured; and 3) showing the VLSI architecture of the Winograd and

PFA processors to be viable. The metric used to determine the numerical accuracy was

the signal-to-noise (SNR) between the outputs from a standard module and the

difference between standard and simulation modules. The SNR for the 15-point and 16-

point modules averaged 127 dB (11 dB down from the standard), while the SNR for the

17-point module averaged 121 dB (18 dB down from the standard). These results were

in excellent agreement with theoretical expectations i.e.. losses due to arithmetic round-

ing and scaling).

The outputs from the standard module were checked against results from a direct

computation of the DFT. Comparison of the Winograd modules (15. 16. and 17) with

the direct DFT showed an SNR in excess of 270 (d1. The SNR of the direct DFT nd

the 2-factor PFA modules (210. 255. and 272) was 170 dB. These results indicate the
standard modules were computing the DFT. rather than some other mali tic:dl

°0
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operation.

The VLSI Winograd processors operate autonomously, requiring simple handshak- I

ing with an interface processor. The bit-serial architecture of the arithmetic circuitry

allowed fast internal clock rates (targeted 70 MHz for 1.25 /ss CMOS circuits) and high

throughput (over 8300 4080-point DFTs computed per second if PFA pipeline architec-

ture used). Fault tolerance was integral to the design effort, with watchdog processors

and parity checking enabling the detection of errors in the data, addressing, and memory

circuits. As seen in Chapters 3 and 4, the throughput and numerical accuracy of the

proposed VLSI chips meets existing SAR requirements.

5.3. Conclusions.

There are conclusions to be drawn from each area of the research (theory, VLSI

implementation, and numerical simulation).

5.3.1. Theory:

1) Winograd modules provide for the most efficient realization of the Good-

Thomas PFA in terms of number of multiplications (i.e.. using Winograd modules

guarantees the fewest number of multiplications for a given DFT blocklength used in the

Good-Thomas PFA);

2) The use of the Good-Thomas PFA allows for smaller multiplication matrices.

,ompared to using the large \Vinograd algorithm: thus. even though the large \Vinograd

algorithm actually has fewer multiplications, the Good-Thom-s PFA may be preferred

because the multiplication matrices are smaller leasier to store in a memory and imple- -" 4

* mient in a VLSI c'ircuit).

- 3
Y6
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5.3.2. VLSI Implementation:

1) Using the Good-Thomas PFA with Winograd modules allows an efficient use of

area on the chip; the VLSI circuit described in Chapter 3 can perform more multiplica-

tions per square centimeter of silicon for a given DFT blocklength than any other VLSI

circuit implementing a DFT algorithm; .- *

2) The use of Winograd processors with dual-ported memories allows for several

DFT blocklengths to be computed using the same building blocks (e.g., a 255-point DFT
can be performed by combining the 15-point and 17-point processors with the appropri-

ate memories; the addressing and control circuitry exist on the processors themselves to

perform the different DFT blocklengths[22]);

3) The design of watchdog and active processors allows for a fault tolerant archi-

tecture which can withstand several faults and continue to deliver correct results. The

interface processor can reconfigure the processors, taking the faulty processor off-line and

replacing it with one of the watchdog processors (other fault tolerant characteristics of

the VLSI design is use of parity in the data representation and the use of on-chip error-

correction coding (ECC) on the data memories).

5.3.3. Numerical Simulation:

1) The most significant source of noise in the simulation is the scaling of the inputs

to prevent arithmetic overflow:

2) The outputs from the standard module do compute the DFT:

3) The outputs from the standard module must be scaled for comparison with out-

1 puts from the simulation module:

4) According to the simulation results, the VLSI circuit should provide acceptable

numerical accuracy for DFT blocklengths of 15. 16. and 17.

64 :J
. . ..



L .- .- %

5.4. Recommendations.

The recommendations for future research fall into three categories: theory, VLSI ,.-

implementation, and numerical simulation.

5.4.1. Theory. The recommendation for this area of the research is to verify the 17-

point small Winograd algorithm. The algorithm used in the standard and simulation

modules was adapted from Burrus and Johnson[13; that algorithm was a modified

Winograd algorithm. The modifications were matrix manipulations which changed some

of the arithmetic operations.

5.4.2. VLSI Implementation: N

1) Verify the control signals and their timing for all three Winograd processors:

2) Design the Winograd processors for fabrication-,

.3) Design a test plan (including test procedures and test vectors) for the fabricated

processors.

5.4.3. Numerical Simulation:

1) Compute the numerical accuracy for the following DFT bloeklengths: 210. 255,

272. and 4080.

2) Determine the effects of different coefficient wordlengths (20. 21. 28. and 32) on

the numerical accuracy for each DFT Ilocklength to determine if a shorter roefficien-t

wordlength can be used:

.. 3) Determine the numerical accuracv of each DFT Olcklength f'or several different

inputs, such as sine waves, pulses. etc.

85I" 6'" "
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Appendix A

A 15-Point DFT Using Winograd's Large DFT Algorithm

A 15-point DFT is developed using Winograd's large DFT algorithm (reference

paragraph 2.3.2.). The methods requires the use of 3-point and 5-point small Winograd

modules; the equations describing these modules can be found in McClellan and Rader [.

or Winograd [I. The development of the 15-point DFT will take two steps:

1) Show the DFT can be written as a Kronecker product of the 3-point and 5-

point small Winograd modules;

2) Expand the Kronecker product of the 3-point and 5-point small Winograd

modules back into a DFT form.

To begin, the matrix representation of a 15-point DFT is given in Figure A-i.

The w terms in the matrix (Figure A-i) are a mathematical shorthand for express-

ing the complex exponential terms in the DFT. The arguments of the exponentials are

multiples of (27r/15); if the DFT is thought of as sampled values of the z-transform, the

unit circle is segmented into fifteen equal increments over the range (0. 2r). The values

of the , terms will be used later for comparison with the results from the Kronecker pro-

duct of the 5-point and 3-point modules: the values of the terms are given below:

0. cos (0) 1.0 jsin (0) j0.0

-!I: cos (-2-. 15) = 0.9135 jsin (-2- 15) = -jO. 1067

.,: cos (-47r,,15) - 0.6691 isin (-47-15) = -jO.7431

.3: cos (-6r' 15) - 0.3090 jsin (-67" 15) = -j0.9511 -,

_: cos (-8%r:15) = -0.1095 jsin (-8r, 15) = -jO.9945

cos (-10r 15) = 0.5000 jsin (-10ir 15) -jO.S60'
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I ui I ) 2 10 3 11 12 ij 14 6 1 1 1
hu hi hi hi hi hi U hi hi hi h WI VU

2 W3 3 12 6 0 9 3 Q2 6 U 'I I 1i

1 IIS0 19S U 10 5 U lu lU A I

2 12 1 7 3 U 1 23 6 j if I 'I : I

v2 13 11 9 7 5 3 1 11 [2 113 UV1  U U hi i hi i hi hi hi i hi i hi hi VI~

W* V1 l I Wl 3 Wi12 hi1 hi I' 23 WY~ i 1  hi i h' i

Figure A-1 Matrix Representation of DFT

*u cos (-12zr/15) =-0.8090 Jisin (-12-7/15) =-JO.5878

cos (-14r/15) =-0.9781 jsifl (-14r/15) - jO.2079

cos 1-6 r/ 15) -0. 9781 jsin (-16r,115) =JO.2079

Cos (18r/ 15) =-0.8090 isi l-87/ 15) =J0.5878I

10 cos (-207r' 15) =-0.5000 jifln (-207r/ 1-5) JO.8660

9'l: cos (22r,,15) -0. 1095 ]sin (-227:, 15) = jO99-15-

cos70 (-2-17 15) 0.3090 jsin (-247: 15) 0O.951 1.'

; 13. cos (-26r,/ 15) =0.6691 jsifl (-267 153) J0 j7 1:11

cos (-2187r, 15) =0.9135 j'sin (-287r 1-5) j0, 1067

The rows and coti ins of the matrix in Figuire A-1 must. be scram bled accord inj, to1

t he rlides shown in F igires 2-2 and 2- 1. respectively. The row scminibli g c'orre!j)mp t I
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the output mapping, while the column scrambling corresponds to the input mapping.

The column scrambling is shown in Figure A-2 and the row scrambling is shown in Fig-

ure A4-3.

3- I W W W W W W W W W W W W W W W VO

10 5 I 11 1 2 7 11 1 '3 1 1 192

W I~ W W w W W W W W W W W W W W

W3 10 S a lOS0 lOS 3 10 5 !C'

*I W WW 3 w3  3 9 W6  6 w9  I w i' ~w

V, W W5 W10  9 w11 w' ' 2 w2  3 9 ~w ~~w

V, .W W W W W W 14 W W W W 14 W W U
3 i 5 10 0 1 0 3

I 1 W W W W W W W W W W W i W W
Iv 3 0 a 5 3 W 1 3 W 12 12 '

49 *W 1 W W 141 4w w W W 11) W W .
I 0 0 5 1 a I2 In '

W W W 14 W W 14 W W 1W 14 L 1W 1 W W,
V I d 10 9 3 3 3 1 i

14W W W LW W W W W 14W 141
9 a0 a 12 2 i2 4 W1

14 W W 4 14 1W LW W W W 14 LA ti- 14A)

Figtre AX-2 (I-'olumrn S cranibliin- of DFi' Mat rix
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r.---'•- 7 .. * * - . . . . - . ... ...... . -. -

V5 w w~ w1w W W0 w1w 1W O wO W~ D 1 W W W0  
0

a 10 5 0 105 0 S a01o5 a In05
Vww w w Lw[ ' wL[w w - -wi

vs~ w U w w 3 W 3 W 3 j 1W 6 W jw G6 w W W 1 2 W 12 W 2 V
Vi ww 5  In 1 3  5 13~~ 9, 11~ 1 I1 1 12 2 w7

a In w w w 3 w 1 8 WI 11 9i 1 1q 12 w7 2

Wi W W 0 w5 WEw w 1 W'w 3  3 Ww 1W W W3

a7 a W2 1 2 3 3 3 3 9 1

- - - L w-:-

V12 w0 W5 W11~ W W 1 1W W W'31W1 W2 W7 I WV2 W w I w I w wWL wS w w -w w w  w' wt' V-

.- vW wo WTO w 9~ wo 9w 9 1 , wo 3 5 wo 3 ~ W 3 wO1 W12, WI 21o WSWSWS

o o I W  11 1 3 13 12 2 7 3 i 3 I

V9g W W W W W WJ1W W WI1W W WJ1W W W U12

a, In 5s 9'lu  1a  11 3 13 9' 12 7'  2' 6 1'  11
v,,- w w'° w u '  u uu w w w' w: - -, :.

*V9 W0 a W 1W 2  12  12w 9 9 9 6 6 6 3 l3

o il 5 12 7 2 3 1 11 S 1 II 3 13 BV1 i W W W W W W Jw W W 1W W W 1W W W V7

Figure A-3 Row Scrambling of DFT Matrix

Looking at Figure A-3, one can see a pattern of sub-matrices within the DFT

matrix: these sub-matrices are the result of the Kronecker product of the :-point and 53-

point small Winograd modules. The Kronecker product of the 3-point and 3-point

WVinograd modules is shown in Figure A-4.

Thus, the 15-point DFT can be written as the ronecker product of the .5-point

* and1 3-point small WVinograd modules. The matrix representations for the 5-point and 3-

point modules for shown in Figures A-5a and A-5b. respect ivelv.

* The output vector. V, may be expressed, tising the aussociative property of

K~ronecker products for matrices, as-follows:
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w w w w w
9 12 a 0 a ' .w w w w w w w w

w a 12 w3 3 5wt

a 9 3 12 G iw5 w 'ij w w w w
a 12 9 6 3w W w W W

Figure A-4 Kronecker Product of 5-Point and 3-Point
Small Winograd Modules

Fivr A-5 M ~ arix aereenato af a a i1 1

Small Winograd Mlodule
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WV rv-~

I

Figure A-5b Matrix Representation of 3-Point%
Small Winograd Module

1 (C B1 AI) 0(C 2 B 2 A2,)

= ~~(C 2 C)(B1 ® B(A, A 2 )x

Thus. the pre-addition matrix of the 15-point DFT (Figure A-6a) is the Kronecker

product of the .3-point and .3-point pre-addition matrices (Figure A-6b). The multipiica-

tive and pre-addition matrices for the 15-point DFT (figures A-7b and A-8Sb. respec-

tively) are also Kronecker products of their 5-point and 3-point counterparts (figures A-

7b and A-Sb, respectively).
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-. .- -- - . -- . . . . - - - -- --

4

-.

-'C

~ii ~ii ~ii
91-1 91-19 i-i at-i si-i

-- ..ISO Iii ill Iii ill -'CC
.'..959 Iii 911 III 911* S B I 1 -l 8 1 -l 8 1 -l 8 I -1

939 111 399 lee-I-I-I ~: I
* a a a i i a a a a a a a-i-i
aaa 9i-1a993999-i1

--- C.'

939 Ill-I-I-i-I-I-I iii
a a a a z 9-i-i a-I-I 9 1 I -, -.

a 9 a a i-i a-i i a-i i a i-i

a a a a a a -i-i-i i i i a 9 a
a a a a a 9 9-1-1 a i i a a a
9~9 999 a-il ai-iaaa

* a,, ~ ~L~fl:1
aaa at-i a-ti u-i a-ti

Figure A-6a Pre-Addition Matrix for 15-Point DFT

2
11111 I
8 t i i i i i 1;
a i a a-i ~J a ~ ii
9 1-1-1 1 8 1 -jj
a ~ -1 i a
8 1 -I 1 -I

0 4

Figure A-(ib hronecker Product 'I 5-Pint ;ir~l ;~-I~4ii1t -- Cr

Pre-.Xd (lit iflfl .\ !ar rueM
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-125x -12 - .2 x - 1.5 -1.85 -12 x -0.07z -1.863

-1.53 xl 1 -1.539 -1. 53 x -1. 5 2.398 -1.53 x -097: 1.333

2.559 x 1 9.599 9.559 x -1.5 :-8.839 8.559 x -8.87: -9.484

0.363 x 1 0 .363 8.363 x -1.5 :-8.545 8.363 x -9.87: -9.315

3.587 x 1 0 .580 8.587 x -1.5 :-0.882 8,587 x -0.87= -9.599

Figure A-7a Multiplicative Coefficients for 15-Point DFT

8-15 9 0 7

9 6 2 9 0.36 8.6 2 9 -. 1

9 2 2 9 8.59

Figuire A-71) Kronecker Prod uet. of i-P1it mid -
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1 1 -~~ 1 1 - 1 a J a Ij - ~ . , .
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Figur A-Sa Post-Addition Matricor1-PitsF
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To determine if the Kronecker product of the 5-point and 3-point modules does

result in a 15-point DFT, take the product of all three matrices to see if the resulting

matrix is identical to the scrambled DFT matrix (reference Figure A-3). First, take the

product of the pre-addition and multiplicative matrices. -.i

Multiply the product shown in Figure A-9 by the post-addition matrix reference

Figure A-8a).

• °- . " . 1

0 -1.50 -1.SU0 a -1.50 -i.sa a -i.su -1.50 a -1.sa - l.50 0 -1.SU -1.SU.'-'-'

" -0.97 0.9) -0.97 0.97 a -0.97 U.97 B -D.B7 O.B7 0 -0.97 3. B.7

U 0 U -1.25 -1.25 -1.25 -1.25 -1.2S -1.25 -1.2S -1.25 -1.25 -1.2S -1.,5 -1.25

0 a a 1.e9-1.09 U 1.aB-1.00 a 1.99 129 g]2 0 -1., -

a .08 -i.38 a 1. 08 -. aeB a ]a 1 00a a 1.3B -. Ua
3 -1.53 -1. 3 -1.53 a a a 3 0 3 I -13 1.53 1'53

a a U U 2,31 2.31 a a a -2.31 -2.31

a U 3 a 1.33-1.3 3 a a n a a a a -. 33 -33

a 0 a U.S .59 0. 6 .S - .6-U -0.56- 3. 5G-. - U.-2 S a 1.59 3.SE

00 a a 0 Ui- . 39 -0. 36 o.e a6 J . a a.6 0, 36 36 0 -aSi a -- a a a
S3 U a U -0.5. 3 . 1 0 1 U 0.93 1 1 .3 1 a -a 1 ,

a a 3 . -9 , 91 0. 59 U 0.590. 9 0 . - .a -a .a 9 a .si ,....-.a-9

a a 0a a .a0 U a a 3) .3l a -0. 33 .31 a .a a. -. a a
a a aq 3.59 0.53 a].SJ-U.59-a.53-a.53 a.53J 3.53 .3-3.5 . -a.59-a.59j .-..

a a] a a -a.oo-a.e9 a a).oe a].Bo a -a.99I-O.oe a 0].20 3.0B ,.-.
* a a a] -a.s1 0.5? U 3.51 -3.5? 0 -as5? a.5' a a.si -a.5' t.:....

Figure .A-9 Product of Pre-Addition and .liilripfictive Nitrict.S

77

.. o,• ,.-



- .. -j ,_. ...--.
'.777'-, -'7 V _ °

E E o E2o , E.o s~ Eo [7o C E s F Eo E E . E -. I o_."

133 Ei,a E2, a 3 E3 .E .EE E 7, E E10 a ) £120 E133 Ei.-
E . El. E. EI. E,. Es. E . E7. E E Eo E E . E . E ,
Eo. E1 , 1E2,1 3 , . E I s' , I , 1 , 1 ,1 I ' E1, 12, 13,1 1E1. E . E . E ,. I,,

Er , E ., E ., E ., E, , Es, E ., E ., E , E , E o ,E ., E~ , E 3 , E ,., i ..

1 ,7 Et,7 E7 E 3E Es, 3 E9,3 E7, 9 ,3 E10  E ,3 2E 7 ,3 7 E1,7

I, E. s  E ,s  39 E. . E [79 £9 E E 9  E E . , E . E,

1u,io 1 1 2,10 3,10 1 , 1 GA 7,t 1 , 10 1,0,01,1 i1 1 ,1 1 E,I

I E.i E. E. , E Eso E;., E7., E9, E51 , Eo [E1 .,1 . E , E
e E E E E E E, E E E E I £ E I07 1,12 2,72 3,12 1.,2 5, 2 9,7 7, 7 8.12 9.12 109,2 11,72 12,12 13,12 11,72Ei E 2 E , E ,2 E. E .2 E ,2 E 2 E 2 E 2 E, E . E . E , Es."- -

[Ua 1,03 p2a , a I's3 5 , 0 6' E 1 7,9 8's 153 109 1, 23 13 1

F 1 E3, E E , E7  E 7 F I9 E -,- •

and Post-Addition Matrices

The expressions for the elements of the matrix shown in Figure .X-1O are given on " :,

the following pages: :::'

E(., = E)H = Eo.1 -- Eo.3  -- Eo.4  =il ,J1

E = E = E I E = E E l ------ C,' .".

E E= EO- E 1 =E E 1 E = E

E = E . = F , = ] E .: E E F 15 E j(.13=- .5 -j , 12 -'-.='

I:.. L .' E EE

".-"". ".

1 11 ,11 3 11 1 I i , f G'Ii 7, 118 ,I1 9 Ii IaI1 11 1 12,I1 3 1 1' 1

Figue A10 rodut o Pr-Addtio. M ltipicaive



" EI, 1.5 E1 ,8  = E 1  E,1- 1.5 + j0.87 -0.5 + j0.87 -w' 0

E,o . E2,3  E2  E2,g E21  =WO

E2,1 = E2 ,4 =--E2,7  E2,1o -E 2,13  1-1.5±+j087 05+ j0. 7 w-
E,,,, E, E, E, E I - 1.5 - j.87= -0.5 - jO.87==w"

KE =E =E =1w
3,0 3,1 3,2

K3

L E3,3  E 3 ,4 =E 3 ,5 =1- 1.25 - jl.53 + 0.56 + jO.59 =0.31 -jO.95 w

E3,6 =E 3,7  E 3,8 = 1 - 1.25 -0.56 -j.59 -0.81 - jO.59 J'

E E3  - = 1 - 1.2 5 - 0.5 6 + jO. 5 9 = -0.81 + 0.59=-

E3  -E 3 1 3 -E 3 1 4  1 - 1.25 + jl.53 + 0.56 - jO.59 0.31 4-j0.95 W1 2

04  
-A=w

,5

E I- 1.5- jO.87 - 0.5-J0.87=w

E 1 - 1.5 -j0.87 =-0.5 - j0.87 =wo°

E4 3 - 1 - 1.25 - j.53 - 0.56 j0.59 = 0.31 -j0.95

E, 1 - 1.5 - jO.87 - 1.25 + 1.88 - j1.08 - jl.53 - j2.31 - 1.33

-0.56 - 0.84 - jO.48 - jO.59 - jO.88 - 0.51 -- 098 - jO.21 -..

E = I - 1.5 - jO.87 - 1.25 - 1.88 - ji1.08 - -.3 j-2.31 - 1.33

-0.56- 0.84 - jO.48 - j0.59 - jO.88 - 0.51 0.67 - jO.7 =1

E.= I - 1.25 - 0.56 - j0.59 -0.81 - jO.5 = -

E .7 =1 - 1.5 - jO.87 - 1.25 - 1.88 - j1.08 - 0.56 - 0.8.1 - .i

,K:'. - jO.59 - j0.88 - 0.51 = -0.10 - jO.99 - ,
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.7-" -V "1 ." -K " . . % ,

I

- . 4 .8  i 1.5 J0.87 1.25 1.88 - jl.08 + 0.56 0.84 -r- j0.48 ..

- j0.59 + jO.88 + 0.51 - 0.92 - jO.41 -

E4 9 - 1- 1.25-0.56 + jO.59 =-0.81 + jO.59=w

4, 1 - 1.5 - jO.87 - 1.25 + 1.88 + jl.08 + 0.56 - 0.84 - j0.48

+ j0.59 - jO.88 + 0.51 - 0.92 + j0.41 94

E4.11 - 1.5 + jO.87 - 1.25 + 1.88 - jl.08 -- 0.56 - 0.84 ± jO.48

+ jO.59 - j0.88 - 0.51 -0.10 - jO.99 = W4

E, 1 - 1.25 + jl.53 + 0.56 - jO.59 = 0.31 -jO.95 = w12

SE4, 13 = 1 - 1.5 - jO.87 - 1.25 + 1.88 + jl.08 + jl.53 - j2.31 + 1.33

- 0,56 - 0.84 - jO.48 - jO,59 + jO.88 - 0.51 - 0.67 - jO.74 = W2

E4,14 = 1 - 1.5 + jO.87 - 1.25 + 1.88 - ji.08 + jl.53 - j2.31 - 1.33

-*- 0.56 - 0.84 + jO.48 - jO.59 4- jO.88 0.51 -0.98 - jO.21 w"

-,-

E5,0 ==w 0

E5, 1 -1.5 A-j0.87 -0.5 j0.87 -- ,

E 1 - 1.5 - j0.87 -0.5 - j0.87=

E 1 - 1.25 - j.53 0.56 j0.5 - 0.31 -j0.95 -

E- 1 - 1.5 - j0.87 - 1.25 - 1.88 j.08 - jl.53 - j2.31 - 1.33

-0.56 - 0.84 - jO.48 - jO.59 - jO.88 - 0.51 - 0.67 - jO74

E- - I - 1.5 - jO.87 - 1.25 - 1.88 - j1.08 - J1.53 - j2.31 - 1.33

-0.56- 0.84 - jO.48 j0.59 - jO 88 - 0.51 -0.98 - jO.21 .

E - 1.25 -0.56 -j0.59 =-0.81 -j0.59.
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E 15.7 1.5 -JO.87 -1.25 -1.88 - jl.08 0.56 - 0.84 -jO.48

g - JO.59 -i-- jO.88 + 0.51 = 0.92 - j0.41

5 ,8 =1-1.5 - j0.87 - 1.25 + 1.88 + jl.08 + 0.56 - 0.84 - j0.48

-jO.59 + jO.88 - 0.51 -0.10 + jO.49

Esg 1 1- 1.25 -0.56 +jO.59 -0.81 + JO.59 = 9
:~-

*ESJ 0  1 - 1.5 +jO.87 - 1.25 +1.88 - J1.08 + 0.56 - 0.84 -JO.48

jO.59 - JO.88 -0.51 -0.10 - jO.99

E, I - 1.5 - JO.87- 1.25 + 1.88 + jl.08 + 0.56 - 0.84 - jO.48

+jO.59 - jO.88 + 0.51 =0.92 + jO.41 W1

E5 1  1 - 1.25 -j-i.53 +0.56 - j059 0.31 + jO.95 w12  
-

E- 3  1 - 1.5 + jO.87 - 1.25 + 1.88 - jl.08 + '1.53 - j2.31 - 1.33

+0.56 - 0.84 +~ jO.48 - 'O.59 +s O8 + 0.51 =-0.98 - jO.21 =W7

E, 4  I - 1.5 - JO.87 - 1.25 +~ 1.88 - -0 S+j1.53 - j2.31 -- 1.33

-056- 0.84 - 'O.48 - 'O.59 +' jO.88 -0.51 =0.67 - *O.74=

E =E ~E =1w
-6.0 6', 6,2

E6.3 E 6. =E 6 .5 =I- 1.25 -0.56 - jO59 =-0.81 - j0.59 =

E £6.6 zE 6 .7 ~E 18 = I- 1.25 - .56 - 1 0.36 - J0,59 0.3 J0.1)5- 1

E =)1 E G. 3 E E6 ,14 =1 1.25 .56-jO.59 -. 81 -JO.)=5 .

