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FAST FOURIER TRANSFORM ON 8@86/8@88 MICROPROCESSOR

R.N.Misra and Akhilesh Kumar
- ABSTRACT S
V. East ~Fourier Transform (FFT) is’a powérul tebhniéue
used for digital-signai"processing .ﬁhile off-line FFT can
easily be performed on recorded data with the help of
Astandard software,the real time FFT requires optimisation
. of hardware as .well‘ as software.Large number  of
_ multiplications‘-and*additions required in computation of
“FET -necessitate use of special multiplier accumulator
. ‘hardware for realtime applications.Modern 16 bit
microprocessors' include instructions for binary
‘multiplication which can be effectively utilized for real
time FFT.A program written in the machine code of. £he
 microprbcessop can be optimised to increase the speed of
computation,and retain the resolutibn. of the output
»_data.The 266 point compqu FFT 4implementation described
here takes about 350 milliseconds on PC-XT operating at

4.77 MHz and 5@ milliseconds on PC-AT running at 8 MHz.

VKEYWORDS Fast Fourier Transform, 8086/8088,Real time.
Ehysical Resggrch Laboratory,Navrangpura,Ahmedabad»38@@@9
India.

'Indian Institute of Technoiogy,Kharagpur-721392,India

AN‘ ASSEMBLY LANGUAGE  PROGRAM FORinMPﬁEMENTATION*v~oFl; :



. does not give much information -about its ~-spectral -

ﬂlgharqqtgx;stiQSWThe- fourier*transform of a time varying

lkﬁsignaltﬂmépé At dn- the‘frequency “domain and _can be

iconveniently used -forxr this purpose Estimation of - fourier-
“transform:is governed by-the-following;equation,
A : 'S.(w);f_s-(t)exp(—jwt,) dt ........ Ceeeeeas weie (1)
,Whgre :w‘-qi_2af,f being frequency
ngt)=The timé'varying-signalpunder discussion

: and.S(h)=gFourier~transfprm of s(t)-
,_VThqggh‘ the real life quantities ,or their electrical
~analogs,are most often continuous in time ,the . processing
of such_Signals is being increasingly dohé with the heip‘
of digital hardware.The sigﬁals are therefore invariably
'.saﬁpled and only limited number of samples are available
for ‘extraction of further information.Number of samples
.ié chosen to satisfy-the requirement of the sampling
'ptheorem.The discrete form of the fourier +transform ,the
DFT, therefore,comes into picture.Now we are dealing with

a variable x which can have n discrete values;

TX(A)E X 53X 53X e eeiee X e i e (2)
e 1 N1

~ -and: we intend to estimate fourier transform of the
xabove signal x(t) from the N samples .The integration
;operation is substituted by summation and a discrete

~fourier transform(DFT) having a set of values X(n) can be

‘deflned as follows;

“ﬂAmplitude versus: time plot of a time varying parameteraar--



N-1

x(n) =1/N‘C_Z.'X(k')exp_(jzrr/N)kn ................... (3)
. . ©0 - : . . . o :
Whefé the's%efficients X(k)-gre given by
CX(k) = 2 x(n) exp(~J2T/N)KD il (4)
M:o ’

The quantity exp(-j2 7 /N) is written as W to save space

and the above equation takes the form

H- nk
X(k) =2 x(n) W ... S (5)
Nz o

The DFT can always be calculated with the help of the
above equation but it would require NXN complex
multiplications and N(N-1) complex additions and some
means therfore need to be devised to save the computation
time.

The fast fourier transform (FFT) is an algorithm to
compute DFT, which reduces the number of multiplications
to N log N, and therefore gives substantial time saving.It
is,therfgre,extensively used in spectral analysis of
sampled data.The number of samples available for .FFT
operation are dictated by the required +time resolution
and thé limitations posed by the hardware.Dyvik t and
others have described a program to compute FFT of 2566
data points .It was written for BBC Micro in BASIC and
rewritten in machine code of 6502 +to reduce time of
execution to about one second.Weysel Omer 9.4 : devised
a machine code program to implement FFT for a set of 128
data points with an accuracy of 32 bits on the same
microprocessor.However the 6502 does not have instructions

for multiplication in its instruction repeitoire and

further speedup may not be possible.The present day 16 bit



microprocessors like 8086 aﬁd 6800@ do ha#e instructions
for multipligétionvof,ls‘biﬁ data and storage of 32 bit
result and can thereforé béh effectively utilised for
FFTAThe authors chose 8d86 for its wide availability in
the form of IBM PC compatibles.
THE PROGRAM