I 0

E 1I 1 -5 -O87 =-0.5 -jO.87 .2..
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E 11.5 A-jO87 =-0.5 + jO.87 w

73 1 1.25 - 0.56 - jO.59 -0.81 -jO.59=

E 7, - 1.5 - jO.87 - 1.25 + 1.88 + j1.08 - 0.56 + 0.84 +~ j0.48

jO.59 + jO.88 - 0.51 = -0.10 + j0.99

E7  1 - 1.5 + jO.87 - 1.25 + 1.88 - jl.08 - 0.56 + 0.84 - '0.48

jO.59 + jO.88 + 0.51 =0.92 - jO.41

E 7,6 1 -1.25 + j0.36 + 0.56 ±jO.59 0.31 +jO.95

E77 1 - 1.5 - jO.87 - 1.25 + 1.88 + jl.08 + 0.56 - 0.84 - jO.48

jO.36 - jO.54 + 0.31 + jO.59 - jO.88 + 0.51 =0.67 - jO.74 =[

E7 ,8  1 -1.5 +~ jO.87 - 1.25 + 1.88 - j1.08 4- 0.56 - 0.84 + jO.48

±JO.36 - jO.54 - 0.31 + jO.59 - 'O.88 - 0.51 =-0.98 - jO.21

E-g I1- 1.25 -0.56- JO.36 -jO.59:=0.31 jo.95 W3

E =.1 1 -1.5 -jO.8- 1.25 1.88- J1.08 -0.36- 0.84 -jO.48 ~ ~

jO.36 + JO.54 0.31 -JO.59 +JO.88 0.51 = 0.67 - JO.1

E" 1- 1.5 - AO87 -1.25 -1.88 - J1.08 -0.56 -0.84 -jO. 1

E - 1O3 1 .2 - 0.5 1 =5 -0.81 - jOll -

E 7 1 1.5 - JO.87 - 1.25 -1.88 - 11.08 - 0.56 -0.84- j.18

jO.59- jO.88 0.51 -0.10- 'O.99 =

Eq.0
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E 81 1- 1.5 . .87 -0.5.. j.87-

E8,2 = 1 1.5 - j0.87 =-0.5 - jO.87=w o

E8,3 = 1- 1.2 5 -0.56 -j0.5 9 = -0.81 -jO.59=-'

E8 4 - I - 1.5 + j0.87 - 1.25 - 1.88 - jl.08 - 0.56 + 0.84 - j0.48

- jO.59 + jO.88 + 0.51 0.92 - jO.41 =

E8 5 = 1 - 1.5 - jO.87 - 1.25 - 1.88 1 jl.08 - 0.56 0.84 j0.48

- jO.59 + j0.88 - 0.51 = -0.10 + jO.99 =

E = 1 - 1.25 + 0.56 + jO.36 + jO.59 = 0.31 + jO.95 12

E8 ,7 = 1 - 1.5 + j0.87 - 1.25 + 1.88 - jl.08 + 0.56 - 0.84 + jO.48

+ jo.36 - j0.54 - 0.31 + jO.59 - jO.88 - 0.51 = -0.98 - jO.21 W7

E8 - 1 - 1.5 - j0.87 - 1.25 -1.88 + ji.08 + 0.56 - 0.84 - j0.48

-+- jO.36 - jO.54 -0.31 + j0.59 - jO.88 -0.51 = 0.67 - jO.74 w 2

E8,9 = 1 - 1.25 + 0.56 - jO.36 - j0.59 = 0.31 - jo.95 W3

E8,1= 1- 1.5 -- jO.87- 1.25 + 1.88- j1.08-- 0.56- 0.84 -- j0.-48

- jO.36 jO.54 0.31- jO.59 - j088 + 0.51 0.67 jO.74 1 32

E8. 11  I - 1.5 - jO.87 - 1.25 - 1.88 jl.08 - 0.56 - 0.8.1 - j0.48

- jO.36 -j.54 -0.31 - jO.59 - jO.88 - 0.51 -0.98 - jO.21 -

E I - 1.25 -0.56 - j.59 =-0.81 -. 59 
-

E1.13= 1 - 1.5 - jO.87- 1.25 - 1.88- j.08 - 0.56- 0.8-1 - JO.48
-(j.59 - jO.88- 0.51 -0.10 - jO.99 = ,4

S 1- 1.5 - jO.87 - 1.25 - 1.88 - jl.08 - 0.56 -0.8] - jO. 18

- jO.59- jO.88 - 0.51 -0.92 - jO.-1 l
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E90 --E0 = E,2 = = .

E,3 =E, 4 = Es = 1- 1.25 -0.56 -- j0.59 -- 0.81 + j0.59-- 9

Eg -Eg Eg8 = - 1.25 + 0.56 + j 0.36 -j.59 0.31 j0.95 ,3

E9 ,9  E9,10 = Eg,1  1- 1.25 + 0.56 -j0.36 + j0.59 = 0.31 + jO.95=w'-

E9 1 2  9 Eg 1 3  E9,1 4  1 -1.25 -0.56 -jO.59 -0.81- j.59 -.

E10 ,0 =1

E 1- 1.5 -j0.87-0.5 - jO.87 -w 5

Eo. 1- 1.5 +jO.87 -0.5 + j.87 w °

E I - 1.25 - 0.56 -j0.59 - -0.81 +j0.59 w 9

E1. = 1 - 1.5 - jO.87 - 1.25 + 1.88 + jl.08 - 0.56 -- 0.84 + jO.48

- jO.59 - j0.88 + 0.51 = 0.92 + j0.41 = w4

E I - 1.5 j0.87 - 1.25 - 1.88 - jl.08 - 0.56 - 0.84 - j0.48

- jO.59 - j0.88 - 0.51 = -0.10 - j0.99 - '

E o 10. - 1.25 - 0.56 - jO.36 - jO.59 - 0.31 - jO.95 =--- 3

EIo.7 = 1 - 1.5 - jO.87 - 1.25 1.88 - jl.08 - 0.56 - 0.84 - jO.48

- jO.36 - j0.54 - 0.31 - j0.59 jO.88 - 0.51 -0.98 j0.21

E 0.8= 1 - 1.5 - jO.87 - 1.25 - 1.88 - jl.08 - 0.56 - 0.84 - jO, 18

- jOl36 - j0.54 - 0.31 - j0.59 - jASS - 0.51 = 067 - jO., = I 13

E" 10 - 1.25- 0.56 - jO.36 - JO.59  0.31 - j09)5 ,

1 10 . .1 1.5 -jO.87 1.25 1.88 j.08 (.56 - 0 .I - PAS1'

10j.36 -JO..5- -0.31 30j.59 -JO.,8 - 0.51 0).67 - JO.71
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=1-ll 1.5 - J0.87 -1.25 1.88 - jl.08 -~0.56 - 0.84 -JO.48

-JO.36 -JO.54 - 0.31 + jO.59 - JO.88 -0.51 = -0.98 - JO.21

1,1 - 1.25- 0.56 -jO.59 =-.81- j0,59=w

E 1-,13 1.5 - JO.87 - 1.25 + 1.88 +- ji.08 - 0.56 + 0.84 + JO.48

-JO.59 + jO.88 - 0.51 = -0.10 + jO.9§

E10 , =1 - 1.5 + jO.87 - 1.25 - 1.88 - j1.08 - 0.56 - 0.84 - jO.48

- jO.59 + J0.88 + 0.51 -0.92 - JO.41 --

E1 1.0 =1 w

E*. 1- 1.5 - jO.87 =-0.5 + JO.87 =l

E1 1.2 =1-1.5 - JO.87 =-0.5 - j0.87 -w

E1o3 = 1- 1.25 - 0.56 - j0.59 =-0.81 -- jO59 -2

E 11,4 1 - 1.5 jO.87 - 1.25 - 1.88 + ji.08- 0.56 + 0.84 - jO.48

- jO.59 + j0.88 - 0.51 - -0.10 - j0.99 = 4

SEl,=1 -1.5 - jO.87 - 1.25 - 1.88 - j1.08 - 0.56 - 0.84 - jO.48

JO .59 j0.88 - 0.51 = 0.92 - j0.41 -1

E. I = I - 1.25 -0.56 - JO.36 jO.59 = 0 31 - JO.95

= I- 1.5 - jO.87 - 1.25 - 1.88- JIOS 0.56 - O.1- JO.IS

-JO.36 - J0.54 - 0.31 -J.59 - 10.88 - 0.51 0.67 - j( 1-

SES 1 -1.5 - jO.87 - 1.25 - 1.88 jI.08 -056- 0.8-1 - JO.8

- jO.36 - jO.54 - 0.31 j0.I59 jO. 0.51 -0.98 J,21

EI 1.25 -0.56 jO.36 jO59 0.31 jO.95 ,.
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EII.10 - 1 - 1.5 - jO.87 - 1.25 - 1.88 - ji.08 0.56 - 0.84 - jO.48

- jO.36 - j0.54 - 0.31 - j.59 - jO.88 - 0.51 = -0.98 - jO.21 -

= 1 - 1.5 - jO.87 - 1.25 + 1.88 - - j1.08 + 0.56 - 0.84 - jO.48

+ jO.36 - jO.54 + 0.31 + jO.59 - jO.88 + 0.51 - 0.67 - jO.74

E11.12  1 1 - 1.25 -0.56 -j.59 -0.81 -j0.59-w

E I - 1.5 - jO.87 - 1.25 - 1.88 - jil.08 - 0.56 - 0.84 - j0.48

- jO.59 - jO.88 + 0.51 = 0.92 - jO.41 =

E11, 4 -- 1 - 1.5 - jO.87 - 1.25 -- 1.88 - jl.08 - 0.56 - 0.84 , jO.48

- jO.59 + jO.88 - 0.51 - -0.10 + jO.99 =

E1.,0 E 12,1 E 12.,2

E 12.3 12,4 E 12,5 1- 1.25 * jl.53 + 0.56 - j0.59 0.31 - jO.95 12

E12.6- E12,7  - E .12 8  1- 1.25 -0.56 -.-jO.59 -0.81 -j.59 --. .

E 1.9 E 1.1 E12.11 =1- 1.25 -0.56 -jO-59 -0.81 j0.59=.

E =E E = 1 -1.25 -jl.53 - .56 -jO..59 0.31 -jO.95 .-12.12 12.•13 12.14

E13.0  1

E 3.1= 1.5 - jO.87 = -0.5 - jO.87 -

101

1- 1.5 -jO.87 =-0..5 JO.S

E 1 - 1.25 - jI.53 - 0.56- jO.59 0.31 - jO.95 =-:2

E I - .5 - jO.87 - 1.25 - 1.88 j.O8 - j1.53 - j2.31 - 1.33

0.56- 0.84- jO. 18 - JO.59 - jO.88 -0.51 = 0.67 - jO.7.4 =

E I - 1.5 - jO.S7 - 1.25 - .8 - .1)8 - j.53 - J2.31 - 1.33

. - - 0.56 - .- I jO , - jO.59 - jO.S8 - 0.51 -0.98S- jO.2l 7

o8.

.-.-. - .
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E = 1 - 1.25 -0.56 -jO.5 9 -- 81 -j0.59- ,

E1. - 1 - 1.5 - j0.87 - 1.25 - 1.88 - jl.08 - 0.56 - 0.84 - j0.48

- jO.59 - j0.88 - 0.51 = 0.92 + jO.41 - 14

E 1 - 1.5 + jO.87 - 1.25 + 1.88 - j1.08 + 0.56 - 0.84 ± j0.48

- jO.59 - jO.88 - 0.51 = -0.10 - jO.99 = W4

E = 1- 1.25 -0.56 - jO.59 -0.81 -jO.59 -"'

E13,= 1 - 1.5 - jO.87 - 1.25 + 1.88 - jl.08 - 0.56 - 0.84 - jO.48

JO.59 - jO.88 - 0.51 -0.10 + JO.99

E1 1 - 1.5 + jO.87 - 1.25 + 1.88 - jl.08 + 0.56 - 0.84 A j0.48

- jO.59 - jO.88 A 0.51 0.92 - jO.41 =

E 1 1.25 - jl.53 - 0.56 r j0.59 - 0.31 -jO.95 =

E13.13 = -1.5 - jO.87- 1.25 1.88 jl.08 - i.53- j2.31 -1.33

-- 0.56 - 0.84 - jO.48 - jO.59 - jO.88 + 0.51 = -0.98 - jO.21 ,

E 13.14 - 1.5 - jO.87 - 1.25 1.88 - ji08- ji.53 - j2.31 - 1.33

-0.56 - 0.84 - jO.48 - jO.59 - i0.88- 0.51 0.67 - jO.74 -=13

140

0E41 -1- 1.5- JO.87 =-0.5- jO.87 ,lo

E = 1- 1..5 - jO.87 =-0.5- jO.87 2,-..

E 14 .3  11.25- 5:3 - 0.56 -j.59 0.31 -j0.9 =. '"

E .4 = 1 - 1.5 - j0.87 - 1.25 - 1.88 - ji.08 - jl.53 - j2.31 - 1.3

0.56 - 0.84 jO.8 - JO..9 - jO.88 - 0.51 - -0.9J - jO21 -

87
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S E14,s 1 - 1.5- j0.87 - 1.25 1.88 - jl.08 - jl.53 - j2.31 1.33

- 0.56- 0.84 - j0.48 - j0.59 - jO.88 - 0.51 = 0.67 - jO.74 = 2
L -,

E 14,6-- 1 - 1.25 - 0.56 j0.59-- -0.81 +j0.59 -- w9 :'':-.

r 14, 8"

1 - 1.5 - jO.87 - 1.25 + 1.88 - jl.08 - 0.56 - 0.84 - jO.48

- jO.59 - j0.88 - 0.51 - -0.10 - jO.99 = 4

E14,8  1 - 1.5 - jO.87 - 1.25 - 1.88 - jl.08 0.56 - 0.84 - jO.48

- jO.59 - jO.88 - 0.51 = 0.92 - jO.41 ,14

E14,9 1 - 1.25 - 0.56 - jO.59 = -0.81 - jO.59 -

E14,10 I - 1.5 j0.87 - 1.25 1.88 - jl.08 - 0.56 - 0.84 jO.48

- jO.59 - jO.88 -t- 0.51 - 0.92 - jO.41 = w-

E I - 1.5 - jO.87 - 1.25 1.88 - jl.08 - 0.56 - 0.84 - jO.48

jO.59 - j0.88 - 0.51 -0.10 - j0.99 "

E 4.12 1 - 1.25 - j1.53 0.56 - jA.59 0.31 - jO.95 3

E. I - 1.5 - j0.87 - 1.25 - 1.88- j1.08- '1153 j2.31 1.33

- 0.56 - 0.84 jO.48 - jO.59 - J0.88 - 0.51 0.67 - jO.74 ; 13 .

E1.14 1 - 1.5- jO.87 - 1.25 - 1.88 -j1.08- jl.53 j2.31 - 1.3:3

-0.56- 0.84 - jO. 18 - j0.59 - j0.88 - 0.51 -0.98 - jO.21 8

Figure A-I1 shows the product of the pre-addition. multiplicative. and post-

addition matrices, substituting the terms ror the E elements sho in Figure A- 10.
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T -. -.7- P



~ ..-....,
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V7l W W W W W W W W W W W W W W W V13
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Figure A-11 Product of Pre-Addition, Multiplicative. and
Post-Addition Matrices Using ' Terms **-..,,.

The matrix shown in Figure A-II is identical to the matrix shown in Figure A-3. ... -

Thus, the Ironecker product of the 5-point and 3-point Winograd modules does give a A
15-point DFT. """

. .. . . . . . ....
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Appendix B

Simulation Program Listings
.: ::-.'-'.

A:.. 
..- %o

The following program listings indicate the code required for the simulation and

standard modules of the simulation programs. The standard modules are the wino files;

these files compute Winograd algorithms using double-precision arithmetic. The simula-

tion modules are the sim files; theses files compute Winograd algorithms using integer

arithmetic. Only the siml6.c listing is shown: the sim15.c and siml7.c listings are identi-

cal to their wino counterparts except for the multiplication of the pre-addition results

with the coefficients and the coefficients themselves. The manner in which multiplication

is done is illustrated in the siml6.c file. The coefficients for the 15- and 17-point simula-

tion modules are given following the siml6.c listing. The multiply.c listing shows the

special multiply routine used by the simulation module; this routine accepts a 28-bit

* input (data) and a 32-bit input (coefficient) and returns a 32-bit result. The diff pro-

-. grams show how the standard and simulation modules are combined to give comparison

results from a single program. The stddiff programs show how the standard modules are

combined with the direct DFT.

SC

go

.....................................................................



B.1 SIM16.C

* Module: siml6.c

* Author: Kent Taylor %~ %

* Date: 13 September 1985

* Purpose: To perform a 16-point DFT on complex input data.

I Inputs: x, y, h

* x is the array of real input values

y is the array of imaginary input data

h his the index array

* Outputs: x, y

1#define CS16O 67108864

*#define CS161 47453133

*#define CS162 25681450

-#define CS163 87681956

#define CS164 36319055

*#define CS165 62000506

- ~siml6 (x. y. h)-..

long xi y';

0 int hrl:

long rlOO. r101. r102. rl03. r104. r105. r106. r107. r108. rp109:

long r11O, rill. r112, r113. r114, r115:

long r200. r201, r202. r203. r204. r205, r206, r207. r208. r209):

long r'210, r211, r212, r2M3

long r300, r301, r302. r303. r304. r305. r306. r307:

long r-100, r401;

long t02. t03. t04. t05, t06. t07. t08. tOO

long tIO. til. t12. M13 tl4. t15. t16. t17. tiS. P1!):

* -long t1O0. tU01, t102, t103, ttb-I. 105.UO6. t 107. t 108, rIO!). t RIO. till:

91
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long t200. t201, t202, t203, t204. t205. t206. t207;

long slOO, SOL. sI02, s103, s104, s105, s106, sIOM. sI0N, s109:

long s110, sill, s112, s113, s114, s115;

long s200, s201, s202, s203, s204, s205, s206, s207, s208, s209;

long s2I, s211, s212, s213;

long s300, s301, s302, s303, s304, s305, s306, s307;

long s400, s401;

long uOO, uO1, u02, u03, u04, u05, u06, u07, u08, u09;

long ulO, ull, u.12, u13, u14, uI5, u16, ui7, u18, u19;
long uiOO, ul0l, u.02, u103, u104, u105, u106, u107, u108, u109. ullO. ulll;
long u200, u201, u202, u203, u204, u205, u206, u207;

r variables are the real pre-add equations

s variables are the imaginary pre-add equations
- . .,

- , t

rIOO = x~h[o1) x-h8]1

rIOl = xfhfOl] - xfh[8]];
r102 = x[h[1]] + xfh[9]J;

%' r103 = xfhfll] - xib[9]];

r104 = x[h[21] + xlh[lO]];

r105 = xh121 - x[h[101];
ro6 = xlh 311 + xrlh[iij;

r107 = xh31] - xihlil];

r108 = x(h(4!1 -, xihfl21];

r109 = x'h[411 - xfh[1211;

r -O xih[5]j - x[h[1311;

ril = xihf51] - xh(1311;

r112 xhC6I] - xih[14 ];
rl13 = xihI611- xh141]:

r114 = xlh(71 - xihil5k;

r115 = xih71 - xh[15ij;

slOO = yhiO!]- yh St; 811

s401 = y~h'OI? -' 81

A02 yhlil - yih'91];

A03 = yvhI - yih(9];

s104 = yh 21 - vh[1OI];

1105 = vh2! - y,hilO!1;

45106 = h,3" - h 111;

92
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s107 y11311 - ythfII1I;J"W

S108 ylhf4]I - y~hfl2fl;
S109 =yjh[41] - y~hf 12]];

Silo y[51] +- y[131];
sill y~h[5]] -y[h(131J;
s112 = yjbfBII + y[h[141];

sll3 =y~h(61] - yfh[141];
s114 =y[h[71] + y(hf 15]];

sli5 yjh[71] - y[h[151];

r200 =rlOO -,- r108;

r201 rloo - r108;

r202 = M2 + rl04;

r203 =lM2 - r104;

r204 = r102 -- rllO;

r205 =r102 - rllO:

r206 = r1O6 +i r1 14;
r207 =r106 - r114; 

.

r2O8 =r103 +- ril5;

r209 = r1O3 - r115;

r210 = rill + r107;

Sr2ll rnhil r17;

r212 r105 -i r113;

r213 sr1f5 - r103;

S200 = sloo - S108;

s2O2 s112 - s108:

s202 s112 + s104;

s203 s112 -silO:

*s204 s102 -t silo:

sL'05 slO2 - slo:

s206 slO6 - s114:

1207 s 106 - si14:

-*0 s103 - s115

s21O s1ll - s115:

s211 sill - s107;

-,211 s105 s 107;

,212 s105 -s113;

23 s105 - s103;

MOO1 r'200 - r202;

- -r302~ r2106 -r204;

13



r303 =r206 - r204:

~ ~ r304 =r205 - r207;

r305 r,205 - r207:

Ir306 =r209 r21-
-r307 =r208 - r210;

s300 s200 - s202;

-s301 s200 - s202;

s302 -s206 + s204;

s303 s206 - s204;
s304 -s205 -+ s207;

s305 -s205 - s207;

s306 =s209 + s211;

I s307 =s208 -+ s210;
MOO0 = r300 + r302;

r401 = MOO0 - r302;

s400 s300 - s302;
s401 =s300 - s302;

xh0l =V mult (r4O0, 0 160);

=xI 8 mult (r401, 0160);
y~hfOIj mult (s400, 0160);

- v~hi~fl =mu1t (s401, 0160);

After the pre-adds, the sums are multiplied by the proper

* coefficients.

* t02 =mult (r301, C160);
t03 mult (r201, C160);

t04 mult (riOl. 0160);

- t05 =mult (r305, C161);

tOfi mult (r213. 0161);

W07 mult (r306. 0162);

* tO8 mult (r2'09. 0163); .4

tO9 -(mult (r211. 0164)):

*~ 10O mult Wr03. C160);

* 11 inult (r203. 0160);

t, 12 -(mult (r109. 0160)):

13 -i mult (ro304. C161)):

1.1 - -( mtlt (r212. C161)):

94
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15 = -(muit (r307, C165));

t16 = mult (r208. C164);

t17 = -(mult (r210, C163));

u02 = mult (s301, C160);

u03 = mult (s201, C160);

u04 = mult (slOl, C160);

u05 = mult (s305, C161);

u06 = mult (s213, C161);

u07 - mult (s306, C162);

u08 = mult (s209, C163);

u09 = -(mult (s211, C164));

ulO = mult (s303, C160); S
ull = mult (s203, C160);

u12 = -(mult (s109, C160));

u13 = -(mult (s304, C161));

u14 = -(mult (s212, C161));

u15 = -(mult (s307. C165));

u16 = mult (s208, C164);

u17 - -(mult (s210, C163));

t variables are the real post-add equations

u variables are the imaginary post-add equations

t100 = t03 - t"";

t101 = t03 - t-,

t102 = t3 - tl;'

U103 = U13 - til.

t104 = t04 -- t06;

Q105 = t04 - t06:

t106 tO8 - t07:

t107 = t09 - t07:

tiO8 = t12 - t14;

109 = 12- t14:

tIO = U5 - t16:

till U 5- t17:

ulOO = u03 - u05:
ulOl u03 - 1105:

1 2 113 ull:
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u103 = u13 - ull.

u104 = u04 - u06:

u105 = u04 - u06: 
.