The off-line computation of FFT is extensively used
and  exellent programs are available in the

literature.Burrus & Parks héve described a large
number of such programs optimiSed to different degree.Most
of the programs described therein are in FORTRAN language
and some in the assembly language of the 34@1@ digital
signal processor of Texas Instruments.The authors have
taken one of the FORTRAN programs (ibid ,page 59),as the
basis for the development of machine code program for
8086 .The original program has already been optimised to
some extent and any further optimization is not very
effective in reduction of computation time(ibid. page
60).Fig.1 shows the signal flow graph of a Decimation in
Frequency decomposition of 8 point DFT ,which forms the
basis of this program.The flowchart of the program
written in the machine code of 8086 has been given in the
fig.2

The 8086 microprocessor can handle 16 bit data with
ease.Most of the real world signals are usually available
in 18 to 12 bit resolution and Cap-therefore be easily
accomodated within 16 bit word.Two's complement form of

data further reduces processing time as the signs of the



bintermediafe vreSults Vneed not be adjuated at every
_ step.The” inbﬁt ’dafa .is Sgéled up £o_ océupy the more
Significant ‘bits to incréase the accufacy of the
result.For example 8 bit data is shifted 6 positions left.
to keep the data within 16 bits after one stage of
oberation.The sine and cosine tables aré generated in
binary form and +1 is normalised to 32767 (7FFFH).Thus the
coefficients are as large as practical and_the results of
multiplication and addition are shifted by one bit right
at every step to avoid overflow and truncation in the
subsequent operation.As +the sines and cosines of one
pérticular angle are used in one step,the sine cosine
table has been generated in such a way that the values of
cosine and sine of one angle are put together in four
bytes as one table entry.This requires only one pointer
and thus reduces the time of computation +to éome
extent.The table starts with the angle 2T and arguments
are decremented in the steps of 2 TT /256 degrees. The
program in the assembly language of 8@86 and the
trigoometric table have been given in appendices I and 1II
respectively. |
WINDOW FUNCTION

Célculation of fourier transform requires amplitude of
the signal at all times.Since any measurement is for
finite duration,it results in truncation of the signal in
time domain.Truncation of the input signal in time brings

inaccuracy in estimation of fourier transform.However the



signal may be assumed: to Be periodic WHich repeats itself
‘beypnd:theltime oqubservatiOn .0Or else it may be ' assumed
to be | zéro ever&where beybnd' the region of
observation.The signal isvéften multiplied by a window
function té isolate a zone. Estimate of DFT vin such cases
is the'Coﬁvolution of the DFT of the signal with +that of
the window function.A suitable wihdow function can be
chosen‘ to multiply every sample of the signal before
estimating the DFT to reduce the smearing effect caused by
Athe rectangular window ,i.e. when the samples of the
signal are used for estimation of DFT as it is. Window
functions are symmetric and have side lobes 1lower than
.that of the basic rectangular window
function.Triangular,Hamming and Hanning are some of the
window functions and the ripple in the spectrum estimate
gets reduced.by their use.Multiplication with the window
funcion would involve N more multiplibations over and
above N log N required by FFT algorithm.Thus a drop of
about 15 perzcent in speed may bé expected for a 256 point
FFT.Reduction gets progressively lower for larger number
of points _
EéTIMATION OF POWER SPECTRUM

The DFT is a map of the time domain input
sequence(discrete set of data points) in to the frequency
domain and is called its linear spectrum.Each element of
the DFT has both real as well as imaginary parts which
depend upon position of the signal.The square of the

amplitude of the linear spectrum is called the power



spectrum and may be obtainedbby ﬁquariﬁg‘and addihg the
real"éndvimaéinar& parﬁé of the each element of the DFT
.In fact it is more correctlf.called_a beriodogram and is
oﬁly an approximation to the.real power spectrum of the
input_'sequence.The power spectrum is widely used for

various signal processing applications.

PROGRAM USAGE

The program uses separate file for cosine and sine
tables which is copied into RAM at the beginning.The. data
file 1is also copied into separate RAM area in the next
step.The main program computes the FFT , unscrambles the
results, and places the same into the RAM space that
contained the input data .The unscrambling operation is
done by a separate subroutine.E&ch of the data points in
the -data file consist of 8 bit real and 8 bit imaginary
parts and the resultant FFT has 16 bit real and imaginary
parts .The amplitude of each point 1is computed by a
subroutine to facilitate generation of data boints of_
spectrum.These-may be plotted by usual plotting techniques
available in the PC.

This program has been tested by computing the
spectrum of artificially generated data comprising of
single sine wave,sum of two sine waves, square wave as well
as scintillation data .No window funtion has however been
used .The  input waveforms as well as compﬁted

spectra,plotted on linear amplitude as well as



~ time/frequency scale,'have been given in Figs 3 to 12A.