U106 = u08 - u07;

u107 = u09 - u07;

u1O8 = u12 - u14;

u109 = u12 - u14;

ullO = u15 +, u16;

ull = u15 - u17;

t200 = U104 -i- U106;

t21- t104 - tlO6;

t202 = U105 + t107;

t203 = t105 - U107;

t204 = t108 + tllO;

t205 = U108 - tllO;

t206 = tIO9 +~ till;

t207 = t109 - till;

0 ~U200 = u104 - u106;

u201 = u104 - u106; 
K

u202 = u105 ± u107;

u203 = u105 - u107;

p u204 = u108 - ullo;

u205 = u108 - ullO;

u206 = u109 - ull:

u207 = uio9- ulli;

xhl'=t200 - u204:

i.b tj = t200 - u204: A
x xh. 2T = tlO0 - 0102;

xhrl4" = tlOO - u102-,

XI1311 = t-203 - u207:

v~h 13.' = t203 - u207:

xhl4lI = t02 - ulO:

xh, 12;: t02 - ulO:

vhJ5 = t202 -u206;

Shlf = t202 - u206:

*x.h,6; =tlOl-U103:

x h. 10" = tiot - u103:

x hT = t201 -u205:

x~ h (K = t201 -u205:

YhI = ui200 -- t20-1:

*g



vh151 = u200 - t204:

v.hi2!1 = ulOO - t02;

y'h'141] = ulOO - t102.

y h 31] = u203 - t207;

y'hi13l] = u203 - t207;

y[h[4] = u02 + tlO;

y[h[121] = u02 - tO;
y[h[51] = u202 + t206;

y~h(1111 = u202 - t206;

yh[61] = ulOl + t103;

ly 'h11 =2 -. tQ03;y h7]=u201 - t205; :.,_
y[h[91]] u201 t205;

return;

SIM15.C Coefficients

CS1500 33554432 CS1501 -50331648 CS1502 -29058990

CS1503 -41943040 CS1504 62914560 CS1505 36323738

CS1506 -51634961 CS1507 77452442 CS1508 44717188

CS1509 18757497 CS1510 -28136246 CS1511 -16244469

CS1512 12189360 CS1513 -18284041 CS1514 -10556296

CS1515 19722800 CS1516 -29584200 CS1517 -17080446

SIM17.C Coefficients

CS1700 16777216 CS1701 714757 CS1702 .1 38987

CS1703 17535269 CS1704 29604821 CS1705 -1136771

CS1706 -1494104 CS1707 -17825792 CS1708 4323389

CS1709 13082916 CS1710 9125013 CS1711 70I110

CS1712 21493173 CS1713 7396891 CS1714 5321333

CS1715 -15122700 CS1716 -7255937 CS1717 11189318

CS1718 -10131593 CS1719 -6194965 CS1720 8163279

CS1721 3995277 CS1722 -26128535 CS1723 11066628

CS1721 -2101987 CS1725 1010336 CS1726 -801171

CS1727 -38903033 CS1728 13239667 CS1729 61566399
6i

CS 1730 -21816763 CS1731 68475819 CS1732 -21842292

- .1733 -223681 CS1734 -6231020 CS1735 3227351
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B.2 MULT.C

!. - ... °~

Module: mult.c

* Author: Kent Taylor

• Date: 29 October 1985

Purpose: To perform a multiplication of two long (32-bit)

integers, returning a 32-bit result. The algo-
* rithm used in this program came from "The Design .- .-
• and Analysis of Computer Algorithms", Aho, Hop-

* croft, and Ullman, Addison Wesley Publishing Co.,
• Reading MA, 1974, pp 62-64).

Inputs: a, b

* a is the 32-bit input data word

b is the 28-bit coefficient

• Outputs: product

The product x*y can be represented by splitting x and y into

• left and right halves, then combining products and sums of the

* halves to obtain an n-bit product from the multiplication of

two n-bit numbers. In Aho. et a., the left and right halves

of x and y are a. b, c, and d, respectively. The product is

* found as follows:

a b

c d

0 ad -bd
*. * ac bc

S" klac - k2(ad - bc) k3bd

" where k1 - 2**n. k2 - 2**(n 2), and k3 = I
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*-. * Noting that: (a-b)(c+d) = ac + ad + bc - bd

one can write the middle term as: (a+b)(c+d) - ac - bd

* The sums (a+b) and (c+d) may overflow the (n/2)-bit repre-

• sentation; thus, the sums are rewritten using a 16-bit

• number to represent the sum and a one-bit number to repre-

* sent the overflow (if any). The final representation in

• Aho, et al. for the sums is (a+b) = al + bi where al is the

• overflow bit and bi is the remaining 16 bits of the sum

• (a like expression is obtained for the (c+d) sum).

#define RMASK 0177777

#define RDMASK 0100000000
#define ROUT 077

#define OVER 0200000

#define MSB 020000000000

#define LSB 01

#define TWO 16 65536
long mult (a, b)

long a, b;

long product;

unsigned long subprodl, subprod2, prodl, prod2, prod3, prod4:

unsigned long lword, rword, upperl6a, lowerl6a, upperl6b, lowerl6b;

unsigned long sumx, sumy, leftx, rightx, lefty, righty, xbit. ybit; -

unsigned long round, over2. over3. signx, signy;
:: ~******************************************************* ***************** --.-

* Initialize the variables.

sumx = sumy = xbit = ybit = signx - signy round - over2 = 0:

over3 = lword = rword = upperl6a - lowerl6a = 0:

upperl6b = lowerl6b = 0;

0 prodl = prod2 = prod3 = prod4 = 0; -. -

product = 0;

• .

" Change the inputs to unsigned numbers since the algorithm
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" '-in Aho. et al. assumes positive numbers,

if (a < 0) 1%.

a = -a;

sign =

if (b < 0)
{
b -b;

signy 1;

Find the leftmost and rightmost 16 bits of each number.

* leftx = a rightx b lefty = c righty = d

leftx = a > > 16;

rightx a & RMASK;

lefty =b > > 16:

righty = b & RMASK;

Form the first sub-product.

I " *.**************,***i************i****ii********i**,**,****,,**i*i i**ii* *

prodl = leftx lefty;

Form the second sub-product.

*ii*******i*** *******il********* lllllll********* *****i***** **** ** ** * "

prod2 = rightx right"-

* Forin the third sub-product.

100

....................................................................

.. . .. ,_., .... _..-.,_.. _ .. -. < _,-.- )_?.'_.._-. : _--, _. - _....--.,.,% ,- . . .- .. . . . . .. . . .- . .... .. .. .. .,_ . ,.-. ,'..',



xbit al ybit cl sumx (a+b) sumny =(c-rd)

sumx =leftx + rightx;

surny = lefty + righty;

if (sumx >= TWO 16) ''

xbit =1

sumx sumx - TWO16;

if (sumny >= TWO16)

ybit =1;

suzny =surny - TWOIB;

subprodl = (xbit *sumy) + (ybit *sumx);

0subprod2 = sumx sumy;
if (subprodl >= TWOI6)

over2 =1;

subprodl =subprodl - TWO16;

prod3 (subprodi < < 16) - prod! + subprod2 - prod2;

The final product is a 64-bit result, composed of two 32-bit

* words (Iword and rword). lword is the sum of prodi, the

most significant 16 bit of prod3 (upperl6), and the overflow
bits from prod3. rword is the sum of prod2 and the least

significant 16 bits of prod3 (lowerl6).

upperl6a =(prod3 > > 16) & RMASK;
Iowerl6a =(prod3 & RIMASK) << 16:

Find rword first, since there may be an overflow.

rword (prod2 1) (lowerl6a ->11;
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if ((rword & MSB) 0)

rword =(rword < < 1) + (prod2 & LSB) -- (Iowerl6a & LSB);

over3 =1

else rword =prod2 + Iowerl6a;

Iword prodi + upperl6a, + over3 + (((xbit & ybit) +s over2) <K< 16);

round (RDMASK & rword);

product =(iword < < 6) + (ROUT & (rword > > 26));

if (round ! 0) product -t.-;

if ((signx ^signy) 1) product =-product;

return (product);

k-
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B.3 WIN015-C

* Module: wino15.c

Author: Kent Taylor

*Date: 11 September 1985

* * Purpose: To compute a 15-point DFT on complex input data

* Inputs: x, y, h

*~ xis the array of real input data

* y is the array of imaginary input data

* ~ ~ his the index array ~--

* Outputs: x, y

#define 01501 -1.50000000000000

#define C1502 -0.86602540378444

#define 01503 -1.25000000000000

#define C1504 1.87500000000000

#define C1505 1.08253175473055

#define 01506 -1.53884176858764

#define C1507 2.30826265288146

#define C1508 1.33267606400146

#define C1509 0.55901699437494

#define C1510 -0.83852549156241

*#define C1511 -0.48412291827592

#define C1512 0.36327126400266

#define C1513 -0.54490689600399

*#define C1514 -0.314602143091 19

#define C1515 0.58778525229247

#define C1516 -0.88167787843870

#define C1517 -0.50903696045512

louble x;'. y.;-

-i tit h,.-

103



double rlOO, r101, r102, r103, r104. r105, r106, r107, r108, r109;

double r200, r201, r202, r203, r204, r205, r206, r207, r208, r209;

double r210, r211;
double r300, r301, r302, r303, 6304, r305, r306, r307, r308, r309;

double r310, r311;

double r400, r401, r402, r403, r404, r405, r406, r407, r408;

double r500, r501, r502;

double tOO, tOl, t02, t03, t04, t05, t06, t07, t08, t09;

double tlO, til, U12, U13, U14, t15, U16, t17;

double t1OO, t101, U102;

double t200, t201, t202, t203, t204, t205, t206, t207, t208, t209:

Sdouble t210, t211;
double 0300, 0301, t302, 0303, 0304, 0305, 0306, 0307, 0308, 0309;

double t310, 0311;

double WOO, t401, W402, t403, t404;

rdouble t500, t501, t502, t503, ON0, 6505,6t06,6t07, t508, t509;

double t510, t511, t512, t513, t514;

double sIDO, sl0l, s102, s03, s104, s105, s106, s17, s1O8, s109:

double s200, s201, s202, s203, s204, s205, s206, s207, s208, s209;

double s210, s211;

U double s300, s301, s302, s303, s304, s305, s306,-s3O7, s308, s309,

double s310, s311;

double s400, s401, s402, s403, s4O4,s405, s406,s407, s408;

double s500, s501, s502;rn double uOO, uOl, u02, u03, u04, u05, u06. u07. u08, u09;
double ulO, ull. u12, u13, u14, u15, u16, u17;

double ulOO. ul0l. u102;

double u200, u201, u202. u203. u204. u205. u206, u207, u208. u209:

double u210. u211;

Sdouble u300. u301, 0i02, u303, u304. u305. u306. u30 7. u308. u3O9:

double u310. u311;

double u400. u401. u4O02. u403, u404;

double u500, u501. u502, u503. u504. u505. u506, u507, u.508, u509:

double u510. u511, u512. u513. u514:

Scramble the input data according to PFA rules.
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*tOl =xibfSI];w

* -. t02 = xih[1O11;

t03 = xh31

*t04 = x(h[811;
t07 x[h[1lJ];

j t08 = x[h[11;

t09 = x[h[911; *

tIl = xh41

t12 = x[h[12]];

U13 =xfh[21];

U14 = xjh[711;

U01l y[h[51;

u02 =yfh[IOIJ;
u03 =y~h(31];

u04 =yih[811;

U05 =y~h[13II;
u06 = yjh[61];

u07 = y[h[1I]I;

3%u08 = y~b]11];

U09 =Yh91
ulO = y~h!1411;

ull = yrhf ji;

u12 = yjhi1 211;-

u13 = v; .hf211;
u14= h[71

r aibe r h ea r-d qain

s variables are the reagia pre-add quations

*r. 0 sIOO eqns are 3-point pre-adds

rIOO tOI +~ t02;

HrIo tOl t02;

r102 = t04 - tO5;

r103 =t04 - t05

Pr104 = t07 -tO8;
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r105 = t07 - t08;

r106 = tlO - til;

r107 = tlO - til;

r108 = t13 + Q14;

r109 = t13 - t14;f

5100 = U01 + u02;

$101 = uOl - u02;

s102 = u04 + u05;

s103 = u04 - u05;

s104 =u07 + uO8;

s105 =u07 - u08;

s106 ulO +- ull;

s107 ulO - ull;

s108 = u13 + u14;

s109 = U13 - u14;
/r200, s200 eqns are 3-point pre-adds/

r200 = rIOO + tOO;

r201 = r102 -+ t03;

r202 =r104 + t06;

r203 r nO6 + t09;

r204 r 108 - t12;

s200 = slOO + uOO;

s201 = s102 + u03-,

s202 = s104 -u06;

s203 - s106 -u09;

s204 = s108 u12;
r300, s300 eqns are 5-point pre-adds *

*r300 =r201 - r2O4;

r301 =r201 - r204;

r302 =r102 - r108;

r303 =r102 - r108;

r304 r r103 -r109:

r305 =r103 - r109;

r306 = r203 - r202:

r307 = r203 - r202;

*r308 = r106 - r104;

r309 =r106 - r104;

r3 10 = r107 - r105;I
*r311 r107 - r105:

s300 =s201 ~s.104:6
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777. 7 P. P

s301 =s201 - s204;

S302 = S102 - s108;

s303 = s102 - s108;

s304 = s103 -+ s109;

s305 = s103 - s109;

s306 = s203 + s202;

s307 =S203 - s202;

s308 = s106 + s104;

s309 = s106 - s104;

s310 = s107 + s1O5;

s3ll = s107 - sl05;

, r400, s400 eqns are 5-point pre-adds ~
MOO0 = r300 + r306;

r401 = r300 - r306;

r402 =r302 + r308;

M403 =r302 - r308;

r404 =r304 - r310;

r405 =r304 - r310;

r406 = r301 +~ r307;

r407 = r303 - r309;

M408 = r305 +- r31 1;

S400 = s300 -s306;

s401 = s300 - s306;

s402 = s302 - s308;

A403 = s302 - s308;
AN0 = s304 -- s310:

A405 = s304 - s3l0;

s406 = s301 -s307;

AN0 = s303 -s309:

A408 =s305 -s311;

r500. s500 eqns are .5-point pre-adds

r.500 MOO0 - r200:

r501 N r02 -rlOO:

r.502 = r404 - rOl:

s500 = s400 -s200:

.,501 A s02 -slOO:

s502 A s04 - ,101:*. -
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* *

,-a...

After the pre-adds, the sums are multiplied by the proper
coefficients.

.

tOO = r5oo;

tO1 = C1501 r501;

tO2 C1502* r502;
tO3 C1503 *r400; " '"

t04 = C1504 * r402;

tO5 C 01505 * r404;

tO6 = C1506 * r301;

t07 = C1507 * r303;

t08 = C1508 * r305;

t09 = C1509 a r401;

tlO = C1510 * r403;

tdl = 01511 * r405;

t12 = C1512 * r307;

t13 = C1513 * r309;

4 t4= C1514 * r311;

tQ5 = C1515 * r406;

t06 = C1516 * r407:

t17 = C1517 * r408;

uOO = s500;

uOl = C1501 a s501;

u02 = C1502 * s502: .

u03 = C1503 * s400:

u04 = C1504 * s402:

uO5 = C1505 * s404:

u06 = C1506 * s301"

u07 = C1507 * s303:

u08 C1508 ' s305;

u09 = C1509" s401:

ulO = C1510 * s403;
till = C1511 * s405:

i -12 = C1512 * s307:

u13 = C1513 * s309:

u114 = C1514 * s311:-

u15 = C1515 * A06:
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u16 =C1516 AN;7

u.17 =C1517 *s408:

t variables are the real post-add equations

* a u variables are the imaginary past-add equations

t.1O0, ulOO eqns are 5-point post-adds /

tlOO tOO t03;

Q01l tOl + t04;

t102 =t02 +, tO5;

ulOO =uOO + u03;

ulIl uOl + u04;

u102 =u02 + u05;

*t200, u200 eqns are 5-point post-adds a

p t200 =tlOO - t09;

t201 =t1OO - t09:

t20 tlOl -- tlO;

t203 =tiOl - 0AO;

t2O4 t1U02 - til;

t205 = t102 - tdl;

t206 = t06 t15;

t207 = t07 -t16;

t208 = tO8 - W1;

t209 = 02 - t15;

t210 =t13 -t16;

u200 =ulOO -~ u09:

u21 u.1l - uO;

u203 = ul~l - ulO:

u204 =u102 - till;

u205 =u102 - ull;

u206 =uOfi - ul5-;

u207  u07 -~ u16:

tj208 =uO8 u17:

ui209 = u12 - u15:

i-- 10 = u13 - u16:

1,12 11 u14 - tu17:
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0 t00. u300 eqns are 5-point post-adds

t300 =t200 - u206;

t301 =t200 - u206;

t302 =t202 - u207;

t303 = t202 + u207;

t304 = t204 - u208;

t305 = t204 +- u208;

t306 = t201 - u209;

t307 = t201 + u209;

t308 =t203 - u210;

Q309 = t203 -+- u210;I

t3l1 = t205 - u211I;

u300 = u200 + t206;

u301 =u200 - t206;
u302 = u202 - t207;
u33=u0 27
u304 = u204 t208;%

u305 = u204 - t208;

u306 =u201 - t209;I
u307 = u201 -- t20

u309 = u203 - t210,

u309 = u203 - t210;

u311 u205- t21:

t400. u400 eqns are 3-point post-adds

t400 t= -O tOl;

t401 =t300 - 0302;

t402 0301 - 003:

t403 =t306 -t308;

* t404 t307 ON 30:

u400 = uOO -U01:

ui4O1 u300 - u302:

ui402 =u301 - u303;

u403 = u306 - u3O8:

0u404 = u307 - ON0:

6500. u5SOO eqns are :l-point post-add(s

t OO00 too:

1501 t 400 - u02:

t5O'2 t.100 u02:
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t503 =t300:

t504 =t401 -u304:

t505 =t401 -u304;

t506 0 t07;

t507 =t404 - u311;

t508 =t404 u311;

t509 = 0306;

t510~~:. = 43--30

t511 = t403 - u310;

t512 =t301:

t513 = t402 - u305;

t514 = t402 - u305:

U500 = U00;

u501 = u400 + t02,

u502 = u400 - t02;

u-503 = u300.

u504 = u401 -t004;

u505 = u401 - 0304;

u506 =u307;

u507 = u404 -- t311I; -5

u508 = u404 - t311;

u509 = u306;

u510 = u403 + t310;

u511 =u403 - t310:

u512 u301:

u513 =u402 - t305:

u514 = u402 -0t05;

Unscramble the output data according to PFA rules.

xho' t,500;

xh 101' t501:

*xih 5' t502:

x\h6 t503:

x\h1 t504:

x h 1I I t505:

x h 12 = t506:

x h 7 -=t507:



77~

(-..xih[211 = t508;

*x'h[31] = t509;

xih[1311 = t510; .1

xihf8}J = t5 1;
x(h(911 = t512;

x[h[41] = t513;

xlh[141 = t514;

y[h[Oj] = u500;4

yjh[lOll = u501;

yf[511 u502;

yih[611 = u503;

ylhfl)] = u504;

y~h(11I] =U505;

ylh[121] = u506;

y(h[7] = u507;

y(h (211 = u508;

yth[3)I = u509;

y 111311 = u510;

y[h[8]] = u5l1;

yjh(911] u512;

y 'h[411 = u513;

yfh!4ij = u514;

return,
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B.4 WIqNO16.C

* Module: winolo

* Author: Kent Taylor ..

Date: 11 August 1985

Purpose: To perform a 16-point DFT on complex input data.

* Inputs: a, b, h -.-

a is the array of real input values

* b is the array of imaginary input data

h his the index array

Outputs: a, b

#define C1601 0.70710678118654

#define C1602 0.38268343236510

#define C1603 1.30656296487638

#define C1604 0.54119610014619

#define C1605 0.92387953251128

double al , b );

* double r1O0, ri01. r102, r103. r104. r105. r106. rIO7, 0I8. r109):

double rI 10. rill1. r112, rI 13. r1 14. rI 15:

double r200. r201. r202, r203. r204. r205. r:,06. r207, r208. r209:

double r210. r211. r212, r213:

double r300. r.301. r302, r303, r304. r305. r306, r307;

double t02. t03. t04, tO5. t06. t07, tO8, tOg;

double 0IO. til. t12. t13. U14. t 15. t 16, t 17, tiS. t19:

double t1O0. tiOl. t102, t103. U104, tIO5. t106. t107, t 108.t Oq

double t110. till:

double t200. t201. Q202, t203, t204. t205. P206. P207:
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double slOO, sl~l. s102, sl03, s104, s105, s106, s107, sl08, AN0:

double silO, sill, s112, s113, s114, s115;

double s200, s201, s202, s203, s204, s205, s206. s207, s208, s209;
double s210, s211, s212, s213; P
double M30, s301, s302, s303, s304, s305, s306. s307;2::
double uOO, uL,0, u02, u03, u04, u05, u06, u07, u08, u09;
double ulO, ull, u.12, u13, u14, u15, u16, u17, u.18, u19;
double ulOO, ul~l, u102, u103, u104, u105, u106, u107, u108, u109;

double ullO, ulil;
double u200, u201, u202. u203, u204, u205, u206, u207;

r aibe r h ea r-d qain

s variables are the reaia pre-add equations

rlOO = aih[Oll +, aih[811;

rli = a~hfoIJ - a(h[811;
r102 = aih(iII +- afhf9j;

r103 =a~hf 1] aibf9J];

r104 = ajh[211-~ alh[10OH; L-.

r105 aNh211 - a hl'101;

r107 afh[311 a~hrll11;

rIO8 aihf4jj a~h[l211;

r109 =aih*4! aihJ12]

rhlO =a!jh[51 - aih[l311;
rill= aihi5l] aihjl11

r112 a'h[611 aih[1411;

r113 =aihi61] ajhIl41];-
r114 al'h7V a~hiIVf;

r115 =alhi7;V - hiilV;
slOO b~hVJf - b: hi8li

slO1 bih'O0 - blhi8l1;
* sA02 =brhTii b fh'91 1;L-

A103 =b.h1 blh 9i ;
M104 b I'h 12:' bih 1011;

A105 b bhi2 - b h;101V;

1406 b, h'31' b'h' 1!'

s1O7 =bh3-T bliill'; -
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T-O =;0t b.7i]-bh121

s108 = blh[41 b~h[121;
slo = b~h[41] -~ b[hf 111;

sill = b[h!11 - bfhf 1311;
s112 = bfhfajJ + bfh[1411;

s113 = b[h[611 - bfh[1411;
s114 = b[h[71] + b[h[1511;
s115 = blh[71] - b[h[1511;
r200 = rlOO + r108;

r201 = rlOO - r108;

r202 = r112 - r104;

r203 = r112 - r104:.

r204 = r102 + rlhO;

r205 = r102 - rllO;

r206 = r1O6 + r114;

r207 = r1O6 - r114;

r208 = r103 -r115;

*r209 = r103 - r115;

r210 r ill + riO7;

r'~ii r ill - riO7;

r212 =r1O5 -- r113;

V4 pr2~13 = r1O5 - r113;

s200 = siOO -i- s108;

s201 =siOO - s108;

s202 =s112 +t s104;

s203 =s112 - s104;

s204 = s102 - silO;

s20O5 = s1O2 - silIO

s206 =s106 - s114;

s207 =s106) - s114;

s208 siO3 - s1i5:-

s209 s103 - s115:

s210 =sill - s107:

s211 = sllII- s107:

s212 = sIO5 - s113:

*s213 = s105 - s113:

MOO0 = r200 - r2O2:

r30l = r200 - r202;

r302 r206 - r1204:

r303 r "06 - r2O4;
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r304 = r205 - r207:

r305 = r205 - r207;

r306 = r209 - r211;

r307 = r208 + r210;

s300 = s200 + s202;

s301 - s200 - s202;

s302 = s206 + s204;

s303 = s206 - s204;

s304 - s205 + s207;

s305 = s205 - s207;

s306 = s209 -- s211;

s307 = s208 + s210;

ajh(0O1 = r300 + r302;

aNhI81 = r300 - r302;

bjh[OII = s300 + s302;

bih[8!1 = s300- s302;

After the pre-adds, the sums are multiplied bb the proper

* coefficients.

t02 - r301:

t03 - r201;

t04 - rIOl:

tO5 r305 * C1601;

tO6 = r213 * C1601;

t07 = r306 * C1602:

tO8 - r209 * C1603:

tO9 =--(r211 C1604);

r =O r303:

til = r203;

t12 = -(ri09);

t13 = -(r304 * C1601);

t14 = -(r212 * C1601);

ti5 = -(r307 * C1605); .-

Q16 = r208 * C1604:

t7 = -(r2'O C1603);

u02 = -301:

u03 = s201:
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u04 = sl~l: (9

u05 = s305 * 01601;

u06 = s213 *0C1601;

u07 = s306 * 01602;

u08 = s209 * 01603;

u09 = -(s211 C 1604);

ulO = s303;

ulIl = s203;4

u12 = -(s109);

u13 = -(s304 * 01601);

u14 = -(s212 * 01601);

u.15 = -(s307 * 01605);

u.16 = s208 * C1604;

u17 = -(s210 C 1603);

* a t variables are the real post-add equations

u variables are the imaginary post-add equations

tIOO = t03 -~ t05;

t101 = t03 - t05;

U102 =t13 - tdl;

U103 U t3 - til;

U104 = t04 -t06:

t105 = t04 - t06:

0106 =tO8 - t07:

t107 = tO9 - t07;

t108 Q12 -- t14;

t109 = t12 - t14:

MiO =t05 -t16;

ttil t15 - Q17:

tilOO u03 - u05.

uIi01 ui03 - u05:

* '1102 u13 - ull 4
11103 =u13 - ullI.

11104 u04 - uO

ti 105 0i4 -06

106~ tjO8 -07
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u108 = u12 - u14:

u109 = u12 - u14:

ullO - u15 -- u16;

ulli = u15 - u17;

t200 = U04 + tio6;
t201 = t04 -t106;

t202 = t105 + t107;

t203 = t105 - t107;

t204 = Qi08 + tllO;

t205 = iO8 - tllO;

t206 = U109 + till;

t207 = Ui09 - till;

u200 -u104 + u106;
u201 = u104 - u106;

u202 = u105 + u107;

u203 = u105 - u107;

u204 = u108 -- ullO;

u205 = u108 - ullO;

u206 u109 + ulll;

u207 u109 - ulll;

a~hili] = t200- u204;

ahi'1511 = C20o + u204;

ah[2!] = tiO0 - u102;

aih14 -- tIO0 u102:

aihi311 = t203 - u207:

ahil3] = t203 - u207;

aih'41 = t02 - ulO:

aihA2P = t02 - ulO:

a;h 51; = t202 - u206:

aihllli = t202 - u206:

alhi6'l* tiOl - u103:
alhlOl tOl - u103:

a hi7 = t201 u205:

ajh. 9J = t201 - u205,

b~ht'11: u2-.00 -t204:

b:h15i' = u200 - .204;
b h2,1 : -- ulOO - i102:

bh;141 =u100-tU02;

b h3' u203- t207:
h h!13 u u203 t207:

. -'. I
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* bfh[411 u02 - tlO:

* bil2l] u02 - tlO;
bl[511 u202 + t206;

Ibih[11]1 - u202 -t26

b~h[611 ul~l + t103;

* b(h[iOJ] ul~l - U103;

*b[h[7]] u201 - t205;

b[h[91] u201 + t205;
return;
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B.5 WVINO17.C ., .