CONCLUSION

 An assembly language program to compute 256 point
~complex FFT on 8@86/8@88 microprocessor has been written
It takes about 35@ milliseconds on 8088 running at 4.77
MHz , 5@ milliseconds on 8@286 at 8 MHz and can therefore

be used for real time signal processing applications.
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APPENDIX I |

b

:This program generates DFT from 256 discrete points of data
Data is replaced by DET ,

DATA_HERE SEGMENT
POINTS EQU 2566 -
POWER EQU 8
EVEN ' '
TEMP - DW 1@ DUP(9)
SQRL DW Q0oeH
SQRH DW @0ddH -
TRTAB DW 40¢H DUP(@) ; TRIGONOMETRIC TABLE
DPTR DW 400H DUP(Q) ; DATA POINTER
RPTR DW 200H DUP(Q) ; RESULT POINTER
START DB ’FFT Program starts',6 @DH,@AH, 24H
DECIDE DB ’'Press P to proceed or Q to quit’,@DH,Q@AH, 24H
TR_FILE DB ’'Give trigonometric data file’,@DH,@AH, 24H
IN_FILE DB 'Give input data file’,@DH,©QAH, 24H
OUT_FILE DB 'Give result file name’,@DH,@AH, 24H ,
NEXT DB ’Do you want to proceed with another file’,@DH,@AH
DB 'If yes press P else press Q to qult’ ¢¥DH, GAH, 24H
FILENAME DB 4@ DUP(@)
READ_BUF - DB 40@H DUP(@)
ERR_PTR DW @
DW OFFSET ERR_MESS1
DW OFFSET ERR_MESS2
DW OFFSET ERR_MESS3
ERR_MESS1 DB ’INVALID FUNCTION NUMBER’ ,WDH, 0AH, 248
ERR_MESS2 DB ’'FILE NOT FQUND’,@DH, @AH, 24H
ERR_MESS3 DB ’'PATH NOT FOUND’,@DH,@AH,24H
DATA_HERE ENDS
STACK_HERE SEGMENT
STACK 10@ DUP(@)
ST_TOP LABEL WORD
STACK_HERE ENDS
CODE_HERE SEGMENT

SM_SYS GROUP CODE_HERE, DATA_HERE, STACK HERE

ASSUME CS:SM_SYS, DS:8M_SYS, SS:SM_SYS

- MOV AX,SM_SYS

MOV DS, AX

MOV S5, AX

MOV ES, AX .

MOV SP,OFFSET SM_SYS:ST_TOP ;Initialize stack.

MOV DX,OFFSET SM_SYS:START

MOV AH, @9H

INT 21H

MOV DX,OFFSET SM.SYS:TR_FILE ;Ask for trigonometric file
MOV AH, @9H

INT 21H

MOV CX, POINTS ;File length of trigonometr:



REP

BACK:

QUIT:

DO_IT:

ADJST:

NEXTK:

SHL
SHL

" CALL

MOV
Mov
MOV
CLD
MOVSB
MOV
MOV
INT
MOV
INT
CMP
JE
CMP
JE
CMP
JE
CMP

JMP
MOV
INT
NOP
MOV
MOV
INT

MOV

SHL
CALL
MOV
MOV
MOV
MOV
MOV
PUSH
MOV
SHL
POP
INC
MOV
INC
INC
LOOP
MOV
MOV
MOV
MOV
PUGH
SHL
MOV
MOV
SHR
PUSH

CX,1 _ ~ jdata is 4%POINTS containg

CX,1 ; ;16 bit Re & Im values.

LOAD ‘

cxX,Ax - . _ o :

SI,OFFSET SM_SYS:READ_BUF ;Copy the contents of trig-

DI,OFFSET SM_SYS:TRTAB ;—onometric file from read -,
o = ;buffer to TRTAB. -

DX,OFFSET SM_SYS:DECIDE iAsk to proceed or quit.
AH, @8H

-21H

AH, 0
16H :
AL, 51H ;If it is ’Q’ or ’q’ then quit.
QUIT

AL,71B

QUIT '

AL, 50H ;If it is P’ or 'p’ then
DO_IT v ;read input file name.

AL, 70H

DO_IT

BACK

AX, 4COGH ; Terminate the process and

21H ;exit to the calling procedure.

DX,OFFSET SM_SYS:IN_FILE ;Ask for input file name.

AH, @8H

21H :

CX,POINTS ; Input file length 2%POINTS
CX,1 ;containing both Re & Im data.
LOAD

CX,AX . ;5tore filelength in cx.

DI,OFFSET SM_SYS:DPTR
SI,0FFSET SM_SYS:READ_BUF

AX, @ : ;Adjust the input 8 bit data
AL, [SI1] ;by shifting it left 6 times.
CX

CX,6

AX,CL

CX

SI

[DI],AX

DI

DI

ADJST

CX,POINTS ;i N=256
AX, POWER ; M=8

DX, @0@2H ; IE=1/2
BX, 00J1H i K=1

AX

DX,1 ; IE=21IE
SI,OFFSET SM_SYS:TRTAB ; TA=1
BP,CX ; N1=N2
CX,1 i N2=N2/2
CX



DX,OFFSET SM_SYS:FILENAME

DX,OFFSET SM_SYS:FILENAME

E' - PUSH DX
| PUSH  BX
- MOV  AX,0001H
@EXTJ:  PUSH  AX
’ - PUSH '~ AX :
MOV BX,CX
‘PUSH " SI
MOV AX, [8I]
MOV TEMP,AX
INC SI
INC SI
MOV AX,[8I]
MOV - TEMP+2, AX
POP ST '
ADD SI,DX
POP AX
CALL MAIN
POP: AX
INC AX
"CMP ‘AX,CX
JLE  NEXTJ
POP BX
POP DX
POP CX
INC BX
POP AX
CMP  BX,AX
JLE NEXTK
CALL UNSCR
CALL AMP
CALL MAXIM
JMP WRITE
LOAD: MOV
MOV FILENAME, 4@
MOV AH,0AH
INT 21H
MOV DL, @DH
MOV AH,@2H
INT 21H
MOV DL, QAH
MOV AH,@2H
INT 21H
MOV BL,FILENAME+1
ADD - BL,@2
MOV BH, 0@
MOV FILENAME[BX], 2@
MOV
ADD DX, @2H
MOV AL,Q
MOV AH, 3DH
b INT 21H
¢ck for file error
JNC OK
ROL AX,1
MOV BX, AX
3

Jd=1

; BX=N2.

; AX=WR(IA)
; TEMP@=WR(IA)=C

; TEMP1=WI(IA)=S

; IA=TA+IE
yAX=J

; Increment J.
;Is J=<N27 If yes do another
;iteration.

; Increment K.

; If K=<M,do another iteration
jotherwise FFT complete.
;Unscramble the result.
;Absolute values of result.
;Maximize the result.

yBOtore result in a file.

;For loading the file.

;jMax character for file name= 4@

;Read input filename from
;keyboard.
;Output <cr> and linefeed to
; the display. .

;Make last 'character in file
;name read as .

;Open the specified file to read

;If file error then give
,error message.



MOV DX,OFFSET SM_SYS:ERR_PTR[BX

MOV  BH,® | T
MOV  AH,Q9H - ,
INT  21H

MOV  DL,@DH
MOV' * AH,@2H

INT  21H . o - g

JMP  BACK | s , :
oK: MoV BX, AX ;O0therwise get filehandle & save

PUSH BX ;it for closing the same file.

MOV DX, OFFSET SM;SYS:READ;BUF

MOV -AH, 3FH :Read the input file upto eof or

INT ~  21H ;max characters specified in cx
POP BX ~;and store in READ_BUF.
PUSH AX ;Save filelength.
MOV AH, 3EH :Getback filehandle and
INT 21H ;close the file.
POP AX
RET
MAIN: SHL BX,1 '
SHL ‘BX,1 ; BX=N2
NEXTI: PUSH AX
' SHL AX,1
SHL AX, 1
ADD AX,OFFSET SM_SYS:DPTR ;AX=1
SUR AX, 4
MOV DI,AX
MOV AX,[DI] ; X(I)
PUSH AX .
SUB AX, [BX+DI] ;X(I)-X(L) L=I+N2
MOV TEMP+4, AX : TEMP2=X(I)-X(L)
POP AX
ADD AX, [BX+DI] X(IH)+X(L)
SAR AX, 1 ~
MOV [DI],AX ;X(I)=[X(I)+X(L)1/2
MOV AX, [DI+@2] s Y(ID)
PUSH AX
SUB AX, [BX+DI+@2]
MOV TEMP+6, AX ; TEMP3=Y(I)-Y(L)
POP AX
ADD AX, [BX+DI+@2]
SAR AX,1
MOV - [DI+@2],AX sY(I)=[Y(I)+Y(L)1/2
PUSH DX
PUSH CX
- PUSH BX
MOV AX, TEMP
IMUL WORD PTR TEMP+4 : TEMP@*TEMP2
PUSH AX
PUSH DX
MOV AX, TEMP+2
IMUL WORD PTR TEMP+6 ; TEMP1xTEMP3
MOV BX, AX :
MOV CX, DX
POP DX