* Module: winol7

* Author: Kent Taylor

* Date: 11 August 1985

* Purpose: To perform a 17-point DFT on complex input data.

* Inputs: x, y, h

* x is the array of real input values

* y is the array of imaginary input data

* h is the index array

* Outputs: X, y

1 #define C1701 -0.0426028491177360;

#define C1702 0.2049796502326218;

#define C1703 1.0451835201736758;

#define C1704 1.7645848660222969;

#define C1705 -0.7234079772860566;
#define C1706 -0.0890555916206064;

#define C1707 -1.0625000000000000;

#define C1708 0.2576941016011038:

#define C1709 0.7798026078948376;

#define C1710 0.5438931846457058:

#define C1711 0.4201019349705270:

#define C1712 1.2810929434228074:

#define C1713 0.4408890734817534:

#define C1714 0.3171761928327251:

#define C1715 -0.9013831864801668:

#define C1716 -0.4324875636007231:

#define C1717 0.6669353750404450:

#define C1718 -0.6038900431251697:

#define C1719 -0.3692487319858255:
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#define C1720 0.4865693875554976;

#define C1721 0.2381371213676061;

#define C1722 -1.5573820617422459;

#define C1723 0.6596224701873199;

#define C1724 -0.1431696156986624;

#define C1725 0.2390346995986077;

#define C1726 -0.0479325419499726;

#define C1727 -2.3188014856550064;

#define C1728 0.7891456841920625;

#define C1729 3.8484572871179504;

#define C1730 -1.3003804568801376;

#define C1731 4.0814769046889033;

#define C1732 -1.4807159909286282;

#define C1733 -0.0133324703635514;

#define C1734 -0.3713977869055763;

#define C1735 0. 1923651286345638;

stdl7 (x, y, h)

double xl. y)', j;

int hi';

double rO0. riO.1, rl02, r103, r104, r105, r106, r107, r108, ri09;

L . double MO. rill. r112, rl13, r114, rl15;

double r200, r201. r202, r203, r204, r205, r206. r207, r208, r209;

double r210. r211. r212. r213, r214, r215, r216, r217;

double r300. r301. r302, r303. r304, r305, r306, r307, r308. r309;

double r310, r311. r312. r313, r314. r315, r316, r317, r318, r319:

double r320. r321. r322, r323. r324. r325, r326. r327. r328, r329;

double r330, r331. r332. r333, r334, r335;

double tlO0, tOl. t102, t103. t04. tO5, t106. t107. t108. t109:

double tlO, Ui tl12, tU13. t114, cil5, tU16. tM17, tll, tl9;-

'Ioub!e t120. t121, t122. U23, t124. t125. t126, t127, t128, t129;

double t130. t131. t132. t133. t134. t135:

double t200. t201. tLO2. t203, t204. t205. t206. t207. tL08. t209:

double t210. t2li. t212. t213. t214, t215, t2l6. t217, t218. t219:

double t220. t221, t222, t223. t,224. t2.5. t.26. t227. t228. t29:

double t230. t231. t232. t233, t234. t235. t236. t237, t238. t235);

double t24, t241. t242., t2-13. t244. t215. t2l6. t217:

double t.301 t302. t303, t304. t305. t306. t307. t3O8. t309:

double t310. t311. t312. t313, t31 .1 t315. t316. t317:

double slOO. 101. s102. s103. l04, lO5. s106. s107. sl-0. .109:
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double silO, sill, s112. s113, s114, s115;

double s200, s2O1, s202. s203. s204, s205. s206, s207, s208, s209;

double s210, s211, s212, s213, s214, s215, s216, s217:

double s300, s301, s302, s303, s304, s305, s306, s307, s308, s309:

double s310, s311, s312, s313, s314, s315, s316, s317, s318, s319; %
double s320, s321, s322, s323, s324, s325, s326, s327, s328, s329;

double s330, s331, s332, s333, s334, s335;

double ulDO, ul~l, u102, u103, u104, u105, u106, u107, ulO8, u109;

double ullO, ull, u112, u.113, u114, u.115, u116, 0117, u118, u119;

double u120, u121, u122, u123, u124, u125, u126, u127, u128, u129;

double u130, u131, u132, u133, u134, u135;

double u200, u201, u202, u203, u204, u205, u206, u207, u208, u209;

double u210, u21 1, u212, u213, u214, u215, u216, u217, u218, u219:

double u220, u221, u222, u223, u224, u225, u226, u227, u228, u229;

double u230, u231, u232, u233, u234, u235, u236, u237, u238, u239;

double u240, u241, u242, u243, u244, u245, u246, u247;

double u301, u302, u303, u304, u305, u306, u307, u308, u309:

double u310, u31 1, u312. u313, u314, u315, u316, u317;

r variables are the real pre-add equations.

rlO0 = xihf lil . xfh(1611;

r108 = xih~1fl - xl[~161j;

rIOl =x'i3}I 4 xfh114];

r109 = xih[311 x1hJ1411;

r102 x~h'911 x~h[81J;

r103 = xihr i011- x[h[711;

rIlI = xihiloll Ki- 71

r104 = xihtI31 x xih 14 ;

r112 = xh. 1311 -i~j

r105 xih5,' - xNh12 1;

r113 = x .5; - xihi121;:

H106 = xh 15; x'i'-

rL 1. = x h 1.5 xlh 211;

r107 = x h:1 II' xh1611

H153 = xh 11 -h6:L;

r200 r1OO - r104:
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r201 rIOl - r105;

"--'- r202 = r102 - r106:
r203 = r103 - rI07; -.--

r204 = r200 -- r202;

r205 = r201 + r203;

r301 = rIO0 - r104:

r302 = rIOl - r105;

r303 = r102 - r106;

r304 r103 - r107;

r305 = r200- r202;

r306 - r201 - r203;

r307 = r204 -'- r205;

r308 = r204 - r205;

r309 = r302 - r304;

r310 = r301 - r303;

r311 - r310 - r309;

r312 - r303 - r304;

r313 = r301 - r302;

r314 - r305 + r306;

r210 = r108 - rllO;

r211 = r109 -- rill;

Ilk r212 = r108 - rllO;

r213 = r115 - r13;

r214 r112 - r114;

r215 = 113 r115;

r216 = r112 - rl14;

r217 = r109 - ril;

r315 r210 - r211;

r316 - r214 - r215:

r317 r315 - r316:

r318 - r210 - r211; .

r319 - r214 - r215.,

r320 - r318 - r319:

r321 - r212 - r213i

r322 - r216 - r217: -

r323 r321 - r322:

r324 r212 - r213:

r325 = r216 - r21 7 :

r326 = r324 - r325"

rM27 = r108 - r112.
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r328 = r108;

r329 = rl2:-.

r330 = rill r15;

r331 = rill;

r332 = rlS;

r333 = r322 - r316 - r108 - r330;

r334 = r315 - r321 + rill + r112 - r115;

r335 = r333 + r334;

* 'After the pre-adds, the sums are multiplied by the proper

* coefficients.

xihfo!] = xfh[O]l r307;
tUOl = r301 * C1701;"

t102 = r302 * C1702;

t103 = r303 * C1703:

t104 = r304 * C1704;

U05 = r305 * C1705;

106 = r306 * C1706:

t107 = r307 * 01707;

108 = r308 * C1708;

t109 r309 * C1709:

tlO r310 * C1.710:

till r311 * C1711:

tQ12 = r312 C1712:

tQ13 = r313 C 01713:

Q14 = r314 * C1714:

U15 = r315 * C1715:

Q16 = r316 * C1716:
7tl1 = r317 * C1717:

tl18 = r318 * C1718:

tU19 = r319" C1719:

t _2 r3 0C1720:
L121 =r321 C1721;
t1'22 =r322 C1722;

123 r323 C1723:

t12 = r32I C172 1:

t125 r325 C1725:
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Q126 =r326 C1726;

t127 -r327 C1727;

t128 = r328 * C1728;

t129 = r329 * C1729;

t130 = r330 * C1730;

t13 = r331 * C1731;

t132 = r332 * C1732;

t133 = r333 * C1733;

t134 = r334 * C1734;

t135 = r335 * C1735;

t107 t107 -- x(h(01I;

t variables are the real post-add equations.
*

t200 U09 - till;

t201 = tllO - till;

t202 = t104 t12;

t203 = t112 - Ui03;

t204 - t102 Q- t13;

t205 - tiOl t113;

t206 = t114 - t106;

t207 = t114 - t105:

t208 Q tiO8 - t07;

t209 = t107 - t108:

t210 = t200 - t202:

t21l - t206 - t208;

t212 = t201 - t203:

t213 = t207 - t209:

t214 = t200 - t204;

t215 t208 - t106:

t216 - t201 - t205:

t217 = t209 - t207;
-t1 t ,1

t302 2 - t211:

r103 t214 t,215.

t;oA)6 = t216 t217:
t:305 = t211 - r210:

-308 r213 - t212:
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t309 = t215 - t214:

t304 = t217 - t216;

t220 =iU1 + tU17;

t221 = t16 + tU17;

t222 =tU18 + t120;

t223 =tU19 + t120;

t224 = t121 + t123;
t225 t122 + t123;

t226 = t124 + t126;

t227 t125 + t126;

t228 t135 +- t134;
t229 t127 + t228;

t230 t229 + t128;

t231 - t220 + t222;

t232 t220- t222;

t233 = t221 + t223;
t234 = t221 - t223;

t235 = t224 + t226;

t236 = t224- t226;
t237 = t225 + t227;

t238 = t225 -t227;
t239 = t133 - t134;
t240 t229 + t129;

t241 t239 ± t239;

t242 t130 - t241;

t243 = t242 - t131;

t244 -(t242 + t132);

t245 t228 -- t228;
t246 t245 -- t245;

t247 = t239 t245:

t310 t233 - t237 - 240:

t315 t232 - t238 - t243:

t311 t231 - t235 - t245:
t314 -(t232 - t238 - t247);
t313 t231 - t235 - t230 - t239:

t316 t244 - t246 - t234 - t236:
t317 t237 - t233 - t241 t245: "."'
t312 - t234 - t236 - t239.
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s variables are the imaginary pre-add equations.

sl00 = y~h(l1I + y~h(1611;
s108 yfhf lii - yth(161];
slol = yfh[3JJ + yfh[141J;

S109 =y~h(31 - y~h[141];
s102 y[h[911+ J [8]
silo y(h(91] - y[h(811;

sill =yfh[lOI] - y[71];
s104 =y~h[131] + y[h[41];
s112 =ylh[13)] - yth[411;

*s105 y~h(5j] + y(h(1211;
s113 = yjh[5]] - y[h[12]];
s106 =y(h(15]] + y(h[211;
s114 =y[h[l511 - y[h[211;
s107 y[h[ll]] + y[h[61];
s1l5 =yfhf lii - yjht61I;
s200 = slOO + s104;

s2O1 = slOl -rs105;

s202 =s102 - s106;
s203 =s103 ±s107;

s204 s200 + s202;

s205 s201 + s203;
s301 =slOO - s104;
s302 =slOl - s105; 

-

* s303 s102 - sl06;

s304 = s103 - s107;

-s305 =s200 - s202:

A306 - s2O1 - s203;

A307 =s204 - s205:

s3O8 s204 - s205;

s309 A302 AN30;

s3IO s301 -s303:

s3ti s3l0 - s309:

s312 A303 - s304:

s313 - 301 - AM02
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s314 = s305 s306;

s~ll s109 sill;

s212 = s108 - silO;

s213 = s115 - s113;

s214 = s112 + s114;

s215 = s113 + s115;

s216 = s112 -s114;

s217 = s109 -sill;

s315 = s210 +4 s211;

s316 - s214 -r s215;

s317 = s315 + s316;

s318 = s210 - s211;

s319 = s214 - s215;

s320 = s318 + s319;

s321 = s212 + s213;

s322 = s216 + s217;

s323 = s321 + s322;

s324 = s212 - s213;

s325 - s216 - s217;

'l ps326 = s324 - s325;

s327 = s108 - s112;

s328 = s08:

s329 = s112;

s330 = sill s115;

s331 = sill;

s332 = s115;

s333 = s322 - s316 -.- s108 - s330;

s334 = s315 - s321 + sill - s112 - s115:

s335 = s333 - s334:

" After the pre-adds, the sums are multiplied by the proper

* coefficients.

*******************************************************S** *** ** ****.-

v h O v hOI - s307 ;

ulOl s301 * C1701
u102 = s302 * C1702; - -

u103 s303 * C1703;
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u104 -s304 C 1704:

ulO5 s305 * 01705:

ulOB s306 * C1706;

u107 s307 * 01707;

u108 s308 0 1708;

uI09 s309 * 01709;

ullO s310 * 01710;

ull s311 * 01711;

uI12 s312 * 01712;

u113 s313 * 01713;

u114 s314 * 01714;

ull5 = s315 0 1715;

u116 = s316 0 1716;

u117 = s317 * 01717;

u1l8 = s318 * 01718;

u119 = s319 * 01719;

u120 = s320 * 01720;

u121 = s321 * 01721;

u122 = s322 * 01722;

u123 = s323 a 01723;

u124 = s324 * 01724,

u125 = s325 * 01725;

u126 =s326 C 1726;

u127 =s327 a 01727;

u128 =s328 * 01728;

u129 = s329 * 01729;

u130 = s330 * 01730;

u131 = s331 a 01731;

u132 = s332 a 01732:

*u133 = s333 * 01733:

u134 = s334 a C1734;

u135 = 335 * 01735:

* u variables are the imaginary post-add equations.

u107 T u107 - vlhlol;

11200 = UlO09 - Ilil;I

u201 ull10- ulII:
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u202 = u104 - u112;

u203 = u112 - u103;

u204 -u102 + u113;

u205 = ul0l - u113; ,-.*

u206 = u114 - u106;

u207 = u114 + u105;

u208 = u108 + u107;

u209 = u107 - u108;

u210 = u200 - u202;

u211 = u206 + u208;

u212 =u201 + u203;
u213 = u207 + u209;

u214 = u200 + u204;

u215 = u208 - u206;

u216 u201 + u205;

u217 u u209 - u207;

u302 = u210 + u211;

u307 = u212 + u213;

u303 = u214 -- u215;

u306 = u216 + u217;

'- u305 = u211 - u210;

u308 = u213 - u212;

u309 = u215 - u214;

U304 =u217 - u216,

u220 = u115 - u117;

u221 = u116 - u117;

u222 = ul18 u120:

u223 = u119 - u120:

u.124 = u.2l u123;

.u225 = u122 u123:

u226 = u124 - u126:
u227 = u125 u126:

u28= u135 u134"

u229 u127 u228:

u230 - u229 - u128;

u231 u220 - u222;

-232 u20- u222;

u233 - u221 - u223:

u234 u221 - 13:

* - - _ u2.1 u226:

130

. ..... . . . . . . . .. . ........... . . .. . . - .,. .. ..-. _.._.2.- , _,. .. ,.' , j



* u236 = u224 - u226,

u237 = u225 - u227;

u238 = u225- u227:

u239 = u133- u134;

" u240 = u229 +- u129;

u241 = u239 -t- u239;

u242 = u130- u241;

u243 = u242 + ul31; * -

u244 - -(u242 + u132);

u245 =u228 + u228;

u246 = u245 - u245"-

u247 = u239 + u245;

u310 = u233 -- u237 + u240;

*.' u315 = u232 - u238 + u243;

, u311 = u231 - u235 + u245;

u314 = -(u232 + u238 + u247);

u313 = u231 -- u235 - u230 + u239;

u316 = u244 u246- u234- u236;

u317 = u237 - u233 + u241 u245;

u312 = u234 -u236- u239;

x ihl!i] =t302-u310;
IIJ s x h'611 = t302 - u310; ".

xihi211 t303 - u311;

xihll51i - t303 -4- u311;

xihi3ll = t304- u312;

xihl4I] =- t304 + u312;

xlhi4l= t305 - u313;

xh 131 = t305 - u313;

xlh~i5 t306 - u314:

x hx12K = t306 - u314;

xh6r - t307 - u315:

x hili" = L307 -'- u315;

x h'7 = t308 - u316;

xhi10, = t308 - u316:

x:h;8' = t309 - u317; -

x h9 = t309 -u317;

v h 1 = u302 - t310

y h 16 = u302 - t310:

v' h '21 u303 - t311:

v h'15 = u303 - t311:
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B.6 DIFF15.C

Program: diffl5.c

A-uthor: Kent Taylor 
0

* Date: 20 November 1985

*Purpose: To compare the outputs of simluation and standard
* implementations of Winograd's 15-point DFT algo-

* rithm. The simulation routine uses integer arith-
* metic, while the standard uses double precision

real arithmetic. The comparison is done using

* signal-to-noise ratio (SNR) as the measure. The

* SINR is computed by summing the magnitude of all
* * signal components (standard outputs) and dividing

by the sum of all the noise components (standard
* minus simulation). The SINR is expressed in dB

* (10 log ratio), the magnitude of noise is also
* stored for comparison.

*Inputs: files of random numbers

Outputs: files of magnitude differences
* SNR in dB

#Include "stdio.h."

*iiiciude ~ inath.h'

#i uctlde sim1l5.c"

#define SIZE 14

##Iehit? RNDNIASK1 040
d(ctil Pt 3.14159265358979

* l~oulie 1ogl (1)
- long Inult )
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main (

double dbx, dby, simrsig, simisig, snrsr. snrsi, tempi, temp2:,

double diffxc, diffy, snrx, snry, a(SIZE±I1, btSIZE4.11;

double realsig, imagsig, realnoise, imagnoise, tempx, tempy;

long x[SIZE+11, y[SIZE±1J;

int j, k, n, h[SIZE+11, rxbit, rybit, sigax, signy; .1%

char *outfname; '
double snx, snrx2, snryl, snry2;

FILE *gp, *hp, *fopen 0
hp = fopen ("snrW5, "w"); /* open file for output SNRs ,

j srand (1);

for (n =0; n <= 99; n++-~)

* Assign a unique filename to each output file.

switch (n)

case 0: outfname "../outputl15 resultOO-15"; break;

case 1: outfname ="../outputl5resultOI-15"; break;

case 2: outfname " .. /outputl15/ resultO2J15"; break;

case 3: outfname "../output15 iresultO3-15"; break;

case 4: outfname -.. output 15 resultO4-J5"; break;

cae-:otnm -otutIrsi0-5:bek

case 6: outfname '.outputI5 resuitO5-J5*' break:

case 6: outfname - 'output15, result07-15" break:

case 8: outfname '.outputl.5, resuiltOSJ5": break:

case 9: outfname .. outputI5 resultOO-J5": break:
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case 10: outfname = '..ioutputl5resultlO_15"; break;

case 11: outfname - "../outputl5/resultll-15"; break;

case 12: outfname = "../outputl5/resultl2-15"; break; '.*Jg

case 13: outfname = "../outputl5/resultl3-1"; break;

case 14: outfname = "../outputl5/result14.1S"; break:

case 15: outfname = "../output15/result15-15"; break:

case 16: outfname . ./outputl5/resultI6JS,"; break;

case 17: outfname = "../outputl5/result17-15"; break;

case 18: outfname "../output15/resultl7-15"; break;

case 19: outfname = "../outputl5/resultl9-15"; break;

case 20: outfname ='../output15 /result2OJS5"; break;

case 21: outfname - "../outputl5/result2l15"; break;

case 22: outfname = .. output 15 result22-J5"; break:

case 23: outfname ' .. 'output15/result23-15"; break;

case 24: outfname "..ioutputl5,result241-5": break:

case '25: outfname = . outputl15 resut.2SJS5: break:

case 26: outfname = ./outputl15 resu M.6_15 ": break:

case 27: outfname = ../output15/result2.1J5": break:

case 28: outfname .. output15,result2_15"; break;

case 29: outfname = .. /output15 result2915": breik:
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case 30: outfname = "..joutputl5/resul3OJ15"; break;

case 31: outfname = " .. /output15 /result3lJS5"; break;

case 32: outfname = ". ./outputI5/result32-15"; break;

case 33: outfname = "../outputl5/result33-15"; break;

case 34: outfname ="../output15 /result34.J5"; break;

case 35: outfname =/output I5i'result35-15"; break;

case 36: outfname = ../output,15/result36-JS"; break;

case 37: outfname "../output I5/result37-15"; break:

case 38: outfname = ./outputl5/result38-15; break;

case 39: outfnarne =" ../outputl5/result39-15"; break;

case 40: outfname = ./output15 /result4OJ15"; break;

case 41: outfname =".'outputl5/result4lJS"; break:

Icase 42: outfnarne " .. .outputl15 /result42-15"; break:

case 43: outfname " .. ,'output I 5'result.43-15"; break;

case 44: outfname " ../output 15/resuIl44-15": break:

case 45: outfnamne =..output15 result45-JS": break:

case 46: outfname ="../output15,resut46-15"; break:

case 47: outfname '.on~putB, result47-15": break;

case 48: outfname = . outpucl5 result-18-5"; break:

-. case 49: otitfname = outputtl5 resmlt-49-15- brieak:
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case 50: outfname ="..,,outputl5/result50_l5": break.

case 51: outfname ="../output15 /result5l.J5"; break;

case 52: outfname ="../outputl5/result52-15"; break;

case 53: outfname = ./outputl5/result53-15"; break;

case 54: outfname =". ./outputl5/result54-15"; break:

case 55: outfname . ./outputl5 result55_15"; break;

case 56: outfname =" .. /output15 /result56-15"; break;

case 57: outfname -/output 15/result57.J5"; break;

case 58: outfname ="../outputl5/result58-15"; break;

case 59: outfname ="../output15 /resultSQJl5"; break;

case 60: outfnane ="../oautput 15/result60J15"; break:

case 61: outfname " .. /'output15 /resultO 1-1"; break:

case 62: outfname ="..,outputl5iresultG2j5": break:

case 63: outfname = .outputI5,result63-15": break:

case 64: outfname o utputI15.resut64-15"; break;

case 65: outfname '.outputl5/resut65_15": break;

case 66: outfname = .. output15 resulti6j15" break:

case 67: outfname = .ouitputl5,result67-15". break:

case 6, outfname .. ottput 15 resultli8-1j3 break:

case 69: outfname output 15 resiilti9_1 -I'. break.
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case 70: outfname - .outputl15siresult7OJ15"; break:

Icase 71: outfname - .. joutputlS/result7LI15"; break,

case 72: outfname -"../output 15result72.15"; break;

case ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 2 73rufae- .otul/eut35;bek

case 74: outfname -.. /outputl15/result74JS5"; break;

case 75: outfname -.. /output 15/result74-JS"; break;

Icase 75: autfname "../outputl~jresult76515; break;

case 77: outfname "../output 15 /result77J15"; break;

Icase 78: outfname "../output15 /result77SJ5"; break;

0case 79: outfname "..,'outputl5/result78-15 ; break;

case 79: outfname ="../outputl5/result80.J5"; break;

case 81: outfname =" ../outputl5/result8015"; break;

case 82: outfname -"../output15 /resuIl82-1 5; break:

case 83: outfname '.:output15/'result83Jl5"; break:

case 84: outf'name " '., output15/resut84-15": break:

case 85: outfname =..output15,result8595-: break: -

oase 86: outfname .. output15 resuilt86-i5-: break:

* case 87: outfname "-..outputI5 result87jS>" break:

case 88: outfname = '.outputl5 resut88-j5': break:

e-ase 89: outfname V.otitputl3i resuiit8f)-15". break:
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Las 90: *ij..i./utu1/rslQO1 bek
case 90: outfname = "../outputls/result91OJS"; break:

case~~~~~~ ~ ~ ~ ~ ~ 92 ..*'* .. otut5rslt21;bek

case 91: outfname = "../output15/result93-15"; break;

V- 

s 
,

case 92: outfname = "../outputl5/result92JS5"; break;

case 93: outfname = "../output15 /result93J15"; break;

case 94: outfname = "../outputl5/result94.J5"; break;I

case 95: outfname " ../output15 /result9SJS5"; break;

case 98: outfname " . ./output 5 /result96.J5"; break;

case 97: outfname =" ../output15 /result9...15"; break;

% v } /~ end switch ,

Fill the input array with random numbers.

for (j =0: j < SIZE; j-.-

x.j~

h J' J; initialize index arrays

Scale the simulation input data and initialize the index

array.
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for (j = 0: j <= SIZE: j--)

x j= x:jj < < 2: ,' zero fill and sign extend *

yijI yjj < < 2;

siml5 (x, y, h);

stdl5 (a, b, h);

* Take the 23 most significant bits of the simulation result.

for (j =0; j <- SIZE; j-+-+)

signx = 1;

signy = 1;

if (x[Jl < 0)
{

xij] =-xi]);

signx = -1;

if (yiJ < 0)
{. -

y01 -- -(y(jl); -" -

signy = -1;

rxbit = x~jj & RNDMASK:

rybit = yfj & RNDMASK:

xiiJ = xijj > > 6 :

SY3j = yj > > 6:

if (rxbit 0) xij-.--:

if (rybit.!= 0) Y'j,--:
,x xj x j', * signx;

y J X yj Y signy:"
• --

* Compute the differences between the standard and , imhti on

L results (noise components: realnoise and iragnotse). (Cniflptit ,

* the SNR for real and imaginary results by dividing die 1u1m of
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the standard results (signal components; realsig and imagsig) ",.