UNSCR:
CONTD:

ROTATE:

. POP

?Wroutine for unscrambling the result of FFT

AX .
SUB  AX,BX
SBB  DX,CX
PUSH - DX
MOV  AX,TEMP+2 -
“IMUL- WORD PTR TEMP+
PUSH DX ,
PUSH AX
MOV  AX,TEMP
IMUL  WORD PTR TEMP+6
MOV  BX,AX
MOV  CX,DX
POP-  AX
POP DX
ADD  AX,BX
ADC  DX,CX
MOV  CX,DX
POP DX
SAR  DX,1
SAR  CX,1
POP  'BX
MOV [BX+DI+@2],CX
MOV [BX+DIJ, DX
POP  CX
POP DX
POP  AX
ADD  AX,BP
CMP  AX,POINTS
JLE  NEXTI
RET
MOV  CX,POINTS
MOV  BX,®
PUSH CX
PUSH  BX
PUSH  BX
MOV  CX,8
RCL  BL,1
RCR  BH,1
LOOP  ROTATE
MOV  CL,BH
POP  BX
CMP  BL,CL
JGE  NEXT1
SHL  CX,1
SHL  CX,1
SHL  BX,1
SHL  BX,1
MOV DX,BX
MOV AX,DPTR[BX]
MOV  BX,CX
XCHG  AX,DPTR[BX]
MOV BX,DX
MOV DPTR[BX],AX
INC  BX

-; TEMP@*TEMP2~TEMP1%TEMP3

: TEMP1%TEMP2

; TEMP@*TEMP 3

; TEMP1*TEMP2+TEMP@*TEMP3

Y(L)=[TEMP1*TEMP2+TEMP@*TEMP3]/

; X(L)=[TEMPO*TEMP2+TEMP1*TEMP3]/

; I=I+N1
; IF I<=N THEN REPEAT

from in place calculation.
;No. of points to unscramble.
;Set pointer at the start.
;Save no. of points to be
;unscrambled & the pointer.

;Reverse the order of the bits
;in BL,which contains the
;pointer,and give the result
;in BH.

;If pointer is greater than
;or equal to the bit reversed
;pointer,data is not inter-

; ~changed.

;Multiply both the pointers by
14 to indicate actual memory
;location.

;Interchange the data at the
;memory locations pointed by
;the two pointers.First inter-
; —change real part of data.

:Increment pointers to the



NEXT1:

REP:

CONT:

STORE :

MODIFY:

INC
INC
INC

MOV

MOV

MOV .
“ XCHG

MOV
MOV
POP
INC
POP
LOOP .
RET.

MOV
MOV
MOV
MOV
MOV
IMUL
PUSH
PUSH
INC
INC
MOV
MOV
IMUL
MOV
POP
ADD
MOV
POP
ADC
INC
INC
PUSH
MOV
MOV
MOV
MOV
MOV
IMUL
CMP
JL
JZ
SHR
MOV
NOT
AND
JZ
OR
JMP
MOV
INC

BX

CX

CX

DX,BX .
AX,DPTR[BX]

- BX,CX

AX,DPTR[BX]
BX,DX
DPTR[BX] , AX
BX

BX

cx

CONTD

]Moutine for amplitude of complex quantities.

CX, POINTS
SI,0FFSET SM_SYS:DPTR

‘DI,OFFSET SM_SYS:RPTR

AX, [S81]
BX, AX

‘BX

DX
AX

SI

SI

AX, [SI]
BX, AX
BX

BX, AX
AX
AX,BX
BX, DX
DX

DX,BX

SI

SI

CX .
SQRL:AX
SQRH, DX
BX, 400©0H
CX,BX
AX, BX
BX
SQRH, DX
RESET
LOWER
CX,1
AX, BROH
AX
AX,CX
STORE
BX, CX
CONT
(DI],BX
DI

;imaginary part of data.

; Interchange imaginary parts.

; Increment pointer.

iThis subroutine takes the
;sqare of 16 bit Re & Im parts
;of complex number and after
;adding them takes the square
yroot of the sum by successive
;approximation.



RESET:‘

LOWER:

WRITE:

YES:

INC

. POP
LOOP
RET

NOT
AND
NOT
JMP
CMP
JL
JMP .
MOV
MOV
INT
MOV
MOV
MOV
INT
MOV
MOV
INT
MOV
MOV
INT
MOV
ADD
MOV
MOV
MOV
ADD
MOV
MOV
INT
JNC
ROL
MOV
MOV
MOV
INT
MOV
MOV
INT
JMP
MOV
PUSH
MOV
MOV
MOV
INT
POP
MOV
INT
MOV
MOV
MOV

DI

X .

REP

CX
BX,CX
CX
MODIFY
SQRL, AX
RESET

' MODIFY ‘
DX,OFFSET SM_SYS:OUT_FILE

AH,©@9H
21H

DX,OFFSET SM_SYS:FILENAME

FILENAME, 40
AH, @AH
21H

.DL, @DH

AH,@2H
21H

DL, GAH

AH,@2H

21H

BL, FILENAME+1
BL,@2H

BH, 00
FILENAME([BX], 0%

DX,OFFSET SM_SYS:FILENAME

DX, ©2H
CX,0o0H
AH, 3CH
21H
YES
AX,1
BX,AX -

;Ask for the output file name.

;Read output file name.
;Output <cr> & linefeed to the
;display.

;Make the last character of
;the file name 0@.‘

;File attribute.
;Create file for write.

;If error occurs give message.

DX,OFFSET SM_SYS:ERR_PTR[BX]

AH,@9H
21H

DL, @DH

AH, @2H

21H

BACK

BX, AX

BX

DX,OFFSET SM_SYS:RPTR
CX, 200H

AH, 42H

21H

BX

AH, 3EH

21H

'DX,OFFSET SM_SYS:NEXT

AH, @9H
BH,d

; Get filehandle and save it.

;Write data of RPTR in the
;output file.

iClose output file.

;Ask if another file is to be
;proceeded with FFT.



INT 21H

JMP BACK
' Moutine for maximizing the result to facilitate plotting
MAXIM- MOV 'SI,OFFSET SM SYS RPTR v
_ MOV . DI,sl
INC &I
INC SI
MOV CX,POINTS
SUB CX,1
SHL CX,1
PUSH CX
. MOV.  AX,09
~ INC SI
INC SI
LOOP DO
MOV BX, 00
STC
A RCL AX,1
ROT: ‘ RCL AX, 1
INC BX
JNC - ROT
POP CX
OTHER: MOV DX, CX

MOV CX,BX
MOV AX, [DI]
SHL - AX,CL
MOV {DI],AX
INC DI

INC DI

MOV CX, DX
LOOP OTHER
RET

JE_HERE. ENDS
- END




‘Values of Cosine and Sine ha

-in sequence each occu
last Sin 2 77 ./256.

OBFD:
OBFD:
OBFD:
@BFD:
@BFD:
@BFD:
@BFD:
OBFD:
©OBFD:
@BFD:
OBFD:
OBFD:
OBFD:
@BFD:
OBFD:
@BFD:
OBFD:
@BFD:
©BFD:
OBFD:
@BFD:
OBFD:
@BFD:
PBFD:
OBFD:
@UBFD:
@BFD:
@BFD:
OBFD:
@BFD:
@BFD:
OBFD:
@BFD:
@BFD:
OBFD:
- @BFD:
@BFD:
@BFD:
PBFD:
@BFD:
@BFD:
@BFD:
OBFD:
@BFD:
@BFD:
OBFD:
@BFD:
OBFD:
OBFD:
@BFD:
@BFD:
OBFD:
ZBFD:
9BFD:
@BFD:
@BFD:
@BFD:
@BFD:
@BFD:
@BFD:
@BFD:
OBFD:
@BFD:
@BFD:

2100

2110
2120
@130
P140
2150
0160
o170
2180
o190
21A0
21B2
21Co
01Do
Q1EQ
Q1FO
0200
2210
0220
2230
P24
0250
2260
Q270
2280
02902
O2A0

@282

v2C0
@2Dg
Q2EQ
O2F0
0309
2310

2320 .

2330
2340
2350
2360
2370
0380
0380
P3A0
©3B2
23Co
23D2
Q3EQ
@3Fe
2400
Q410
0420
2430
2440
2450
2460
24790
2480
2490
P4A0
94BO
24C2
2400
O4EQ
J4F0

FF

61
89

7C.

41
E2
6D
F1
82
33
1C
56
FB
28
F9
8C
o2
74
27
D8
25
AA
E4
CD
7E
©OF
83
1E
BF
84
77
9F
21
9F
77
84
BF
1E
93
gF
7E
CD
E4
AA
25
D8
a7
74
%]
B8C
F9
28
FB
56
1C
33
82
Fl
6D
E2
41
7C
88
61

F
TF
7D
T7A
76
70
6A
62
5A
51
47
3C
32
25
18
ec
%)
F3
E7
DA
CF
C3
B8
AE
A5
8D
85
8F
89
85
82
8@
80
80
82
85
89
8F
95
8D
A5
AE
B8
C3
CF
DA
E7

.F3

o0
@c
18
25

30.