* by the sum of the noise components. Send the real and imagi-

• differences to a file for storage.

L *i naryiliSNlisiito a fie otiig Sls orlll inputs;ililsend l the iS il

gp = fopen (outfname, "w");

realsig - 0;

imagsig = 0;
realnoise = 0;

imagnoise = 0;

simrsig = simisig - 0.0; - - -

for (j - 0; i <= SIZE; j++)

tempx x[j < < 1;

tempy - y[j] < < 1;

simrsig = simrsig - (tempx * tempx);

simisig= simisig + (tempy * tempy);

tempi a[j] / 8.0; /* scale standard outputs down */

temp2 = b[j] / 8.0; /* by a factor of 8 to account */

/* for the difference in input */

/* scaling (2), output rounding *.

/* (6), and multiplying (1) of *I

/* simulation; 6-1-2 - 3; 2**3 8

diffx = tempi - x[jl;

diffy = temp2 - yj];

realsig - realsig + 4.0 * (tempi tempi);

imagsig - imagsig - 4.0 * (temp2 temp2);

realnoise realnoise -t- (diffx * diffx);

imagnoise = imagnoise - (diffy * diffy);

dbx = 138.0;

dby = 138.0:

if ((diffx !- 0.0) && (ajj = 0.0))

dbx 10.0 * (IoglO (tempi * tempi) - logO (difx * difrx)):

if ((diffy != 0.0) &&(bji != 0.0))

dby 10.0 * (loglO (temp2 * temp2) - loglo (diffy * ditTv));

fprintf (gp,."% d O-o20.10f"20.10f0, j, dbx. ,tbv)"

printf (" Finished transferring output to sO. outfname);

r,lose (gp);
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snrxl = suryl = 138.0;

snrx2 = snry2 = 0.0;

snrsr = snrsi = 0.0;
snrsr = 10.0 * log.1O (simrsig);

snrsi = 10.0 * loglO (simisig);

snrxI = 10.0 *loglO (realsig);

snrx2 = 10.0 loglO (realnoise);

snryl = 10.0 * loglO (imagsig);

snry2 = 10.0 * loglO (imagnoise);

snrx = snrxl - snrx2;

snry = snryl - snry2;

printf ("simrsig =%20.10f simisig = ql20.lOfO, snrsr, snrsi);

printf ("realsig =%20.10f imagsig = %20.iOfO, snrxl, snryl);

printf ("realnoise =%20.10f imagnoise = %20.lOfO, snrx2, snry2);

fprintf (hp,"%d %20.10f %20.lOfO, n, snrx, snry);

} /* end nloop ~
* } /* end main *
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B.7 DIFFMBC

* Program: diffl6.c

* Author: Kent Taylor

* Date: 20 November 1985

* Purpose: To compare the outputs of simluation and standard

* implementations of Winograd's 16-point DFT algo-

* rithm. The simulation routine uses integer arith-

metic, while the standard uses double precision
real arithmetic. The comparison is done using

* signal-ta-noise ratio (SNR) as the measure. The

SNR is computed by summing the magnitude of all

signal components (standard outputs) and dividing
* by the sum of all the noise components (standard

* minus simulation). The SNR is expressed in dB

(10 log ratio); the magnitude of noise is also
* stored for comparison.

* Inputs: files of random numbers

* Outputs: files of magnitude differences

* SNR indB

b-#include "stdio.h"

#Include "math.h"

#include 'Siml6.C"

#include "Mult.c,

#Include winol16.c'

*#define SIZE 15
#define MASK 077777777

#dlefine [NMvASK 037777777
#define NUMVBER 8388608
#detirie OUTMASK 037777777000
#Ideine RNDMASK 0400
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long mult 0
double loglo 0
main (

double simrsig, simisig, snrsr, snrsi, tempi, temp2, tempx, tempy;

double dbx, dby, snrxl, snrx2, snryl, snry2;II double diffxc, diffy, snrx, snry, a[SIZE+1], b[SIZE+I];
double realsig, imagsig, realnoise, imagnoise; --

long x[SIZE+1], y(SIZE+11;

int j, k, n, nnn, m, hISIZE+1j, rxbit, rybit, signx, signy;

char *outfnamne;

FILE *gp, *hp, *fopen 0;
hp = fopen ("snr16l", "w"); /*open file for output SNRs ~
for (n 0; n <= 99; n++t)

Assign a unique filename to each output file.

switch (n)

cae0{ ufae ".otu /eutO16;bek

case 0: outfname = .. /output16/resultOOJ16"; break;

case 2: outfname ='../output 16/result0216"; break;

case 2: outfname / .ioutput I6/resultO32J6"; break;

case 3: outfname = .. /output 16/result04-J6"; break;

case 5: outfname ="..,'output16 /resultOSJ 6": break:

*case 6: outfname ="..,'outputl16/result06J16"; break:

c-ase 7: outfname " .. , output 16 /resultO7J6"; break:

case 8: outfname = '.outputl16/resultO8SJ6"; break:
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case.- 9: oufnm ". ioututN/r..lt.-.--- break

case 9: outfname = ../outputl6/resultiO-6"; break;

case 10: outfname "../outputi6/resultiO.J6"; break;

case12:outname "..outut 1/reult2_16; beak

case 13: outfname .,./outputl6/resull..6"; break;

case 12: outfhame = ../outputl6/resultl4_j6"; break;

case ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ % 15 ufae=".otut6rsl--6;bek

case 13: outfhame -./output 16/resultIl3JB"; break;

case 14: outfname "../outputl6/resultl4.16"; break;

case 18: outfname "../output I6/resultl 8-1"; break;

lk case 16: outfname "./output 16/result61.-16"; break;

*case 17: outfname "../output 16/result27j 6"; break;

case 21: outfname "../outputl16/resultlJ6"; break;

case 19: outfname '_'/output16 /resultl-JO"; break;

case 20: outfname ".."oautput16 /result2OJ16"; break;

case 21: outfname =../output16 /result24-16": break;

case '22: outfname -"../'output16/iresuit,22J 6": break;

case 26: outfnarne "../output16 /result25Ji6": break;

case '27: outfname -!..output 16/resu lt'27-16"; break;

c:ase 28: outfname ".., outputl16 resu L28-16": break:

145



case 29: outfname -"../outputl16/result29-16"; break;

case 30: outfname = "../outputl6/result3Ol6"; break;

case~~~~~~~ ~ ~ ~ ~ ~ 31 ..ae=".otu 16rsl~-6;bek

case 31: outfname "../outputl6/result3L.J6"; break;

case 32: outfname "../outputl6/result32..J6"; break;

case 33: outfname = ../outputl6/result33j 6"; break;case35: utfhme "..outptW/rsul35-1"; beai
case 34: outfuame = "../outputl6/result3ClB6"; break;

case 35: outfname . ./outputl6/result35J16"; break;

case 36: outfname "../outputl6/result38-16"; break;

case 37: outfname "../output 16/result37J16"; break;

case 38: outfname "../output I6/result38.J6"; break;

case 39: outfname =". ./output16 /result~lgI6"; break;

case 40: outfname " .. /output16 /result42-16"; break;

case 41: outfname -' output16 /result43-16"; break:

case 42: outfname ='-.output 16/resuIlt42J6": break:

case 43: outfname " .. ,output 16i'result43-16"; break:

case 45: outfname ="..,outputl6'result45J16"; break:

case 47: outfniame = ... output16 /resuit,47J16"; break:

case 48: outfname =".. oiitput6/resut48-16": break:
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cae4:otnm ./upt6rslK-6;bek

case 49: outfname = ../outputl6/result49J16"; break;

case 50: outfnaxne = "./outputl6/result5l0J6"; break;

case 51: outfname =" .. /outputl6/result52l6"; break;

case 52: outfname ="../outputl6/result53-16"; break;

case 53: outfname . ./outputl6/result543J6"; break;

case 54: outfname = ./outputl6/result54.J6"; break;

case 55: outfname = ../outputl6/result56-16"; break;

case 56: outfname = ./outputl6/result5...16"; break;

case 57: outfnanie ="../outputl6/result57JB6"; break;

case~~~~~~ ~ ~ ~ ~ ~ 59 Vfae ".otul6rsl~-6;bek

case 58: outfname = . /outputl6/result6S8J6"; break;

case 59: outfname -/output16 /resuit59J16"; break;

case 60: outfname " .. /output16 /result62-16"; break;

case 61: outfname ="..,,outpu 16/resut6lJ16"; break;

case 62: outfname -./output16 /result62J16"; break;

case 63: outfname =".,outputl16/result65-16"; break;

case 64: outfname _'..output 16 /result64J16"; break;

cae6:0tnm 'upt1,rsl6-6;bek

case 65: outfname =..outputl6, result68SJ6"; break;

case 69: outfname =output 16, restilt,69LI6": break:
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case 70: outfname = "../outputl6/result72-16"; break;

case 71: outfname = " ../output 16/result7lJ16"; break;

case 72: outfname ="../outputl6/result74_16"; break;

a case 73: outfname =" .. /outputl6/result73J16"; break;

case 74: outfname = . /outputl6/result74Jl6"; break;

case 75: outfname = ./outputlf/result75.J6"; break;

case 76: outfname ="../outputl6/result78.J6"; break;

case 77: outfname ="../outputl6/resuit77J16"; break;

cae8:otnm '.otu./eul8-6;bek

case 81: outfname ="../outputl16/result78lJO"; break;

case 79: outfname = ./outputl6/result82-16"; break;

Icase 80: outfname -./output16 /result8-J 6"; break;

case 84: outfname ' .. output16,/result84lJ6"; break; .2

5case 82: outfname = .. ,/outputl6/result852J6"; break;

case 83: outfname ="../outputl6/result83J6" break;

case 84: outfname =./output 1 /resul t87-16"; break;

case 85: outfname = .,outputl6 result885j6": break:

I *case 80: outfname = output16~ restit89-16". break:
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case 90: outfnam .-7. .otul/eutO6;bek

case 91: outfname -" .. /outputl16/result9lJ16"; break;

case 92: outfriame -". ./output16/result91..1 6 "; break;

case 92: outfoame - ./output16/result9Ll16"; break;

case 94: outfname = ./outputl6/result93_16"; break;

case 94: outfname "../outputl6/result94.J6"; break;

case 96: outfriame, -/output 16/result95.16"; break;

case 97: outfname " .. /outputl6/result96.J6"; break;

case 98: outfname "./outputl6/result978J6"; break;

case 99: outfname "./outputl6/result98_16"; break;

} /* enxdswitch '

* Fill the input array with random numbers.

for (j=0; j <= SIZE: j~--

xijj = (rand ~& INMASK) - 4194304:

yiji = (rand ()& [NIVILASK) - 4194304:

b' y~jj:

Scale the simulation input data and ini-;afize the index

* array.
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realsig imagsig = 0.0;

for (j = 0;j <= SIZE; j++)

x[j] = x[jI < < 5; /* zero fill and sign extend */

y~j]= yj] < < 5;
h[j]-= j; /* initialize index array *.

siml6 (x, y, h); .

stdl6 (a, b, h);

* Take the 23 most significant bits of the simulation result.

for (j = 0; j <= SIZE; j++)

signx=1; --

signy = I;

if (x[j < 0)

Sx[jI = -(xlj);

signx = -1;

if (y(jj < 0)

yijj = -(yfjj);

signy = -1;

rxbit = xj] & RNDMASK;

rybit= y[j] & RNDMASK;

xj) = xi >> 9;

Y = >> 9: ->

if (rxbit 0 0) x -jj

if (rybit !- 0) y[j] ++;
xijj = xij] * signx:

yfjj = y~jj * signy;

Compute the differences between the standard and simluation
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results (noise components; realnoise and imagnoise). Compute
* the SNR for real and imaginary results by dividing the sum of

the standard results (signal components; realsig and imagsig)
* by the sum of the noise components. Send the real and imagi-

nary SNRs to a file containing SNRs for all inputs; send the
* differences to a file for storage. .-

gp =fopen (outfname, "w");

realsig = 0;

ilnagsig = 0;

realnoise = 0;

imagnoise = 0;
simrsig = simisig =0;

for (j = 0; j< = SIZE; j +±)

tempx = j]

tempy = y[jJ;
simrsig = simrsig + (tempx *tempx);

simisig =simisig + (tempy *teinpy); %

tempi = afi] /8.0; /* scale standard outputs down by *

Utemp2 = b(j] 8.0; /* a factor of 8 to account for '

/* input scaling (5), output *,

/* rounding (9), and multiplying *

/* (1) for simulation; 9-5-1 3,
/* 2**3 8

diffx =tempi - x~jj;

diffy = temp2 - yfj];
realsig = realsig - (tempi *tempi);

imagsig = imagsig 4- (temp2 temp2);

realnoise =realnoise - (difx diffx);

imagnolse = imagnoise -(diffy *diffy);

dbx =138.0;

dby = 138.0;

if (difix != 0.0)
dbx = -10.0 * 10gIb ((diffx *diffx) (aij] aijj));

if (diffy != 0.0)

dby = -10.0 *logbO ((diffv * diffy) '(bfjj * i )

fprintf (gp.'Ocd % 20.l0ff%20.oA , j, dbx. dby);
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printf ("Finished transferring output to %sO. outfname);

fclose (gp);

snrsr = 10.0 *loglO (simrsig);sns 00 lga(iii)
snrsi = 10.0 * loglo (simisig);

snryl = 10.0 * loglO (imagsig);

snrx2 = 10.0 * loglO (realnoise);

snry2 = 10.0 * laglO (imagnoise);

snrx =snrxl - snrx2;

snry =snryl - snry2;

printf ("simrsig =%20.10f simisig =%20.1O, snrsr, snrsi);

printf ("realsig 97520.10f imagsig =7o20.lOfO, snrxl, snryl);

printf ("realnoise 97620.10f imagnoise % 720.lofo, snrx2, snry2);

fprintf (hp,"%d %20.101 f120.10MO, n, snrx, snry);

} /* end n loop *

/ * end main *
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*~* '.-B.8 DIFF17C

* Program: diffl7.c

* * Author: Kent Taylor

* Date: 20 November 1985

* Purpose: To compare the outputs of simluation and standard

* implementations of Winograd's 17-point DFT algo-
* rithm. The simulation routine uses integer arith-

* metic, while the standard uses double precision
* real arithmetic. The comparison is done using

signal-ta-noise ratio (SNR) as the measure. The
* SNR is computed by summing the magnitude of all

* signal components (standard outputs) and dividing
* by the sum of all the noise components (standard

* minus simulation). The SNR is expressed in dB
* (10 log ratio); the magnitude of noise is also

stared for comparison.

* Inputs: files of random numbers

* Outputs: files of magnitude differences

* SNR in dB

#include Istdio.h"

#include Imath.h"

#iniclude "siml7.c*"

#include "mult.c"

#include "winol7.c '

*#define SIZE 16
#'lefine INMASIK 037777777
#define RNDMASI{ 0200
#define PI 3.14179265358979
double loglo ~

- Ilons Mult 0
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p7.T

main (

double dbx, dby, simrsig, sirnisig, snrsr, snrsi. tempi, temp2;

double diffxc, diffy, snrx, snry, a[SIZE+11, bISIZE+1j;

double realsig, imagsig, realnoise, imagnoise, tempx, tempy;

long x;SIZE+11, y(SIZE+i1;

int j, k, n, h[SIZE+1j, rxbit, rybit, signx, signy; ~t
char *outfname;

double snrxl, snrx2, snryl, snry2;

FILE *gp, *hp, *fopen 0
hp =fopen ("snrl7, "w"); /* open file for output SNRs ~
srand (1);

for (n =0; n <= 99; a++~)

* Assign a unique filename to each output file.

switch (n)

case 0: outfnamne / .,output17 /resultOO-17"; break;

case 1: outfname " .. /output 17/resultlJ17"; break;

case 2: outfnarne ='../output17 /result02-17"; break-,

case 3: outrname "./output17 /resultO3-17": break;

case 4: outfnarne "-'.,output17./resuitO4I": break;

cae50ufae otu1 etlO-7:bek

case 6: outfname = .output17, resultO5J7": break:

case 7: outfname ".output 17 result7-7". break:

case 8: outfname =output17 resultO8J17 - break:

* * case 9: oiitfriare .. otpiitb7 restfltO5J7"; break:
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case10: utfnme "..autptl7/esutlOJ";.beak

case 10: outfname = ./outputl 7/resultl10-7"; break;

case 12: outfname = "../outputl7/resultl2J17"; break;

case 13: outfname = "-./output17/resulI23J7"; break;

case 14: outfname = "../output17/result4...17"; break;

case 15: outfname ="../output17/result5...17"; break;

case 16: outfname " ../output I7/resulti 5-7"; break;

case 17: outfname ="../outpuW1/result167J7"; break;

ca e1 :o th m ./ up t 7 rsS1 -7 ;b e k

case 18: outfname " .. /output17 /result.18J7"; break;

case 19: outfname " ../output 17/result 19-17"; break;

case 20: outfname ="../outputl7/result2O.J7"; break; -

case 21: outfname " ../output17 /result2lJ17"; break:

case 22: outfname ="../output17 /resuIl22J17"; break;

case23:outfame "../utpt I7/reult3-17; beak

case 23: outfname ="../output17/resuIl23J-7"; break:

case 24: outfname ="../outputl7/result'26-17": break:

case 257: outfname .. output17 result27-17"; break:

case 26: outfname =..outputlI7,'resu lt26j 7": break:

t- case 29: outfname ="..,output 17 'resuilt2g-JT": break:
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case~~~ 30:. oufam bek

case 31: outfhame - "../output 17/resuht3lO7"; break;

case 31: outfname = "../outputl7/result32-17"; break;

case 32: outfname = "../outputl/result32J17"; break;

cae3:otnm ".otu /esl3-7;bek

case 33: autfhame ="../outpuWl/result33J17"; break;L

case38:outfame "../utpW/reult6-17; beak

case 34: outfname "../outputl7/result37-17"; break;

case 35: outfname "../output17/result38-17"; break;L

case 36: outfname "../outputl7/result39BJ7"; break;

case 37: outfname "../output 17/result37J17"; break;

case41:outname "..outut 1 /rsul~l-1" beak
case 32: outfname ". ./outputl7/result38J17"; break;

case 43: outfname '../outputl7/result439J7"; break;

case 40: outfname = "../autputl7/result4OJ71": break;

case 41: outfname ="./output17,/result45-17"; break;

case 42: outfname ="../output 17 /resuIl4-J 7"; break:

case 43: outfname = .. outputl7/,resuIl43J17"; break:

case 44: outfnarne ="../output 17,result44J17"; break;

case 459: outfname = '.outputL7' resuit4SJ-7": break:

cae4:Ltnm .,otul/eut67;bek
0dim



cas 50 -ufnm - ' ".~ .. /otul/eut01" break; - -

case 50: outfname = ../outputl7/result5(l17"; break;

case 51: outfname = "../outputl7/result5lj17"; break;

case~~~~~~ ~ ~ ~ ~ ~ 53 ..nm .. otut7rslt31";bek

case 52: out fnare = ../outputl/result52J7"; break;

case 55: outfname = ./outputl/result553A 7 "; break;

cae5:-tpm ".otu 7/esl5-7;bek

case 57: outfname ="../outputl17/result57-17"; break;

case55:outname= "./atput7/rsu~55J7; beak

case 56: outfname = ./outputl/result5..J 77 ; break;

case 57: outfname =". ./outputl7/result5...17"; break;

* case 58: outfname =" .. /output17 /result8..17"; break;

case 59: outfname ="../outputl/result59..J7; break;

-. case 60: outfname "./outputlI7/result6OJ7"; break:

case 61: outfname ="../output17 /result63-17"; break:

case 62: outfname ="../output I7/result642A7"; break;

case 63: outfnarne ="../outputl17/result637"; break:

case 64: outfname %,'.output17 /result64J17"; break:

cae6:0tnm ./upu 7'eut7j7;bek

Kcase 65: outfname = "..,"outputI17,result6SJ17"; break;

case 69: outfname ="..,'output I7, result68ji7": break:
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* - - .*.*.- ..- .--- '- -- ~...M !W..-. ~ a~s -t

case 70: outfname = "../output17/result70-17"; break;

case 71: outfname = " ../outputl7/result7l.17"; break;

case 72: outfname = %/outpuWl/result72-17"; break;

case 73: outfname . /outpuWl/result73-j7"; break;

case 74: outfname "../output I7/result74-J7"; break;

case 75: outfnarne "../outputl7/result75-17"; break;

case 76: outfname "../outputl7/result76-17"; break;

case 77: outfname "../outputlI7/result77-17"; break;

case 78: outfnaine "../outpuW1/result78-17"; break;

case 79: outfname = ./outputl7/result79-j7"; break;

case 80: outfname "../output7/result8O..17"; break;

case 81: outfnaxne .. /outputl7/resultSl-J7"; break;

case 82: outfnaxne "../output 17 /result82-17"; break;

case 83: outfname ="../output 17 /result83-17"; break;

case 84: outfname . ./output 17/lresult84-17"; break;

case 85: outfname = "../output 17/result85-j 7": break;

case 86: outfname ="../outpuCl7/result86-J7"; break;

*case 87: outfname "../output17 /result87-17"; break:

case 88: outfname '../,output 17,:result88-J 7"; break;

case 89: ouitfname ".. ,'outputlI7,'resultS9A17"; break;



- - case 90: outfname = " ../output17/result90j17"; break;

case~~~~~~~ ~ ~ ~ ~ ~ 94..-ae "./upt1/eul9-7;bek

case 91: outfname " ../output I7/result9lJ17"; break;

case 92: outfname =" ../output17/result962J7"; break;

case ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .97 '..e ./upt1/eut7-7;bek

case 93: outfname = "../outputl7/result93J17"; break;

case 95: outfname "../outputl7/result9gSJ7"; break;

} /~ end switch *

* Fill the input array with random numbers.

for (j=0; j <=SIZE; j + )

{~j=(ad &IMS)-4934
x~j] = (rand ~& INMAkSK) - 4194304;

-aijj = j-

b~j] y

Scale the simulation input data and initialize the index

* array.

for (j 0: j -SIZE; j-i-+)



* - ..-- +. - -r-- -. r+-+-r-- - r -- C- -'.--.--.----rrc .. .J- -- -- r - r .- -

• -" ' --' 1'

xij] = x(ji < < 3; * zero fill and sign extend */

yiJ] y(lJ] < < 3;

h[j] = j; /* initialize index array */

siml7 (x, y, h);

stdl7 (a, b, h);

• Take the 23 most significant bits of the simulation result.

for (j 0; i <= SIZE; j ++)
signx{ : :

signx 1;

if (x[j] < 0)
{

xj1 -(x);
signx = -1;

if (YJl < 0)

YiJ! --- -(Y[jl);

signy = -1;

rxbit = xijj & RNDMASK;

rybit = Yijj & RNDMASK:

xij = xijl > > 8;

y il = yTij > > 8:

if (rxbit !-- 0) Xjj---

if (rybit 1= 0) yj'J-.-:

xj' = xlj * signx:

J = Y[iJ * signy;
}4

Compute the differences between the standard and simluation

* results (noise components: realnoise and imagnoise). Computte

the SNR for real and imaginary results by dividing the sum of'

100

o .. . . . . . . . . . . .