3C
47
51
5A
62
6A
7@
76
7A
7D
F

TRIGONOMETRIC TABLE

20
74
27
D8
25
AA
E4
CD
7E
oF
93
1E
BF
84
77
9F
@1
gF
77
84
BF
1E
93
oF
7E
CD
E4
AA
25
D8
a7
74
20
8C
F9
28
FB
56
1C
33
82
F1
6D
E2
41
7C
89
61
FF
61
89
7C
41
E2
6D
F1
82
33
1C
56
FB
28
F9
8cC

%)
F3
E7
DA
CF
C3
B8
AE
A5
9D
95
8F
89

85

82
8@
80
80
82
85
89
8F
95
8D
A5
AE
B8
C3
CF
DA
E7
F3
145
@C
18
25
3@
3C
47
51
5A
62
6A
72
76
TA
7D
7F
7F
7F
7D
TA
76
70
6A
62
5A
51
47
3C
390
25
18
@c

ve been entered as 21
pying two bytes. - Firs
The argument is de
- step.  Values are normalized to 7 FFF(H

F5 7F

29
E3
89
24
)
A6
EB
42
BF
TA
8cC
11
23
E2
6A
DC
55
F5
DA
21
Eg
4C
65
4D
18
DD
AC
95
A4
E3
5A
¥B
F7
1D
77
FC
A2
5A
15
BE
41
86
74
EF
DD
1E
96
24
AB
@B
26
DF
17
B4
9B
B3
E8
23
54
6B
5C
1D
A6

7F
7C
79
75
6F
68
60
68
4E
44
39
2E
22
15
29
FC
Fe
E3
D7
cC
Ce
B6
AC
A3
$B
83
8D
88
84
81
82
80
80
83
86
8A
80
97
9F
A7
Bl
BB
cé
D1
DD
EA
F6
@3
QF
1C
28
33
3F
49
53
5C
64
6C
72
77
7B
7E
7F

DC
55
F5
DA
21
E9
4C
65
4D
18
DD
AC
95
A4
E3

5A

2B
F7
1D
77
FC
A2
5A
15
BE
41
86
T4
EF
DD
1E
96
24
AB
2B
26
DF
17
B4
9B
B3
E8
23
54
6B
5C
1D
A6
F5
29
E3
89
24
S5E
A6
EB
42
BF
TA
8C

11

23
E2
6A

—
APPENDIX II

FC-D8

Fo-9C
E3-29
D7-84
CC-B5
Co-C9
B6~-CF
AC-D7
A3-F5
9B-3F
83-CE
8D-BA
88-1F
B84-1A
81-C8
80-48
80-B8
80-38
83-E6
86-E1
8A-46
90-32
g7-C1
9F-0B
AT7-28
Bl1-31
BB-37
C6-4B
D1-7C
DD-D7
EA-64
F6-28
03-28
OF-64
1C-D7
28-7C
33-4B
3F-37
48-31
53-29
5C-@B
64-C1
6C-32
72-46
77-E1
7B-E6
TE-38
TF-B8
7F-48
7F-C8
7C-1A
78-1F
75-BA
6F-CE
68-3F
60-F5
58-D7
4E~CF
44-C9
39-B5
2E-84
22-29
15-9C
29-D8

TF
7E
7C
78
73
6D
66
SE
55
4C
41
36
2B
1F
12
26
F9
ED
E@
D4
c9
BE
B3
AA
Al
89
82
8C
87
83
81
80
8o
81
83
87
8C
92
99
Al
AA
B3
BE
C9
D4
EQ
ED
F9
g6
12
1F
2B
36
41
4C
55
5E
66
6D
73
78
7C
TE
TF

B8

38
E6
El
46
32
C1
ZB
29
31
317
4B
7C
D7
64
28
28
64
D7
7C
4B
37
31
29
@B
C1
32
46
El
E6
38
B8
48
c8
1A
iF
BA
CE
3F
Fb
D7
CF
Cc8
B5
84
29
9C
D8
D8
9C
29
84
BS
Co
CF
D7
F5
3F
CE
BA
1F
1A
cs8
48

F9
ED
EQ
D4
C8
BE
B3
AA
Al
99
82
8C

87.

83
81
80
80
61
83
87
8C

82

88
Al
AA
B3
BE
C9
D4
Eg
ED
Fo
o6
12
1F
2B
36
41
4C
65
5E
66
6D
73
78
7C
7E
TF
TF
7E
7C
78
73
6D
66
5E
55
4C
41
36
2B
1F
12
g6

$ complement valyes

t entry is Cos 21T and the
cremented by 2 77

1256 in every
) = +1 and B8001(H) = )

A6
1D
5C
6B
54
23
E8
B3
9B
B4
17
DF
26
B
AB
24
96
1E
DD
EF
74
86
41
BE
15
5A
A2
FC
77
1D
F7
@B
5A
E3
A4
95
AC
DD
18
4D
65
4C
E9
21
DA
F5
55
DC
6A
E2
23
11
8cC
TA
BF
42
EB
A6
3
24
89
E3
@9
F5

-1,

7F
7E
7B
77
72
6C
64
5C
53
49
3F
33
28
1C
oF
o3
Fé
EA
DD

8
1E
DD
EF
74
86
41
BE
15
54
A2
FC
77
1D
F7
@B
5A
E3
A4
95
AC
DD
18
4D
65
4C
Eg
21
DA
F5
55
DC
6A
E2
23
11
8C
TA
BF
42
EB
A6
SE
o4
89
E3
29
F5
A6
1D
5C
6B
54
23
E8
B3
9B
B4
17
DF
26
2B
AB
24

F6
EA
DD
D1
Ccé
BB
B1
A7
9F
87
90
8A
86
83
80
80
80
81
84
88
8D
83
9B
A3
AC
B6
Co
CcC
D7
E3
Fo
FC
29
15
22
2E
39
44
4E
58
60
68
6F
75
78
7C
TF
7F
F
7E
7B
77
72
6C
64
5C
53
49
3F
33
28
1C
oF
23




Note; X - X . DATA ARRAY (LEFT)

o 7
Xo - x7 : SCRAMBLED OUTPUT ( RIGHT)
W : exp (=12 T [N)
Fig.l ot SIGNAL FLOW GRAPH FOR DECIMATION IN FREQUENCY

DECOMPOSITION OF 8 POINT DFT (Ref.9, p.304)




__ NI=N2N2=N2/2

Initial | | Y
| ' " '
n! \r/'ze-" — ] J=1
— — : I Y
Load trigo. table 1 C=WR(IA»S=WI(IA)
Reaod data file | 1=J
1% A Y
hdjust data bytes by | L=ITN2
shifting left 6 times /
_ XCTI=XCD~X(L)
Y | XCD=XCD+XCL)
Y{T>=YD-Y(L)
Input no. of polnts N YCD=YCD+YL)
& M where M=log,N | T XCLI=XCTIRC-Y(T)%S -
: \7 1 YCLY=XCTHO#S+Y(TI*C
N2=NK=L1E=1/2 | Y
- I=I+N1
> |
- >
Yes
Unscromble R
the result -
| V4 | "'&E!"’NO
Get the amplitude
of complex numbers N Yes
/ K=K+1
- Store the result |
No I
Y —< oM
C STOP ) Yes
< J

NN

FIG2 FLOW CHART OF FFT PROGRAM
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7

AMPLITUDE DURING ONE CYCLE OF SINE WAVE (SAMPLED

IN 256 PARTS)

TIME T

|« /T

FIG.4

—
>

FIRST 64 ELEMENTS OF DFT FOR THE WAVEFORM O

F FIG.3.

‘H‘I‘llllllHlllll||Ill| R
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FREQUERCY




1A1

)
o —> . - TIME T
FIG.5 : AMPLITUDE DURING ONE CYCLE OF SINE WAVE ADDED
TO 1T5 SECOND HARMONIC.
. v e ' > FREQUENCY

FIG.6

FIRST 64 ELEMENTS OF DFT OF WAVEFORM IN FIG.5.




1Al
o~

[

T - S — S . TIME |
, { gl
ONE CYCLE OF SQUARE WAVE. |

FREQUENCY
FIRST 64 ELEMENTS OF DFT OF WAVEFORM IN FIG.7.




1Al

a0

3
. ’ TIME |

. FIG.9 .

Two CYCLES OF SQUARE WAVE. . .

] | . \ ) \

| 2/ |+

Fi6 10 FIRST 64 ELEMENTS ofF BFT FR
TWO CYcLES OF g&. WAVE (FiG9)

FREQUENCY



o

TIME
FIG.11 : IONOSPHERIC SCINTILLATION DATA.

1Al

M\AM Mo A m-ﬁv_n}\ MAMM

» FREQUENCY

FIG.12 : PLOT OF AMPLITUDE OF DFT FOR ALL THE 256 ELEMENTS.