" oi'.°°o.. ..'o°° % -'o..'o."
- .
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7 7 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .. ..xTT 7 3-1---1.7

the standard results (signal components; realsig and imagsig)

by the sum of the noise components. Send the real and imagi-

nary SNRs to a file containing SNRs for all inputs; send the

differences to a file for storage.

gp =fopen (outfname, "w");

realsig = 0;

imagsig = 0;

realnoise =0;

imagnoise = 0;
simrsig = simisig =0.0;

for (j = 0; j < = SIZE; j+±

tempx =xfj] <K< 2;
Kteinpy yfiI K < 2;

simrsig = simrsig + (tempx * tempx);
simisig =simisig + (tempy * tempy);

temnpi aij) /'16.0; /* scale standard outputs down ~
temp2 = b[j] / 16.0; /* by a factor of 16 to account

* /* for the difference in input *r 7* scaling (3), output rounding *

/* (8), and multiplying (1) of *

/* simulation; 8-1-3 4; 2**4 -16 %

difx = temnpi - x~j];

V.realsig realsig +160(tempi tempi)
iffys = em2 i t 6. tm2 ep

imagnoise =imagnoise -- (diffy diffy);
db 380

dby 138.0:

if f(diffix != 0.0) S-& (aijl ! 0.0))

dbx = 10.0 * (loglO (tempt * tempi) - loglO (diftx * diffx));

* if ((diffy != 0.0) && (biji != 0.0))
dby = 10.0 *(loglO (temp2 * temp2) - loglO (diffy ditfy));

fprintf (gp*O'od "o20.10fo20.10f0. j, dbx. dbv);

printi' (" Finished transferrine output to %cs0. oiitfnamet';

* - - fcose (gp);



sarxi snryl 138.0: 1

snrx2 = snry2 =0.0; -4

snrsr = snrsi = 0.0; -

snrsr = 10.0 * loglO (simrsig);

srxrsi = 10.0 * loglo (simisig);

snrxI = 10.0 * loglO (reaJlsig);L

snrx2 = 10.0'* loglO (realnoise);

snryl = 10.0 * loglO (imagsig);

snry2 = 10.0 * logIO (imagnoise);

snrx = snrx1 - snrx2;

snry = snryl 1 snry2;

printf ("simrsig =%20.10f simisig %20.lOfO, snrsr, snrsi);

printf ("realsig = %20.10f imagsig %-00.10M0, snrxl, snryl);

printf ("realnoise = %20.10f imagnoise = %520.10M0, snrx2, snry2);

fprintf (hp,"%7d %20.10f %20.iOfO, n, snrx, snry);
}/* end nloop '
} /* end main /
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B.9 STDDIFF-16.C

Program: stddiff-16.c
I %

- * Author: Kent Taylor

* Date: 31 October 1985

* Purpose: To compare the outputs of direct DFT and standard

* implementation of Winograd's 16-point DFT algo-

K * rithm. Both routines use double precision arith-
* metic The comparison is done using signal-to-noise

* ratio (SNR) as the measure. The SNR is computed

- * by summing the magnitude of all signal components

* (DFT outputs) and dividing by the sum of all the

noise components (DFT minus Winograd). The SNR
* is expressed in dB (10 log ratio); the individual

* SNRs are also stored for comparison.

SInputs: files of random numbers

* Outputs: files of individual SNRs

K: SNR in dB

#include "stdio.h"

* #include 'math.h"

K#include wnic
0#define SIZE 15

#define lNNvISK 03777777

#define P1 3.14159265358979
- double sin 0
Ldouble Cos

double hypot ~
double loglo 0
main (

S dIouble x SIZE-li, v'SZE-1, xi. xx:
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- -J ~-J rJ' - - rY7717-

double xaiSIZE+11, ybtSIZE+I1;%

double dbx, dby;
I double diffxc, diffy, snrx, snry, a[SIZE+11, b(SIZE±1J;

double realsig, imagsig, realnoise, imagnoise;

* double dbxmmn, dbymin;

-in j, k, n, h[SIZE+11;

char *outfname;i FILE *&p, *hp, *fopen 0
hp =fopen ("dsnrl6", "w"); /* open file for output SNRs *

srand (1);

for (n 0; n <= 99; n++)

* * Assign a unique filename to each output file.

switch (n)

cae0{ ufae ".dupt6rslO-6;bek

case 0: outfname = ./doutputl6/result0O-6"; break;

m case 1: outfname = "../doutputW/resut0-6"; break;

case 2: outfname = "../doutput16/resultO32J6"; break; -

case ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .4:otnm ./otut rsl0-6;bek

case 5: outfname - .. /doutputI6/resultO53J6"; break:

c7ase 6: outfname =..doutputl6/resuftO4J16"; break:

case 7: outfname = .,doutputI6/"result,0756"; break;

case 8: outfname = *.., doutputI6i'resuItO6JI6": break:

case 9: outfname =',doutput16/resultof7J6"; break:

case 1: outfname "..doutput6 resultI8J6": break:
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caei:otIm ./otpt6rsli-6;bek

case 12: outfuame ="../doutputl6/resultll.J6"; break;

case 12: outfname = .. /doutputl6/resultl2J16"; break;

case 13: outfname = "../doutput16/resultl4_16"; break;

case 14: outfname = "../doutputl6/resultl4J16"; break;

case 15: outfname " ../doutput16/resultI6.j6"; break;

case 16: outfname =./doutputl6/ resultl67j6"; break;

case 17: outfname = ./doutputl6/ result78.j 6"; break;

case 18: outfname . ./doutputl6/resulIl8J6"; break;

cas 20 -.ae ".duptMrsl2-6;bek

case 21: outfname = . ./doutputi6/resultl9.j6"; break;

case 20: outfname . ./doutputl6/result2O.16"; break;

case 21: outfname = .. /doutputl6result23-16"; break;

case 22: outfname ="../doutputl6/result24-J6"; break:

case 23: outfname = "../doutputl6/result23J16"; break;

case 24: outfname = "..A/outputl6/result24J6": break:

case 25: outfname = "..,/doutputl6/resuIt27SJ6"; break:

case 27: outfname = "..; doutputl6/ result27A16": break:

case 28: outfname =.;doutput 16, result2g-J6": break:

case 310: ouitfname .. dotptittb, resilt30.16". break;
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%

case 31: outfname ="../doutputl6/result3l.16"; break;

case 32: outfname ../doutputl6/result32-16"; break;

case 33: outfname "../doutputl6/result33-16"; break;

case 34: outfname ". ./doutputl6/result34..J6"; break;

case 35: outfname '../doutputl6/result35-l6"; break;

case 36: outfname . ./doutputl6/result36-16"; break;

case 37: outfname " ../doutputl6/result37-16"; break;

case 38: outfhame "../doutputl6/result38-16"; break;jji

case 39: outfname "../doutputl6/result39-16"; break;

case 40: outfname ../doutput6/result4..16"; break; .*

case 41: outfname "./doutputl6/result4lJB6"; break;

case 42: outfname "../doutputl6/result42-j6"; break;

case 43: outfname = .. /doutputl6/result43-16"; break,

case44:outfame "-./oututl/'reult4-J6; beak

case 44: outfname = ../doutput,16/resukt44j6": break:

case 45: outfname ="../dloutputl6/result45J16": break:

case 47: outfname = .. doutputl6/result47-J6": break:

case 48: outfname= "...doutput16/result48-16"; break;:

case 49: outfname " .. .'doutputi6;result4gL16"; break:
case .50: outfname = .. doutputW/. resiilt50-J6": break:



case~~~~~~~~~~~ 17ufae ./otut6rslS..6;bek

case 52: outfname "..doutputl6/result52J16"; break;

case 53: outfname = ../doutputl6/result53.16"; break;

case 54: outfname = "../doutputl6/result54..36"; break;

case 55: autfhame =". ./doutputl6/result54-16"; break;

case 56: outfname =../doutputl6/result55-16"; break;

case 57:. outfhame ="../doutputl6/result57J16"; break;

case 57: outfname =". ./doutputl6/result58.J6"; break;

case 58: outfname ../doutputl6/result58-16"; break;

cae5:0tnm ./otuArsl5-6;bek

case 60: outfname = ../doutputl6/result60.J6"; break;

case 61: outfname "../doutputl6/result6l.J6"; break;

case 62: outfname = .doutputl6/result62-16"; break;

case 63: outfoame ="../doutputL6/result63-J6"; break;

case 64: outfname ="..,/doutputl6/result64-j6"; break;

case 65: outfname = ./doutputl6/result6SJ16"; break;

case 66: outfnarne = ../doutputl6/result.6616"; break;

case 67: outfname ="...doutputl6 resuitti7-b" . break:

case 68: outfname " ..,'doutputl6. result68-6"; break;

* rase 69: outfname =..doutputl6, restit6g-i6": break:

case 70: outfname = doutput16, resilt7 0-16- break:
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case 71: outfname -"../doutputl6/result7l-J6"; break;

case 72: outfname = "./doutputl6/result72-J6"; break;

case 73: outfname "../doutputl6/result73-J6"; break;

Ncase 74:. outfnarue ".. /dutputl6/result74J16"; break;

case 75: outfname "../doutputl6/result75-16"; break;

case 76: outfname ="../'doutputl6/result76-j6"; break;

case 77: outfuame "./doutputl6/result77-16"; break;

case 78: outfname = .. /doutputl6/result78-16"; break;

*case 79: outfname "../doutputl6/result7g9J6"; break;

case 80: outfname . ./doutputd6/resu1t80J 6"; break;

case 81: outfname "../doutputl6/result~lJ16"; break;

case 82: outfname ="../doutputl6/resultS2-16"; break;

case 83: outfname = "../,doutputl6/result83J16": break:

case 84: outfname ='../'doutputl6/ result84_16": break:

case 85: outfname = .. doutput16 resuit85_5": break:

0 case 86: outfname ="...'doutputi6,resultS6_16": break:

case 87: outfnarne = '.doutputl6, resuft87_163' break:

case 88: outfname ='.dourtputl6/ result88_16" break:

case 89: outf'name = .. doutput16i result.89-16": break:

case 90: outfname = .doutputl6 ~rpslt0 -16" break
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case 91: outfname '../doutput16/result 91lJ 6 "; break;

case 92: outfname ="../doutputlB/result92-16"; break;

cael:btnm " /otul/esl9.6;bek

case 94: outfname ". ./doutputl6/result94.J6"; break;

case 95: outfname "./doutputl6/result95-16"; break;--

case 96: outfname "./doutputl6/result96J16"; break;

case 97: outfname = ./doutputlB/result97-16"; break;

case 98: outfname = ./doutputl6/result98-16"; break;

case 99: outfname "../doutputl6/result9J6"; break;

} /~ end switch *

* Fill the input array with random numbers.

for (j =0; j<= SIZE; j++~)

xi (ad&I~W )-4934
x~j j =(rand ~& INMASK) - 4194304;

baJI = yjj;

hrj

stdl16 (a, b, h);
* Compute the DFT directly

for (j =0: j .rSIZE; j---)

xaj, ybij 0;

for (k =0; k SIZE; k,.-)

xi (2.0 P1); (SIZE--I);

log



xx- k j;

xaj = xa~jj -- (x~kl cos (xx *xl));

yb~jl = Ybfji - (xfkj *sin (xx *x1));

ybfjl = ybfi] + (y[k] cos (xx *xl));

xatj] = xa[iJ + (y[k] sin (xx *xl));

* Compute the differences between the standard and direct DFT

results (noise components; realnoise and imagnoise). Compute

the SNR for real and imaginary results by dividing the sum of
the standard results (signal components; realsig and imageig)

* * by the sum of the noise components. Send the real and imagi-

* nary SNRs to a file containing SNRs for all inputs; send the

* differences to a file for storage.

-p =fopen (outfname, "w");

realsig = 0;

imagsig = 0

realnoise = 0

imagnoise =0:

for (j =0; j <= SIZE; j+±

diffx = xa[j] - i;

diffy = ybrj] - bji];

realsig = realsig -- (xa~JI xaiij);

imagsig = imagsig +- (ybjj] yblj});

* realnoise = realnoise +~ (diffx * diffx);

imagnoise = imagnoise -(diffy diffy);
dbx 138.0;

dbv =138.0:

if ((difLx ! 0.0) & (xajjj 0.0))

0dbx =-10.0 * loglO ((dillx diffx) (xajj xaijj'));

if ((dilly != 0.0) && (ybiji != 0.0))

(Iby = -10.0 * IoglO ((dilly * dilly) (yb ; *bj) .

fprintf (gp,"'nd 0'%20.IWf%20.IOfO, j, dbx. dby);

printf VFinished transferring output to r-A. out fname):
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printf ("realsig L720.l0f imagsig =%20.lofO, realsig, imagsig); .

printf ("realnoise = 0/%20.lOr", realnoise);

printf (" imagnoise = %20.lOfO, imagnoise);

fclose (gp);

snrx 10.0 * loglO (realsig/realnoise);

snry =10.0 * loglO (irnagsig/imagnoise);

fprintf (hp,"%7d %20.10Pf%20.10f0, n, snrx, snry);

} /* end n loop *

} /* end main
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B.10 STDDLFF..240.C

Program: stddiff-.240.c

Author: Kent Taylor

* Date: 4 November 1985

* Purpose: To compare the outputs of simluation and standard

* implementations of Winograd's 16-point DFT algo-

* rithm. The simulation routine uses integer arith-

* metic, while the standard uses double precision

* real arithmetic. The comparison is done using

* signal-ta-noise ratio (SNR) as the measure. The

* SNR is computed by summing the magnitude of all

* signal components (standard outputs) and dividing

* by the sum of all the noise components (standard

* minus simulation). The SNR is expressed in dB

(10 log ratio); the magnitude of noise is aso
* stored for comparison.

** Inputs: files of random numbers 1
* Outputs: files of magnitude differences

SNR indB

* #include "stdio.h"

#include 'math.h" 7

#include winol5.c"

#include winol6.c"'

#define INMASK 037777777

*#define PT 3.1-1159265357989

#define SIZE 239

#define LLMIT 20

#deline NUMBER 4194303

long rand ~
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double Cos 0
double loglo 0
main (

double winorsig, winoisig, snrsr, snrsi;

double snrxl, snrx2, snryl, snry2;

double diffxc, diffy, snrx, snry, dbx, dby;
double a[SIZE+ 1], al [SIZE+ 11, b[SIZE+ i], bi (SIZE+11~; *

doubkt realsig, imagsig, realnoise, imagnoise;

double xl, yl;

double x2[SIZE+11, y2[SIZE+11;

double x(SIZE+11, y[SIZE+1I;

long tempi, temp2;

int j, k, 1, n, nn, ni, n2, n3, htLIMT];

int nit41, unsc;

char *outfname;

FILE *gp, *hp, *fopen 0
nii0l = 15;

ni[1j = 16;

unsc = 31;
hp = fopen ("snr24O", "w");

for (n 0; n < 99; n++i)

Assign a unique filename to each output file.

switch (n)

case 0: outfname = .. /output24/resultOO-...40"; break:

case 1: outfname ='..f,,output240/resut~l * 1IO"; break:

*case 2: outfname ="../'output240/resilt02-..40": break:

case 3: outfname ..,'output240 /result03-.40": break:

ase 4: outfname - ';output2 lO/result042 41-0"; break:
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case 5: outfname -/output240/resultO5 '140"; break;

case 6: outfname "-/output24/resultO6..40"; break;

case 7: outdnaine - ./output24O/resultO7j24O"; break;

case 8: outfnauie ="../output24/resultO8.240"; break;

case9: utfnme .. /otpu240/esut,099-4"; beak

case 9: outfname ="./output24/resultIO-..240"; break;

case 10: outfnarne = "../output24/resultl...240"; break;

case 12: outfname ="../output240/resultL24"; break;-

case 12: outfname ="../output240/result2..240"; break; -

case 13: outfname ="../output24/result3....40"; break;

case 14: outfname = ./output240/resultl..NO4"; break;

case 15: outfname ="../output240/resultl..NO4"; break;

case 16: outfname = "./output24O/ result 17240"; break;

case 17: outfname = "./output240/ resultl18-240"; break;

case 18: outfname =../output240 /result 19-40"; break:

case 19: outfname ="../outputM4/result10j24O"; break:

0case 20: outfname ="..,"output24O0/result2Oj24O11": break:

case 22: outfname ".../output240/re,-ukl22224O"; break;

case 23: outfname ="...otitput210/result,23--.I-0"; break:

case 24: outfname = .,output2 10, result2L12; 10": break:
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case25:outnam = .. /otpu24Oresut2Si4O: beak

case 26: outfname =" ../autput24O/result2...)40";. break;

case ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ W 26 -fae ".otuM/eut62 ;bek

case 27: outfname = ./output4/resul27..240"; break;

case 28: outfname = ./output240/result28.240"; break;I

case 29: outfaame = -/output240/result29..40"; break;

case 30: outfname "./output24O/result3O..240"; break;I

case 31: outfname = ./output240/result3l.240"; break;

case 32: outfname = ./output240/resut32-9.40"; break;

case 33: outfname ="../output240/result33...40"; break;

case 34: outfname = ./output24O/result34-.240"; break;

case 35: outfname =" ../output24/result35..240"; break;

case 36: outfname ="../output24/resultM6.240"; break;

case 37: oufame ="../output240 1'resuIC37.240"; break;

case38:outfame "../utpt24/reslt3-240; beak

case 39: outfname = ../output240/result3g 240"; break;

case 49: outt'name ="../output240/result40-240"; break;

case 40: outfname = ..,/output240/result4O224.'-0"; break:

case 42: outfname ="..boutput24O/result,42-240": break:

case 43: outfname ".,output2-1Oi result,-13-2 10" . break:

case 414: outfname =".., output2 tO; restilt44--..2iO": break:
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* case 45: outfname ="../output24/result45..40"; break;

case 46: outfname ". ./outputM4/result46.040"; break; P.

case47: utfame .. /utpuM/rsult.04"; beak

case 47: outfname = ./output4/result4.04O"; break;

case 48: out fname "../output24/resut4...24O'; break;

case 49: outfname = "../output24O/result492240"; break;

case 51: outfname "../output240/result5lJ40"; break;

case 51: outfname "../output240/result5L-24O"; break;

case 52: outfname = ./output4/result5.40"; break;

case 53: outfname ./output240/result534 N"; break;

case 54: outfname = ./output24/result5..240"; break;

j,7case 55: outfname "../outputM4/resultS5624O"; break;

b case 56: outfname ="../output240/result562940"; break;

case 57: outfname "../output24/resuit58724O"; break;

case 58: outfnarne "../output24/result5824O"; break;

case 60: outfniame "../output240/result9...240": break;

case 60: outfnime "..,/output240/result6O240": break;

case 62: outfiiaine "..//output240/result622 10": break;

case 63: outfnaxne "..,'output240/resul6322 :.10": break:

case 64: outfname "..'Ioutput240/ result64-- .10": break:

-case 65: outfname "..i'output2 40' result65_2 10'. break:
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case 66: outfname = "../output240/result6&.240"; break;

case 67: outfname = "../c utput240/result67J40"; break; ,

case 68: outfname ="../output240/result68.040"; break;

case 69: outfname ="../output240/result69.240"; break;

case 70: outfhame = ./output24O/result70..40"; break;

case 71: outfname ="../output240/resuIt7l2'40"; break;

case 72: outfname ="../output24/result72..240"; break;

case 73: outfhame = ./output240/result73.240"; break;

case 74: outfname ="../output240/result4..240"; break;

case 75: outfname= "../output240/result75.9.40"; break;

case 76: outfname ="../output240/ result76.2 40"; break;,

case 77: outfname = " ../output240/result77.240"; break;

case 78: outfname ="../output240/result78240"; break:

case79:outfame "../utpt240reslt~g'14"; bea.

case 79: outfname ="../output240/result9..240"; break;

case 80: outfname = "../output240/resultSO.2-40": break: 7

case 81: outfname = .. ,/output.4/result82iO -": break:

case 83: outfnarne - ../'output24Oi resultS224O11": break:

S ~~~case 83: outfname = .,output24Orsut82i:bek

case 4: otfnae = .Jouput10/resut84 11O": break;

Scase 85: outfname "..,output2-1O result85-- iO1": break:
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case 86: outfaame = 7/outputM4/result86.240"; break;

r case 87: outfname = ./output24/result87..240"; break;

case 88: outfname = "../output240/result88-240"; break;cae8:Itm ".otu20rsut920;bek
case 9: outfname = ./output24/result89j24O"; break;

case 90: outfname = ". ./output24/resultglJ940"; break;

case 91: outfname = "../output240/result9L2-40"; break;

case 92: outfnamne . ./output240/result92..240"; break;

case 93: outfnamne = ./output24O/resut9....24"; break; --

case 94: outfname = ./output240/result94..240"; break;

case 96: outfname ="../outpu24O/resut9....40"; break;

cae9:otnm "'otu20rsut720;bek

case 96: autfname = .//output24O/result96..240"; break;

case 99: outfname " .. 'output24O/resut99.240": break:

* } /* end switch ,

for (j =0: j < = SIZE; j+.)

tempi (rand ()& INMIASK) - NUMER:
temp2 (rand ()& INMASK) - NUMBER:

0 X:jj = tempi;

C vyjj = temp2;

aii= tempi;

bfjj = temp2:

for (j 0: j 1:-)pfa outer loop
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n1 = ni~j];

n2 = 240 / n1;

for (k =0; k <=SIZE; k k k+ nii) /* pfa inner loop *

h(0] =;

n3 = k

for (1 = 1; 1 <= ni-i; l++)

n3 =n3 + n2;

if (n3 > = 240)

n3 = n3 - 240;

hfl] =n3;

* Compute the DFT using Winograd's Small DFT algorithm for

* either the 15-point or the 16-paint DFT.

switch (ni.)

case 15:

stdl5 (a, b, h);

break;

case 16:

std 16 (a, b, h);

* break;

} ,~ end pfa, inner loop

*end pfa outer loop ~
* Unscramble the PFA results

k -0:

for (j = 0 j SIZE j--)

alj: alki;
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bil b~kl;

k =k + unsc;

if (k > =240)
k = k - 240;

* /* Compute the DFT directly

for (j = 0; j <= SIZE; j++)

x2fjj = y2(j] = 0;

for (k =0; k <= SIZE; k-i-+)

X1 = (2.0 *PT) /240;
yl = k * j

x2(j] x2fjI + (x(kI cos (yl ' xl));
y2[jj = y2[j] - (x[k] sin (yl * xl));

y2[j] =y2[j] + (y[k] cos (yl *xl));

6x2[j] x2[j] + (y[kI sin (yl xl)); _

* Compute the differences between the standard and direct DFT

* results (noise components; realnoise and imagnoise). Compute

* the SNR for real and imaginary results by dividing the sum of

the standard results (signal components; realsig and imagsig)
* by the sum of the noise components. Send the real and imagi-

* nary SNRs to a tile containing SNRs for all inputs; send the

differences to a file for storage.

gp =fopen (outfname. W")

realsig = 0;

imagsig =0;

realnoise = 0:

* imagnoise = 0;

winorsig = winoisig =0;

for (j = 0; j < = SIZE; j--)

diffx = x2fjj - alrji;

diffy = y2'jj - b1[jj;
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winorsig =winorsig -t- (a1(j] al[j);

winoisig =winoisig + (bifi] * bl[j);

realsig = realsig + (x2[jl * x2[jj);

imagsig = imagsig + (y2[jI * y2[j]);

realnoise realnoise + (diffxc * diffx);

imagnoise =imagnoise + (diffy *diffy);

dbx = 138.0;

dby = 138.0;

if (diffxc != 0.0)

dbx =-10.0 *loglO ((diffx *diffxc) /(x2[jl *x2[jl));

if (diffy !~0.0)

dby = -10.0 *loglO ((diffy *diffy) /(y2[j] *2j])

fprintf (gp,"%d %20.l0f%20.lOfO, j, dbx, dby);

printf (" Finished transferring output to %sO, outfname);

fclose (gp);

snrsr = 10.0 * loglO (winorsig);
0ns 00*lol wnii)

snrxl = 10.0 *loglO (winosig);

snrx2 - 10.0 *loglO (realnoise);

snryl = 10.0 * loglo (imagsig);

* snry2 = 10.0 * JoglO (imagnoise);

snrx = snrxl - snrx2;

snry = snryl - snrv2;

printf ("snrsr %20.10f snrsi =%20.lOfO, snrsr, snrsi);

printf ("realsig = %20.10f imagsig - %2O iOfO. snrxl, snryl);

printf ("realnoise = %20.lof", snrx2);

printf (" inagnoise % 920.10M0. snry2);

Cprintf (hp,"%d %20.i10.10f0, n, snrx. snry);

} end nloop *

* 4 ~ end main *
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Appendix C

Simulation Result Listings

The following listings are the signal-to-noise ratios (SNRs) computed by the pro-

grams given in Appendix B. The first set of listings are for the standard Winograd

module compared with the direct DFT. The results are for blocklengths of 15, 16, 17,

240, 255, and 272. The second set of listings are for the standard Winograd module

compared with the simulation. The results are for the blocklengths of 15, 16. and 17.
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Standard vs. Direct DFT, 15-Point _-__

x x0 = 270.3267211914 yO __ 271.8259582520

x I! = 270.1993713379 y'l] = 270.9765930176

x 21 = 270.8795166016 yf2] = 274.7530517578 !

xi3l = 266.9262084961 y[3) - 270.4941711426
1X[4 = 272.4660034180 y[41 = 268.6256713867

% x 51 = 270.1086120605 y[51 = 269.2436523438 ..-

x[61 = 270.3933715820 y[6] = 273.6777343750
x(7] = 268.2878112793 y(7] = 272.1769409180

x(81 = 269.2735595703 y(81 = 267.9232482910

x[9] - 272.6429443359 y[9 - 268.7232666016 '"'"

xf10] = 274.5322570801 y[10] = 266.1694641113

xill = 265.2796325684 y11] = 273.167058105
x121 = 266.3085327148 y[12] = 272.1916503906

x(131 = 270.5764160156 y[13] = 268.4227294922

x(141 = 267.3804626465 y[141 = 267.9915771484
x4l51 = 272.3644104004 y[15] = 268.3309936523

' x1161 = 270.6399230957 y[16] = 271.3390502930
* x1171 = 272.6228027344 y[171 = 268.4317626953

xil81 = 269.4873046875 y[18] = 271.5711669922
xil91 = 271.9138793945 y[19] = 270.1387939453
xi20 = 268.1859130859 y(2O = 273.8852233887
xI211 = 267.5024414063 y[21] 272.5805969238

xi22] = 269.6394958496 yi22- 268.3592529297

xi231 = 269.9055786133 y[23] 264.6501464844

xi241 = 265.3494873047 y[24 1 270.0167541504

x 25i = 267.4769592285 y[25! - 273.1098937988

x'261 = 269.3949279785 y[261 273.7298278809

xi271 271.2135009766 y[271 269.0087585449

x28i = 271.2580871582 y[281 = 266.7854003906
x:29 = 273.2968750000 y1291 = 269.7937011719

x301 = 269.2456359863 yj30i = 271.5105590820

x:31; = 269.8008728027 y 3 1i = 268.7413940430

x 2' - 268.5186462402 v321 - 268,1859436035

x33= 270.1049804688 y0331 . 270.4666748047

x-34i = 271.1744079590 y1341 = 272.6804504395

Sx;35i = 269.0790100098 y'35! = 273.7297058105

x,36 = 265.5129394531 y.361 = 273.4932250977

*x 37' 269.5553283691 V;37 1 = 266.9835,510254

x,38 = 270.5327758789 y i38 = 267.7444152832

x 39: = 270.8727-116992 v 39! = 269.7133483887
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Standard vs. Direct DFT, 15-Point

. xi401 = 273.2836303711 y1401 - 271.7077026367

xi411 = 271.2531738281 y[411 = 268.3661193848

x1421 = 268.0216979980 y[421 = 270.5642089844

xi43 1  266.8464050293 y[431 268.9776000977 L..,

x[441 = 270.1110839844 y[441 = 268.9873352051

x(45] = 269.3290710449 y[451 - 269.8417358398

x[461 269.3952026367 y[461 = 272.2424621582

x[471 - 270.2401123047 y[471 = 266.4663391113

x[48) 268.9219970703 yf481 - 270.0077209473

0[491 - 267.0398864746 y[491 269.5416564941

x '501 271.3050537109 y[501 = 267.8937683105

x51 = 269.7127380371 y[51] - 270.4773559570

x[521 = 271.4542846680 y(521 = 271.5123901367

x(531 = 270.1429748535 y(531 = 271.8498535156

x154) 270.7604370117 y[541 266.8149108887

xi55) = 270.9530029297 y[55] 272.4279479980

X =56I - 266.4183654785 y[561 - 274.4346618652
xr571 = 271.4386291504 y[57 266.8522949219

xi581 - 272.0279235840 y[581 - 270.6676635742

x1591 = 270.7712097168 yf591 = 268.7197875977

xi60] = 273.1189880371 y(601 262.9579467773

x'61 = 271.7225646973 y[611 = 265.9170227051 -

xi62 1 = 270.9621887207 y[621 = 270.9728698730

xf631 267.4638671875 y[63) - 269.7576599121

xi641 = 271.7090454102 y[641 - 266.3128662109

xi651 = 270.7944641113 y[651 = 266.5230712891

x66 = 270.7575988770 y[661 = 271.5975341797

x671 = 267.7533264160 y'67! = 271.5601806641

xI68 = 271.1271667480 yt681 = 268.4807739258

<M69 268.4465637207 yi6 9 = 273.1932067871

x!T7i = 273.8880615234 yt70 = 269.1509399414

x 71- 268.6777954102 y 711 = 267.7762451172

72. 271.8719787598 V721 = 267.9895019531

x.731 272.1277770996 yi731 = 267.4620971680

x,741 273.5524902344 yv741 = 268.9857177734

x 75- 268.7622680664 v75-- = 267.8697509766

x 76i 270.1966552734 v76 = 270.9008178711

x77 270.6634216309 y 77' = 270.1273071289

x 78 y269.528413086 v 78 - 271.5830078125

x 79 265.8132934570 v 79 '271.5101623535
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Standard vs. Direct DFT, 15-Point

xi801 = 273.3381042480 ySOl = 267.4616394043

xiSi -- 267.3371276855 y(811 = 272.3781738281

x'821 = 266.9151000977 y(821 = 271.9751586914

xi831 = 271.6332702637 y[83 = 270.5668640137

x(84) - 268.2593078613 y[841 = 268.3897399902

xj85] - 268.4362487793 y[85] 269.7589111328

x(861 - 267.9328002930 y[861 = 271.5138549805

x[871 = 271.2909545898 yj871 - 272.1745605469

x(881 - 269.0054321289 y(88 1 = 272.1026611328

Xi891 270.1526794434 y[891 = 268.9882812500
xi9Ol = 263.8572082520 yf90 274.7151794434

xj911 = 265.2599182129 y[911 - 271.5104980469

x[921 = 271.0217285156 y[921 = 266.5699462891

x[931 = 267.6752014160 yf93] = 274.0068969727

x[941 - 265.1853637695 yJ941 - 271.4517822266
Xi95I - 269.4737548828 y(951 - 268.9801635742

xi961 
= 270.2192687988 y[961 = 266.2698364258

xi97 = 268.3923339844 y[9 71 = 268.8155822754

x1981 = 273.4592895508 y[981 - 269.0731201172

xi99i - 267.4300231934 y[991 = 271.1868896484

Real Imag

Mean 269.7486669922 269.9851544189

Std. Dev. 2.2155283971 2.3963705533

Minimum 263.8572082520 262.9579467773

Maximum 274.5322570801 274.7530517578
4-,.f
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= 7.291Standard vs. Direct DFT, 16-Point

1xO = 272.7552795410 yO -= 268.9796142578

1"1 =- 272.1343078613 ytl] = 270.4200439453

x 21 = 272.9894104004 y[21 = 267.0741882324
x3] -= 269.5061035156 y(3] = 269.7828369141

x4] 271.7872009277 y[4 = 269.5117492676

x(51 = 268.9995422363 y(51 = 267.9895629883

xJ61 - 269.0440979004 y[6] = 271.7550048828
x(71 = 272.5062866211 y(7] = 270.9828491211

x(81 = 271.4386291504 y[8] = 265.9161682129

x!91 = 268.2858276367 y[91 = 268.1496582031

xiIOl 269.6635437012 y[10] 269.8590087891

xll = 269.8771972656 y[l11 = 269.0490112305

xfl2 = 272.2474060059 y[121 = 265.7119445801

x0131 = 269.8631286621 y[131 = 268.6048583984

x[141 = 273.3859863281 y[141 = 270.4118957520

xi15] = 269.6500244141 y[151 = 270.3233337402

xi 161 = 269.4855346680 y[16] = 268.4541625977

xilT7 = 266.8340759277 y(17] = 269.9486694336

x181 = 268.6825256348 y[181 = 272.4471130371

xi19] = 265.6889953613 y[19] = 268.9368591309

xi201 = 268.6466369629 y[20l = 271.1831054688

x21i - 271.3880004883 y(211 = 267.9326171875

x[221 = 269.5439453125 y[221 - 270.4999389648

xi23 1 = 264.3802795410 y[231 273.8593750000 -

xi241 = 271.4773559570 y[24 1 = 271.7287597656

x;251 - 268.1225280762 y[251 = 270.9976501465 "

x261 = 265.7618713379 yj261 = 273.3869323730

x127! = 268.4483642578 y(271 273.7132568359

xi28i = 269.3742065430 y[281 - 273.4106140137

x 291 = 269.9822692871 yj291 270.0431823730

x30 = 267.9257202148 y 301 268=225036621
x31j = 266.8103637695 y31l = 270.1790771484

x 32! - 266.4388122559 vi321 = 269.7553710938

xv33 = 266.2378540039 y[331 = 274.9422512598

x'34- 271.0850219727 yi341 = 270,1690673828

x.35 = 272.6909790039 y'35; = 270.7511001855

v 361 = 268-1923706055 v!361 = 270.8391723633

x;37= 271.4857482910 vi37--- 271.5530395508

x38 = 272.9253845215 y381 = 270.3072204590

x 39 268.4839,177539 v39i = 269.5.184313965

186

i'~~~~~~~~~~~~~~~.-.'.-'...-i..-..-..-...,...........,..................... ••.......... .. ......-........ ,..-...•..-,.. '. -



Standard vs. Direct DFT, 16-Point

xi40 = 268.3330383301 y(40] = 269.7852783203

x4l = 269.1254272461 y [41 = 269.3233947754

xi421 = 268.8452148438 y[42] = 268.4582214355

xi431 = 273.3160705566 yt431 = 270.5591125488

x[441 = 268.9049377441 y[441 = 266.7042541504

x1451 = 271.9574890137 y[451 = 268.7884826660 %,

x[461 = 260.9253234863 y(46] = 277.2808227539

xj471 = 269.6184692383 y[4 7] = 273.6904296875

x[481 = 270.7478637695 y[481 = 274.3979187012 L ..
x[491 = 271.6245727539 y[491 = 271.3009643555

x[501 = 269.8124389648 y(501 = 271.8434143066

xf5l) = 272.3414001465 y[511 = 273.0943298340

x[521 = 272.1879882813 y[52] = 269.4304199219
xf53- = 265.5771789551 y[53] = 272.2980651855

xI54 = 268.9840393066 y[54] = 271.2325439453

x551 = 271.3327636719 y[55] = 269.8065490723

" xj561 = 268.9931335449 y[561 = 270.9717407227

x 571 = 269.2901000977 y[571 = 268.7641601563
x!581 = 269.7671203613 y[58 1 = 271.5994873047

xi591 = 267.4548950195 yJ5 9 1 = 271.3090209961

xi601 = 270.0095214844 y[601 = 268.9137268066

x[611 = 275.0334472656 y[611 = 266.4119567871

- x 621 = 273.6075744629 y[621 = 270.5734863281

xi631 = 270.5801696777 y[631 = 268.4373779297
x:641 = 264.6386108398 y[64] = 273.6230773926

- X651 = 273.3971557617 y'651 = 268.9710693359

x!661 = 274.47781372-07 y[661 = 266.6929626465

x:671 = 270.4531860352 yi67] = 272.0224609375

X681 = 268.2864990234 y[ 6 8 1 = 271.1570739746

x1691 = 271.3478088379 yi691 = 270.3151550293

x 70: 269.1685485840 y 701 = 268.4387512207

x.71 266.7461242676 yf71l = 273.5340270996

x 272.3862915039 v72 = 269.6380920410

x3 .273.0481262207 yi73i = 265.-1359741211

x.741-- 268.3798828125 v!741 = 270.9328918457

x 751 = 269.9814453125 v!751 = 268.4600219727

x761 271.0657043457 y'761 = 269.3445739746 .. ,€,_

x 77' = 269.5472106934 y:77' = 269.7560119629

" x 78 = 272.6813964844 y 781 = 269.81-16057129 -" *

"" x 79 269.6702575684 v791  271.4771423340
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Standard vs. Direct DFT, 16-Point
Ii

Xi80 275.4037780762 y(8O] - 266.9851684570

" xi811 - 271.6023559570 y811 = 268.7348327637

xi82] = 270.4073486328 y(821 = 268.1242065430

xi831 - 271.3636474609 y(831 - 266.9815673828 L*

x[84] = 271.1292419434 y[84] = 269.1577758789

x(851 = 271.0298156738 y(851 = 267.4655456543

xf86] = 271.7021179199 y[86] = 269.4682617188

x[871 = 271.2106933594 y[87] = 269.5105590820

xi881 - 271.1216430664 y[88] = 268.2117004395
x891 - 270.6502685547 y[891 = 269.2516174316
xi90J = 268.8835449219 yj90] = 267.9707946777

xi911 - 271.6461181641 y[911 = 260.9583740234

x[921 - 268.6901855469 y[921 = 273.1594543457

xi931 = 269.4382324219 y[931 = 268.0898742676

x(94] = 270.8758544922 y[941 = 266.6210632324

xi95l = 272.0344543457 y[951 = 266.7901000977

xi961 = 270.6707763672 y(96 1 = 269.9903564453

x 971 = 267.9556884766 yf97 = 268.6535034180
xi981 = 269.1480712891 y(981 - 271.4492492676

xi99I = 267.2027587891 yJ99] = 269.9615783691

Real Imag

Mean 270.0033959961 269.8945596313

Std. Dev. 2.3937631598 2.3372463719
Minimum 260.9253234863 260.9583740234

Maximum 275.4037780762 277.2808227539
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Standard vs. Direct DFT, 17-Point

x.0 1 269.8819885254 y'O = 270.7600402832 "e.

xilj = 269.4014282227 y[l] = 272.1129150391
xi2l 272.0111999512 y[21 = 272.0293884277

xi3l - 268.9029846191 y(31 = 271.9183654785

x41 = 268.4132995805 y(41 = 268.0768432617

x[5] = 269.8236389160 y[5] = 268.0231933594
x(61 = 273.5191955566 y[61 = 266.7305603027
xj71 - 269.6670532227 y(71 = 269.5509643555
x[8] = 270.8864440918 y[8] = 269.4957885742

xi9l = 270.0984497070 y(91 = 269.8625183105

x1101 = 270.8583374023 y(IO] - 270.9628601074

x(tll = 270.8510742188 yill = 268.5837097168

xjl2] = 270.6906127930 y[12] = 268.6798706055

x(13 = 272.8601684570 y[131 = 273.6946105957
xr14 1 273.4621276855 y(141 - 266.7900085449
x151 = 268.5950317383 y[15] = 269.5240173340

x[161 = 271.8672485352 y[161 - 2 64.9834899902

xil7l = 271.0851135254 y[171 = 269.1212768555

xI 18! = 266.5239257813 y[1 8 1 = 274.0615844727

x{19 = 271.5162048340 y[19 = 270.4394531250

a '*, xi201 = 268.3395690918 y[201 -= 268.6579895020
xi21 ! = 267.7672424316 y[21- = 269.1622924805

xi22 = 268.6538391113 y[ 22 ) = 270.5011596680
xi231 = 269.3810424805 y[23 1 = 271.2490844727

xi241 = 270.8980407715 y[241 = 267.3539123535

X, 251 = 270.3724365234 y(251 = 268.2624511719

xi26 = 269.9035949707 y[26 - 269.6186218262

x1271 = 269.1344909668 y12 71 = 267.0343017578

Sx128i - 265.9377746582 yr281 = 270.1463012695

X291= 271.7009887695 v'2 9 - 267.6523132324

XI30 1 = 270.4732971191 y 301 = 267.3661193848

x 311 = 272.6469726563 y 311 = 272.1127929688

x -32! = 268.8228149414 y?32! = 269.0408935547

x 331 = 273.7104492188 vi33] = 273,3021291992

x'34i = 269.1943054199 y1341 = 269.5977478027

x"35' 271.5632019043 vi3l = 273.6456604004

x36 = 269..1310913086 Vr361 - 269.6079101563

x 371 = 268.1188354492 v 37 = 267.0-149218750 "-'.:::..'
x 38 = 269.1134338379 v 38i = 267.6660461426

- x 391 = 268.6231079102 y 391 = 272.7576904297
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Standard vs. Direct DFT, 17-Point

xi40] = 271.0748596191 y[401 = 264.4887695313
xi411 = 265.2482604980 y i4l] = 270.3030700684

x'421 = 265.4088439941 yj421 - 270.5873718262

xj431 = 269.1730346680 y[431 = 264.2818603516

x[44! = 272.2053222656 y[441 - 267.3887329102

x(451 267.9991455078 y[451 = 274.9462280273

x[461 270.1383361816 y[461 = 274.0894775391

xj471 271.5760498047 y[47] = 270.5509338379

x[481 270.5822143555 y[48] = 271.3222656250

xi491 273.2935485840 y49!f = 268.9748535156

x150I 269.3102416992 y[501 = 268.2997741699

x(51] - 270.2906494141 y[511 = 271.1800842285

xi521 - 268.3794555664 y[52] = 269.4108886719

x[531 267.1316528320 y[531 = 269.9113769531

xi54) - 270.3419189453 y(541 = 270.9147949219

xi55] - 273.1160583496 y[551 = 265.6920471191

x"561 = 271.4096984863 y(561 = 271.8542175293

X571 = 268.4126892090 y[57 = 273.2379760742

x[581 265.3532409668 y[581 274.1091918945

X;591 269.4324645996 y{59] - 270.6475219727

x60 = 269.1028747559 y[601 = 269.0531616211

x:61l 272.4880065918 y[611 = 269.4778442383

x;621 = 271.4067993164 y[62] = 272.0108032227

xi63 1 = 271.1753845215 yj631 = 271.3197631836

x =64i 270.3529968262 y[641 = 269.5959472656

X165; = 272.8681335449 yi65 = 267.4597167969 . c.

X;661 = 269.1588439941 y[661 = 265.5984497070

x,67 1 = 271.3894653320 y67I = '267.6537170410

x,68= = 270.2159729004 y 681 = 267.0043334961

x,69r 266.4914855957 yr6 91  271.4144897461

x[701 = 267.1986083984 yi70l 270.6966247559

x'71, = 266.6242675781 vI711 268.6539916992

x,72: - 271.1471557617 v721 268.8063354492
x,73= 268.0986633301 yv731 2 272.5935058594

x74, = 268.4238891602 y74 = 268.6405029297

x-75, 269.7712707520 y' 7 5 ; 269.3260803223

x 76: = 267.1796264648 v'761 266.6194763184

x 77 = 271.7876892090 v'77' 265.1469116211

x781 2715567626953 V78 = 269.6063537598

x 79 = 2700137939153 v 79i 269.1286315918
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Standard vs. Direct DFT, 17-Point

x 801~ = 265.9388122559 y[801l 270.9612121582
-X1811 = 268.4763488770 y[811 = 273.0566406250

x 821 = 268.9838867188 y[821 = 274.3491821289px[831 = 269.2582397461 y [831 = 269.8005065918
x(841 = 269.4443664551 y (841 = 273.0825805664
x[851 = 270.5592346191 y(851 = 261.4719238281

xJ86] 268.5687866211 y[861 = 267.5593872070 % .

x[87] = 272.0215148926 yJ87] = 270.6485290527e

*x[88] = 272.9148864746 y[88j = 262.5549926758
x '891 = 267.7056884766 y[891 269.8771667480
X!901 272.4746093750 y(901 267.7489624023

*X!911 = 273.3935546875 y[911 = 273.5779113770

x'921 = 266.5085144043 y (921 = 273.7836914063
x(931 = 264.3068847656 y[931 272.3791809082%

xi94j = 273.5789794922 y[941 267.7886047363
xj95) = 271.1185302734 y [95) 268.3768310547
xj961 = 263.3368225098 y (961 271.6583862305e

*x197" = 270.5970153809 y[97] = 269.5770874023
0i81 = 266.7500610352 y[981 274.2363281250

*ig 2(9 - .70.9354248047 Y(991 270.1430358887

.Real Imag
Mean 269.7790359497 269.7181231689

Std. Dev. 2.2153467436 2.6401404206
Minimum 263.3368225098 261.4719238281

Maximum 273.7104492188 274.9462280273



Standard vs. Direct DFT, 240-Point

• .= xi 176.9281005859 v[OI = 176.0798339844
x1i1 = 175.8159942627 y[l] = 176.5415496826 ',
xi2= - 175.2160034180 y[21 = 175.1606445313
xi3 1 = 175.4710540771 y(3] = 176.7188262939
x]4 = 176.0864715576 y[41 = 175.0678100586

x5! = 175.6123352051 y[51 = 175.8395233154
x[6] = 175.0600128174 y[61 = 176.5708312988
xi7] - 176.3147125244 y 71 - 176.7072753906
xi81 - 175.8805694580 y[81 - 175.4317932129
x:9 1 = 175.9056701660 y[9] 175.6567382813

xilOl = 175.5078125000 y[tO1 = 176.0266265869

xiii] = 176.0314483643 y(1ll - 176.3258056641
xj121 = 176.7476043701 y[121 = 176.8772735596

x131 - 175.7143096924 y[131 - 175.5060729980
x,141 175.2527618408 y[141 = 175.3540496826

xl5= 175.5321197510 y[151 = 175.8341979980
xi161 = 175.7600402832 y(161 = 176.0635375977

xi 171 = 176.2900390625 y[171 = 176.5039672852
xi 181 = 175.4552764893 y(181 = 177.0667724609

V 19! = 176.2388153076 y[t91 = 176.0251159668

x201 = 175.3146209717 y[20] = 177.0319824219

x212 175.7579803467 y1211 = 175.4255218506

v22, - 175.3465728760 y[221 = 176.9929962158

x 231 177.0458984375 yi231 = 176.3945007324
x 241 = 176.5691680908 y1241 = 174.9557189941

x 25 = 175.6906127930 yi251 = 176.5028533936

x 265 = 174.4704895020 yi26] = 176.0759582520
x 27 = 176.4285430908 y12 7 1 = 175.3894348145

x'28, = 176.7745819092 y,28 = 175.2816925049

x 29i = 175.0116577148 y 29 ! 175.5447692871

x 30i 176.6018676758 y:301 = 175.9234008789

x 31 = 175.1762542725 V.,31i = 173.9215393066
x 32 = 176.3634948730 y,32 = 175.5064239502

x:33 = 175.9099731445 y 33 1 = 176.224075317-1

x 34, = 176.0561370850 v341 = 175.6609039307

x 35 = 176.2507324219 vy35 = 175.1939849854

x 36 176.3163452148 y1361 = 175.3961791992

x 37 175.6886749268 v 37' = 176.181610107.1

x 38 175.1196289063 v:381 = 176.7167358398 "' ""
x 39: 176.7915344238 y:391 = 177.3120*269775
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Standard vs. Direct DFT, 240-Point

*x14O1 = 175.6382751465 y [401 = 176.2698364258

*x1411 = 176.2331542969 yj411 = 176.1804504395

xi42; = 176.0434112549 y[(42 1 = 175.7587432861

* x*431 = 175.8974609375 y[43) = 176.3019104004

xi441 = 174.9062652588 y[441 = 176.3957519531

*xi451 = 175.9091339111 yJ451 = 175.9953918457 .

*x[461 = 176.9732666016 y[46) = 175.7868957520

x[47I = 176.2299804688 y(47] 176.1300811768

x481 = 176.7227020264 y(48 1 = 174.9942169189

xi491 = 175.7549285889 vj491 
= 174.9685363770

Real Imag

Mean 175.9162899780 175.9954473877

Std. Dev. 0.5917510921 0.6040244160

Minimum 174.4704895020 174.9557189941

Maximum 177.0458984375 177.3120269775
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Standard vs. Direct DFT, 255-Point

x.0l- 176.9676361084 yiI -- 175.2451019287

xli 174.5153198242 yjll - 176.2055664063

x'21 - 174.5861968994 y(21 - 174.6942901611

x31 175.7495880127 yj31 = 175.2100830078

x41 175.2971343994 y(41 = 175.2332305908

x = 174.5655364990 y[5] = 174.9668121338

x '61 176.4736938477 y[61 = 175.4824066162

Txi 175.0034332275 y[71 = 175.5998382568

xiS - 176.3172302246 y[81 = 174.4532775879

K.91 175.8294982910 yj9j = 175.4020233154

x, 10! 175.3798675537 y[101 - 175.9258575439

x:l 175.6436309814 yIlll 176.3606414795

xl2- 175.7827758789 y[121 = 175.9241943359

x13i = 175.2949218750 y'131 = 175.1103210449

xi141 = 174.2272186279 y[141 = 175.7443389893

x 15 = 175.2727966309 y[151 = 175.5301971436
Sx 161 = 175.9711914063 y16 = 175.7611999512

x,17' = 174.3645629883 y171 -= 177.0066986084

x 18 175.1951751709 yilS = 176.0203552246

x 19 = 175.7872314453 v'191 = 176.1752777100

- 20i = 174.9986877441 y'201 = 176.0463256836

x21 = 174.9064483643 y21 = 176.6525115967

x 22: 175.4567718506 y 221 174.6132049561

x 23 - 175.2766571045 y!23i - 176.2723083496

"x 24 - 175.6004486084 y241 = 174.9115295410

x 5= 175.7740478516 y251 = 176.3608856201

x 26, = 176.3112030029 v 261 = 174.2060699463
x 27 = 174.8421936035 v27' = 175.5248870850

x 28 176.3071899414 y 281 175.9502410889
x 29 = 174.1696319580 v 291 = 176.0451202393

x 30 = 175.4562683105 v'301 175.7846221924

x 31 = 175.932 1798584 v31 = 175.1319427490

x 32 = 175.7597045898 , 32' 175.0276641846

x 33 = 176.0273742676 v 331 = 175.1878051758

x 34 = 174.3921966553 v34 = 176.3043670654

x 35 = 175.7931365967 v 35, = 175.1776916504

x 36 = 175.6822814941 v36, = 176.1872253418

x 37 175.6284790039 v 37' = 175.60818-181-15

x 38 175.1247863770 V 381 = 175.9:377.141406

x 39 176.3980560303 v 39= 17-1 821-1781-194
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Standard vs. Direct DFT, 255-Point

,... x40 175.2262725830 y[401 = 174.9261322021
* xi41 = 175.0415039063 y[411 = 176.4279937744

x!421 176.1199493408 y[421 = 175.8008728027
x[431 175.5458526611 y[431 = 175.7980651855 ..
x[44] - 175.7533569336 y[441 = 176.4787597656

x(451 = 175.9052429199 y[451 = 175.2508544922
x(46] = 175.4692535400 y[46] = 174.8632507324
x[47] = 175.8170623779 y[47] = 175.9199829102
x[481 = 175.5901489258 y(48] = 176.1115264893
xi491 - 175.8327026367 y[49 = 174.9668426514

Real Imag

Mean 175.4872805786 175.6130160522 .
Std. Dev. 0.6166290744 0.6181964662

Minimum 174.1696319580 174.2060699463
Maximum 176.9676361084 177.0066986084 .. .1

L I
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Standard vs. Direct DFT, 272-Point

1 xi=0 - 175.3172760010 y(0j = 175.6668548584

xill = 175.2134399414 y[Il = 175.1342163086
x'21 = 174.6766662598 y[21 = 175.0067749023

xi3l = 175.8343658447 y[3J = 174.6544647217

x!1 = 174.6794281006 y(41 = 175.0544738770

xi5) = 174.7781066895 y[51 = 174.3569335938

x6] f= 175.7173919678 y[6] - 175.3242187500
x[7) = 174.7194671631 y[71 = 174.3413238525
x081 = 174.6242370605 y[81 = 174.6977691650

xil = 174.6361236572 y(9] = 174.6449890137

xl0l = 174.8958282471 y[l1 = 176.0199432373
xOll] = 175.3851013184 y[ll = 175.5915069580
xI21 175.1615142822 y[12] = 174.6331939697

x13] = 173.5044860840 y[131 = 175.2667846680

x(14] = 175.7932128906 y[141 = 173.9664916992
xt51 = 175.0761718750 y[151 = 175.5431213379

x06 174.8210754395 y[161 = 174.4515075684
x17- 175.1059112549 y[1 7 1 = 175.4931030273

X! 1i81 175.3726654053 y[181 = 174.6825256348
x,191 = 175.6221313477 y(191 = 174.6659088135
x_ 20- 7 .30 463 y [201 = 174.7219696045 ~ .

x*21 - 174.5650024414 y[211 = 174.1995239258

xi22) 174.6980743408 y[2 21 = 175.3710479736

x23 - 173.9389953613 y[231 = 174.4743041992

x 24I 174.4600982666 y(241 = 175.2648773193
x;251 - 175.1066436768 yj251 = 174.6895141602
xi261 = 174.3740081787 y[26I = 176.3616333008

x[27' = 174.1670227051 y2 7 1 176.0292053223

X _ - 175.9723510742 y (281 = 174.9096527100

xi29i = 175.1481628418 yj29 = 174.7274627686

x130I 174.8263854980 y[301 = 174.9681091309

x:31 175.6766510010 y[31i = 175.3684082031

x.32 - 174.6771087646 y[32! - 175.4441986084

x331 = 175.5671997070 y'331 = 174.1645965576

v:34' = 176.4279022217 v341 = 175.6058502197

x 351 = 175.4553070068 v'351 = 175.6769714355

x 36 - 175.3783569336 v36i = 174.9795837402

x.37' = 175.1912384033 v'37 1 = 17-1.8423309326

x.38,= 175.2342376709 v,381 = 17-1.4134216309

x139i = 174.3762969971 y.391 = 175.0219268799
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Standard vs. Direct DFT, 272-Point

xi4Ol = 175.2068023682 yj4OI 174.7622070313
x!411 = 175.3159332275 y[411] 175.4618225098
x'421 = 175.1643066406 y [421 = 174.8082733154
0i31 = 175.0156707764 y[43] 174.7454071045

x41= 175.5962088850 yt441 = 175.1154479980

x[45) 175.4508225586 y[451 = 175.8812713623
xi461 = 174.8144683838 y(461 = 174.0914154053
x[471 = 176.2023773193 y[471 = 174.7069396973

x [481 = 175.1609954834 y[481 174.3604431152
x1.491 = 175.0452728271 y[491 174.8707122803

Real Imag
Mean 175.1093688965 174.9846926880
Std. Dev. 0.5806204977 0.5435851097
Minimum 173.5044860840 173.9664916992
Maximum 176.4279022217 176.3616333008
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Standard vs. Simulation, 15-Point

X:01 = 126.9658889771 y1O1 = 128.6595001221

xi1l = 127.1139373779 yjll = 125.0317230225

xi2l = 124.3147811890 yj2j = 130.9378356934

x(31 = 126.6682891846 yJ31 = 123.7885589600

x[4] = 128.8446350098 y(4] = 127.2956924438

x151 = 125.8834075928 y[S = 124.4208068848 .v.,.,

x (61 = 126.0367584229 y[61 = 127.0050735474

xf7 = 125.7816925049 y[7J = 126.9526977539

x[81 = 124.3878250122 y[8] = 125.0147018433

x9l - 123.5895309448 y[91 - 125.9368896484

xO 10! = 127.3346557617 y(1O = 125.1703872681

x[11) = 123.9044952393 y[1J =i 130.2939453125

x(121 = 124.7136917114 y(121 = 127.7754821777

x(13] - 126.8959732056 y[131 - 123.9404067993

xul4j = 125.4262542725 y(141 - 125.1703872681

xi! 15i 126.2954330444 y1151 = 124.6974182129

xi161 = 126.7282409668 y(16] = 125.8010559082

xil71 = 126.1213912964 y[171 = 123.6008453369

iX181 - 125.6085433960 y[181 126.4449844360

xi191 125.6101455688 y[191 127.8805313110

x1201 122.3669967651 y[20l 126.0266342163

x1211 = 125.6510925293 y[21! = 129.1865692139

xi22) = 128.3963470459 y[221 = 125.2900390625

xi231 126.4536743164 yi231 = 124.4100952148 %-

-X241 126.0329818726 y[241 = 125.9576416016

x;251 = 124.4752349854 y[25i = 127.6567687988

xi261 = 123.1487426758 y[261 = 126.0815734863

xi271 - 124.8630447388 yl271 - 125.0927429199

xi281 128.4418182373 yj281 - 125.2314453125

x291 - 127.6404342651 y(291 - 127.5886688232

x 30I 124.8626632690 y[301 - 128.0912170410

x 311 125.2672424316 y'311 - 121.3894500732

x;321 126.1647338867 yi32! 129,5290985107

x331 124.9801940918 y[331 126.7948989868

xi341 = 126.1622467041 y134 = 129.0379638672

xi35 = 125.2439117432 yj351 = 127.1847610474

x'36i = 122.9684448242 y 361 = 129.4932861328

x37 = 126.7451705933 y'371 = 125.9872894287

x138i = 127.6056671143 yi381 = 125.6809234619 .'

x391 = 128.3607940674 y'39i = 127,5285491943
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Standard vs. Simulation, 15-Point

x 401 = 127.6127700806 yj40l = 123.8710327148

xi411 = 128.1640472412 y 411 = 124.5534667969

x 421 = 126.5611190796 y[42] 128.2700653076

x431 = 126.7883224487 y[431 128.5454101563

x!441 = 127.5197525024 y[441 128.5200958252

x[45] = 124.3297882080 y[451 126.2699432373

x[46] = 126.3443374634 y[461 128.9873199463

x(471 = 127.4374389648 y[471 125.6204376221

xr481 = 127.3305206299 y[48] - 128.5934906006

x1491 124.4188232422 y[49] 126.6717681885

xi50 = 126.6728057861 yf501 = 126.5397720337

x511 = 125.3947372437 y[51] = 12-6.8625488281

x(521 = 125.8040542603 y[521 = 127.7437286377

x[531 = 126.8680572510 y[5 3 1 = 128.9866333008

x(54] = 125.6404037476 y[541 = 125.2381591797

x(551 = 124.9454727173 y[551 - 126.1306076050

x1561 = 124.2371215820 y[156] = 126.6063919067

xi57 = 125.3613662720 y[571 = 124.4652938843

x581-= 126.9989395142 y1581 - 127.6016235352

xi59 1 = 126.6637268066 y[59] = 127.5234756470

. - xi601 = 127.3334579468 y[601 121.6755905151

xt611 = 127.7255859375 y[611 = 126.1257476807

x;621 = 125.7728652954 y[62] 123.1785507202

. x1631 = 124.9451065063 y[631 = 127.4509277344
x 64 = 127.8579711914 yJ641 1200.5933532715

xi65 1 = 126.3562469482 y[651 124.7063980103

xV66 = 124.9039688110 y[661 = 129.1341094971

x(671 = 125.9150085449 y[6 7 1 125.2517395020

x1681 = 124.8955612183 y[681 = 124.9134750366

Xi69i = 125.8209228516 y[69i = 126.7678756714

v76 = 128.2415161133 yj70 = 126.4128189087

x! l1 = 126.5546951294 y1711 = 127.0057525635

x;72 , = 127.0476074219 v172! 1246814117432

Sx173 127.4869155884 yi73- 125.4552459717

XI ! =74r 126.9031820834 y7 41 = 125.3369293213

K 75 = 126.5438232422 y75 130.2485656738

X!761 125.9665832520 y'761 = 126.6366653442

xi77' 128.6787719727 y177! = 127.072-1945068

x1781 125.3847656250 y'781 = 127.0151290894

x:79 i  121.6201248169 y17 9 i = 127.9532546997
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Standard vs. Simulation, 15-Point

- xi80i = 125.8070831299 y[801 123.7141952515

xi81] = 126.6072845459 y[811 127.1912384033

x0821 = 125.6616973877 yf8 21 127.1672515869

x(831 = 127.5524520874 y( 8 31 = 125.1179733276

X[841 124.9084472656 y(841 - 125.3907165527 ..

xJ85) = 124.3799057007 y[85 1 124.6561660767
x[86) = 124.3708190918 y[86] = 124.7729339600 .

x[871 = 125.6674728394 y[871 = 127.2672195435

x[881 = 126.4710006714 y[881 126.4706115723

x1,891 = 124.8405914307 y(891 125.7980117798
x1901 = 125.8368682861 y[901 127.0739288330

xi911 = 123.6946792603 y(911 126.4280700684

x!921 = 125.9281616211 y(92= 123.9990463257

x931 = 124.6118316650 y[93) = 128.0190582275

xi941 = 124.6166687012 y[94) 127.2861557007
x(95j 126.3000869751 y[951 126.4723205566
x 96 = 125.5646057129 y[961 = 125.7940750122

xi971 125.2095794678 y(97= 126.0042343140
xi98i = 125.4065628052 yf981 = 127.6092834473

x*991 = 125.3776702881 yJ99) = 126.1830444336 '.-.

Real Imag
Mean 125.9391876221 126.3969137573

Std. Dev. 1.3873679241 1.8051794246

Minimum 121.6201248169 120.5933532715
Maximum 128.8446350098 130.9378356934
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Standard vs. Simulation, 18-Point

.-. xiO. - 131.6860504150 y[O] - 128.5588684082 -

" xil 126.2768936157 y[11 - 126.5050506592

x[211 = 129.6031494141 y[2] 125.9955062866

x[31 - 127.3920211792 yf3 ] 125.4859466553 , -

x[4] 130.0837402344 y(4- 128.9797515869

x[5] = 129.1377258301 y(5]- 128.2185974121 %

x[6] = 127.2726821899 y(61 = 127.4755172729

x[7) 126.6516876221 y[7] = 127.4683837891

x[81 = 128.4108276367 y[ 81 = 125.9150314331

x9l- 128.5280303955 y[9] = 127.2252960205

x[101 = 125.5002517700 y[1O] - 133.6931915283

x111 = 127.8747558594 yJ11 - 127.8566436768

x[121 = 130.7615966797 y[121 = 128.2600708008

xf131 = 124.7099914551 y[131 = 126.8356246948

xil4l = 128.4129943848 y(14] = 126.2015075684

x(151 = 126.9171371460 y(15] = 128.9027557373

X[161 = 131.8934173584 y[16] = 125.0395584106

xil7 = 127.7030563354 y[171 = 128.3233032227

x181 = 128.4555358887 y[181 = 127.7306365967

x 19 = 125.1961898804 y(19] - 128.1782684326

x[20I = 127.3693542480 y[2] - 131.4153137207

xi211 = 126.4642181396 y[21 1 126.6883087158

xi221 = 129.0205841064 y[221 = 126.4337387085

xi231 = 124.9503555298 y[ 231 = 132.9751434326

x1241 = 125.8017578125 y[241 = 127.3063812256

x;251- 126.2557220459 y[251 = 130.3205108643

xi261 = 124.4999465942 y[261 = 127.4365386963

X.271 = 125.2276916504 y[ 27 1 = 129.3834533691

x!281 = 126.0257110596 yJ28) = 130.0014343262

x1291 = 125.9543762207 y[291 = 127.5649948120

x;301 = 126.1363525391 y1301 = 128.7181854248

x,311 = 123.9893798828 y[311 = 129.1547698975

x 32! = 127.2222442627 y[32! = 127.8531951904

x1331 = 123.7135543823 y[33] = 130.2106018066

x(341 = 126.2118682861 y(341 = 128.7924041748

x:35! = 128.4245300293 y351 = 129.1282501221

x1361 = 125.4156341553 y(36i = 127.9233169556

x:371 128.2499237061 yj371 = 127.1410751343

x:381 128.5164947510 v38 = 125.4722213745

x:39i = 127.4740142822 y139 = 128.3810577393
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Standard vs. Simulation, 16-Point

.. x140 = 128.7833862305 yj401 = 127.5596847534

" x1411 = 127.2169799805 y"411 = 129.6949310303

xi42] = 126.2682266235 yj42) = 128.2455596924

x!431 = 126.7479629517 y[431 = 127.9707107544

xi441 = 129.6607360840 y(441 = 127.3498916626

x1451 - 130.4431762695 y[45] - 127.9753112793

x46] = 119.8516998291 y[461 = 129.3677520752

xf47] = 128.3192596436 y(471 = 128.5295715332

xi481 = 125.9970321655 y[48] = 128.0255126953

xi491 = 127.9612731934 y[49] = 128.1005249023

0xi50 = 128.5718841553 y[SO] = 129.4289245605

xi5l = 127.5533065796 y[511 = 128.1962890625 . -

xi521 = 127.1122436523 y[52] = 125.2886352539

x[531 = 124.5508193970 y[531 - 128.9994506836

xi541 - 124.2272644043 y[541 - 128.7111511230

x 551 - 125.7153244019 y[55 1 126.2460174561
xi561  126.5410690308 y[56] 130.8160705566

xi57,-- 127.0897369385 y[57 1 126.3504333496

xi581 = 125.0207595825 y[581 128.0140686035
xi591 = 129.4002075195 y(591 128.8536682129

x60i -- 125.3560104370 y[60- 127.4634628296

x;61i = 131.5325012207 y{6lj = 126.8283767700

x:621 = 128.2161865234 y[621 = 127.7228469849
x:63, - 128.2512817383 y[631 - 123.9412612915

x;641 = 124.1138458252 y[641 = 132.8595428467
x;651 = 128.7828826904 y165 = 128.0684661865

x:66i = 132.4055175781 y[661 = 124.2985458374

x;671 - 128.9963684082 y{671 = 127.7581024170

xi681 = 127.6422271729 v681 - 130.9707946777

x 69i = 127.7262344360 yi691 = 127.8050079346

x 70i - 127.9575729370 y701 126.2689437866

x 71 127.3208770752 V711 127.8360519409

x 72 = 128.9340209961 y "721 = 126.6705780029

x 73 = 127.7839202881 v 731 - 125.0569152832

x 74 = 126.7753448486 y!741 - 126.6033554077

x 75 = 127.6877136230 y 751 = 126.3947296143

x 76 126.5776748657 vy76 = 127.2083358765

x77 = 128.0478057861 v:77' = 126.9995956421

x 78 = 130.2034301758 v 78 128.5143127441
S x 79 = 126.2883758545 y 79! = 125.8590210479
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Standard vs. Simulation, 18-Point

* -".. xI80 - 129.0808410645 y8O) = 124.5049972534

X 131.4768829346 y[811 = 125.0545959473

x;821 128.4235992432 y[821 = 126.4251098633

x 831 129.9603576660 y[831 = 125.8778915405

xi84) 129.2503814697 y[84] = 130.3973236084 -
x[851 126.9571685791 y[851 = 125.9371643066

x[861 = 126.4190673828 y[86] = 128.4761199951

x(8 - 127.9010543823 y(87] = 124.4585342407- ."
x[881 128.4527130127 y[881 = 127.4746475220 "

xi891 126.0189590454 y(89] - 129.0239257813

x(901 - 127.2768096924 y(901 = 125.2287292480

x(911 130.0948028564 y(911 = 119.5501251221

xi92 - 125.2066574097 y[ 9 21 = 128.3637237549

xj931 - 132.5957794189 y[931 = 127.0037918091

xi941 127.9331283569 yf941 = 126.1179885864

xi951 130.7555236816 y[95) - 126.5633239746

oX96= 128.2622222900 y[ 96 1-= 128.1271057129

xi9 -71 127.0912322998 y[97= 125.1954727173

0i981 126.6822128296 y[9 8 1 = 128.4990844727

x1991 129.8872528076 yJ99] = 126.6480636597

Or Real Imag

Mean 127.5675023651 127.6293053436

Std. Dev. 2.0868934883 1.9825243937

Minimum 119.8516998291 119.5501251221

Maximum 132.5957794189 133.6931915283
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Standard vs. Simulation, 17-Point

X1iO = 121.4185028076 y[O = 123.7153015137

X""T = 120.8895874023 y[1] = 120.1140975952

xi2] = 122.3241653442 y[2] 118.8880996704

x 3] = 122.3515472412 y[31 = 123.6122055054
x 4) = 121.8156280518 y(4] - 120.1766967773

x[5] = 120.1210479736 y[5] 119.1418151855

x[6] = 122.2692947388 y(6] 119.3881454468

x[7] = 119.8981628418 y[7] 120.5820312500

x[81 = 120.7996978760 y [81 120.2281799316
xf9I = 119.6428146362 y[9] 121.8146896362

xlO] - 121.3981552124 y[101 120.2237091064

x[411 = 121.5536193848 y[11] = 120.7965164185 -

x[121 = 119.6506652832 y[12 1 119.2724609375

x13] 119.6428375244 yf13] = 120.6252441406

x[141 = 124.6930618286 y(14 1 118.6544799805

xi5] = 120.1872253418 y[15 1 120.4623184204

xi16i = 123.8273925781 y[16] 115.8238830566

x171 
= 122.0793380737 y[1 7 1 - 120.7008056641

xi181 = 117.1603088379 y(1 8 1 = 122.6836547852

x1191 - 119.4157943726 y[191 = 120.7734298706

x:.201 = 119.6562957764 y[ 20 1 = 121.8309707642

x;21I = 119.9624023438 y( 2 1- = 119.7293319702

xi22- 119.4375228882 y[ 2 2 1 - 122.8455047607

xi231 120.8168640137 y( 2 31 121.1245498657

x24' 121.7880325317 y]2 4 = 120.8520278931

x:251 121.4904479980 yf251 = 121.2198104858

x!261 120.1587295532 v 261-= 122.2774047852

x27' 119.0045394897 yj271 119.2919616699

x:8 28 117.8995742798 yi281 122.7669525146

x,29; 120.6625213623 y291 = 120.0256042480

x.301  120.9794235229 y[301 120.6208343506

x.3l 120.2607574463 y 31 = 120.6785888672

x 32, - 122.3692016602 v1321 = 118.19773864751
x 33 = 122.3941574097 y1331 - 120.3936767578

x341 = 121.3694000244 y 341 = 121.8156204224

x 35, 121.0974197388 yv35! = 121.806-1270020

x36 = 122.0919265747 y:36 = 120.8452835083

x 3V 123,8083877563 y!37) 122.1518173218

x 38' = 123.2192001343 vy38i = 121.1457931519 -

x 39 = 118.2859954834 v:39T 122.665,229797-1
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Standard vs. Simulation, 17-Point

xi401 = 123.1239242554 y 401l 117.5355682373

x411 - 120.5650024414 y,41-- 121.1293640137

xi421 = 120.1896514893 y[421 124.0279541016

xi431 = 123.9672164917 y[431-- 120.19720045898

x(44] = 121.1884918213 y[44] 119.4192123413

x(451 = 121.6450805664 y[451 121.3957824707

x[461 = 121.0041503906 y[461 121.1322631836 -..-..

xr471 = 120.9823379517 y[47 - 120.6914672852

x[481 = 121.4914703369 y(48] 121.1651840210

x[49 ! - 119.3569335938 y[491 118.9468841553

xi50 = 120.3198394775 y[501 - 118.2699966431

x511 - 118.8627700806 y[511 121.3817672729

x'52 ] - 122.6042404175 y(52] 120.2716064453

xi531 = 121.0762939453 y(531 = 123.8433456421

x(541 = 119.2531814575 y[541 122.4837036133

X1551 122.8533477783 y (551 120.4808044434

x1561 - 116.8894882202 y[56] = 118.2416763306

Xv57 = 119.6834869385 y[571 = 122.6411972046 -.

x581 - 118.9494781494 y[58] = 124.0523681641

x'591 120.2644271851 y(591 118.7395095825

xI601 = 119.9867706299 y1601 = 120.0951919556

xi61i = 120.6990814209 y(611 = 120.8575286865

xi621 = 119.1787338257 y[621 = 119.3044891357

xi63 = 121.7292327881 y(631 = 122.4385299683

x 641 - 121.7205047607 y641 = 120.2123947144

xi65 = 123.3698272705 yf651 = 119.6864852905

x166i - 123.7213287354 yj661 = 120.7648468018

x67' = 123.2931976318 v'671 - 119.0507125854

x681 121.8409805298 yj681 118.7207031250

x69i= 117.1487274170 y'691 = 121.1708145142

x70 = 117.6536636353 y[701 = 125.0488510132

x 71 = 120.4309310913 yi71l = 120.7217025757

x 72' = 120.3559417725 y172! = 123.0536117554

x 73 = 118.4559555054 yi 731 122.7774734497

x-74; = 120.2510299683 y[741 = 121.5375595093

x75 = 119.4515686035 y[751  1 22.0602645874

x 76, = 121.1188812256 y(761 = 118.9356307983

x 77 = 122.2433090210 y[771 = 121.0288772583

x 78, = 121.0973434448 v178i = 12.0551071167

x 71Y = 122.3748474121 v;791 = 120.-4308776855
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Standard vs. Simulation, 17-Point

x.801 = 117.8436126709 y 801 = 120.8064880371

x-81i = 119.2608795166 yj811 = 121.7909698486

x!821 = 125.2556686401 yj821 = 122.3520889282
X i831 = 120.3285446167 y[831 = 121.0553054810

x(841 = 118.6132125854 y[841 = 121.0168457031

xj851 = 121.4505996704 y[ 85] = 113.7971115112

x[86] = 121.8219985962 y[861 = 121.8599853516

xi871 = 122.8372497559 y[871 = 117.4337539673

x[881 = 122.3030853271 y[881 = 114.8612136841
xi891 121.3166961670 y[891 = 120.8127822876
x1901 123.1911087036 y[901 = 119.7116546631

xi91 - 121.0095520020 y[911 = 118.8702926636

x!92'1 117.8431091309 y[9 21 = 121.0273895264

xi93) = 117.5745162964 y[93 = 121.1828002930

xi94= 122.9829483032 y( 9 41 118.9766159058

xL95- 121.1741943359 y[951 - 121.1646194458

xi961  115.4362182617 y(96] = 122.9944000244

x,97 122.2885818481 yf971 = 121.9745864868 . .

x198i 117.1472167969 y[98] = 123.5706710815

x199i 120.5247573853 y(991 = 119.1383819580

Real Imag

Mean 120.7848806763 120.7065936279

Std. Dev. 1.8456750456 1.8482199671

.Minimum 115.4362182617 113.7971115112

.Maximum 125.2556686401 125.0488510132
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Block 19 (continued):

ABSTRACT

This research examines a very large-scale integrated
(VLSI) circuit implementation of the Winograd and Good-Thomas
algorithms for computing discrete Fourier Transforms (DFTs).
with composite blocklengths. The theoretical background for
calculating DFTs in general is developed, before the algorithms
of interest are presented in detail. Once the validity of the
algorithms is established, a VLSI architecture, which exploits .

the parallelism and pipelining inherent in the algorithms, is
discussed. Winograd processors use either the small or the
large Winograd DFT algorithm to compute DFTs with blocklengths
of 15, 16, and 17. Longer blocklength DFTs (240, 255, 272,
and 4080) are computed using a pipeline of Winograd processors,
dual-port memories, and an interface processor; the pipeline
uses the Good-Thomas Prime Factor Algorithm (PFA). Fault tol- .
erance was included in the initial design of the VLSI architec-
ture. Watchdog processors check both data and addresses of ac-
tive Winograd processors, while parity checking circuits incor-
porated in the Winograd processors augment data memory error-
correction coding (ECC).

The numerical accuracy of the VLSI circuit was determined
using a software simulation. The signal-to-noise ratio(SNR)
was used as the accuracy metric. The signal was the output of
a standard module, which used double-precision arithmetic, while
the noise was the difference between the standard and simulation
modules. The simulation module used integer arithmetic to exactly
mimic operation of the VLSI circuit. The outputs of the standard
module were also compared with a direct evaluation of the DFT
to verify that the standard module did compute a DFT. Results
of the comparison between the standard and simulation modules
for single-factor DFTs (i.e., 15, 16, and 17) indicate the VLSI
circuit can produce results accurate enough for synthetic aper-
ture radar and other demanding applications.
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