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COMPUTER SIMULATTON OF_1-BIT DIGITAL AUTOCORRELATOR

8.K, Alurkar and D.R. Kulkarni
Abstract

Computer 51mulatlon of a 1~ blt dlgltal autocor—kL
relator is performed. A comparlson study is made of the
power speetraAof the cenerated random nolee using an 1dea1
filter and another 31mulated fllter hav1ng 1ts character—
istics identical with those of the actual filter of the
correlator. 'Furthermbre,‘ﬁhe effect-Of hard-clipping the
noise, followed by the Van Vleck correction, on the power -
spectra in the case of the two Tilters is also studied. Tt
is shown that the rms deviation of the power spectrum of"

. the clipped noise is less than 5% as compared with that of
the unclipped noise., The amount of departure of the
characteristics of the real filter’from'these of the ideal
one determlnes the shape of the measured power upectrum,_
It is concluded that thls 51mulatlon exer01se has glven a
deep 1m51pht into the de81gn.parqmeters and ovelqll func—

tlonlno of the 1—b1t autocorlelator.
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I. 5Intfédﬁéfion:

Computer simulation of signals and signal proceg-
sing systems provides a deep insight into the overagll
operation of such systems. The simulation exercies enables
one to acquire g prior knowledge of the'functioning of g
system under design'sincé.one has the freedom of playing
with various values of the system. parameters and studying

their effect on the.oﬁeration of the system,

_ We report here computer simulation}of a 1=bit -
digital aubocorrelator that is under development at the .
Physical Research Laboratory, Ahmedabad This correlator
will form the back-end of an RF spectral line receiver to
be used for the detection of intense narrow-band emissions
ab frequencies of 166%.4 and 1667.% MAz from interstellar =~
hydroxyl (OH) molecules. | | |

II. The 1-bit_agutocorrelator:

The Qveralllfuhctioning of the autocorrelator
consists of hardware as well as software operations. 4
block diggram of a 4-bit autocorrelator (Weinfeb 1963)
is shown in Figure 1, MEmuntMahaﬂmmeumis(Mde
with solid 11nes) namely, noise. source, filter, Cllpper,
Sampler and correlator are enclosed in g rectangle with

dashed-llnes, while the dashed-line block at the bottom
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"fepfesents software operaLlODS namely, Van Vleck co”reotlon,
smoothing and Fourier Transform. The source is a radio
noise which, after band-llmltaLlon, is hard—Cllpped retain-
ing the- phase 1nformatlon of ‘a 51gnal. The cllpped 51gnal
is then sampled at the. Nyqu1st rate and - passed- through a
series of shift reglstersvwhereln it: undergoes tlme delays
in equal discrete steps. The correlator then compaI’eu the
481gnal after each delay nlth,the Oflglnal one and dellvers
a pulse to the  following covnter when the “two coincide.
These counts, accumulated over a certaimn timé-ihterA1,
are theun ‘converted iwnto autoeorreistion'fnncﬁions of the =
clipped'signal;f'The*autocoffelatiOn'funetionsVof £hé7a'““
original'Signal:are derived"By applying'the-Van‘VieCKT~i
correction (Van Vleck and'Middleton3 1966) to the auto-
correlation functions of the‘-infinitely clipped'Signalg~ﬁ
Mathequleally, the correlator Calculates the
autocorrolatlon function R'(C;t) as a functlon of tlme

lag: At of the cllpped 810na1 X’(t) u51ng the relatlon |
RI(AE) = |x'(8).xi(t + atdas  L..(1)

The autocorrelatlon functlon R(At) of the orl—
ginal signal K(t) is extradted fTOm.thls by applylng the

Van Vleck correction.’ Thus,
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This then ig Fourier transformed to obtain the

power spectrum of the signal, The spectral resolutlon

~+ obtalnable from the correlator depends upon the number of

delays or channels through which the signal is passed.,

IIT, Compuﬁef Simulation ef the Autocerrelaﬁor.

The advantage of computer software 81mulatlon over
the actual hardware sysuem design lies 1n the fact that
whereas in the case of the former one Can vary the values
of the varlous parameters,of_a,eystem and study their
effects en the'overall performance of the system, in the
latter case, however this is not easily feaslble. TIn the
case of the autocorrelator its. performance can be studled
by varylng the filter characterlstlcs, number of delays
to be 1ntroduced ete, In addﬁtlon, one may also llke to
study the effect of cllpplng the 31gnal on its power spec-
trum. We have simulated the entlre system of the auto-
correlator for two different fllter characterlstlcs and g
1arge number of channels. Werhave also made a comparative
study of the power spectra of clipped and unclipped simul-
ated random n01se. It may be. ‘mentioned here that such g
comparison study is not possible by hardware us1ng simple

and inexpensive system configuration,

B
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IV. Simulation of the subsystems of the correlator:

a) Radio Luise

It is known that the radio noise emgnated from
varibué radio sources is a random noise with Gaussian
statiSfics, We have, therefore, éimulated such a noise
(IBM, 1970) by generating random nﬁmbers with Gaussian
distribution of mean gero and standard deviation one,

b) PFilter and its operation

The ﬁandpaSs’filter which has-aAflat response over
a frequehcy range is simulated by a rectangular function
which: represents an ideal filter having sharp cut«offs at
the ends of the flat frequency response. ‘The simulated |
ideal’ fllter has a flat response over the Frequency range:
of 24 to L kHz. The actual filter that is used with thq
hardware correlator has a flat response from 4 to 40 kHZ
with rates of fgll of 26 &u/ucbave on hlgh frequency and

20 db/octaye on low frequency 81deo. »

The filtering operation is simulated by the convol -
tion of the random noise with the transfer function of the

filter,



c) Clipper
In the one-~-bit correlator, the clipping operation

is defined gs

Y(t) = 1 if x(t) >0
eoa(3)

Y(E) =-1 if x(b) < 0

where x(t) and Y(t) are the amplitudes of’the Qriginal‘
and the clipped signals respectiveiy; Ihvsimulation, the
clipping is performed at.the mean level of the econvolved
signagl., It may bé'nbted ﬁhét the result of convolution

is, in general, ‘a complex quantity and hence the clipping
operation should be perfOfmed separatcly on-its real and
imaginary parts so that the phase 1nformatlon of the gig-

nal is retained,

d) Aubtocorrelstion

The function of thp autocorrelatlon s, 51mulated
by solving the correlatlon 1ntedrql (exp 1) numerlcally
This gives the autocorrelation of the clipped random

signal. Thus,

RUAE) = 2 x'(t). xi(b + 1 At) ()
AL

To get the autocorrelation of the original signal,

the Van Vleck correction (exp.2) is applicd separately to
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the real and imaginary_pértsiof the autocorrelation‘of the
clipped signal. This is then normalised, truncated and
smoothed before calculating the Fourier Transform to give

- the épeétrum,of the signal.,

For computational efficiency, the convolution, the
correlation and the Fourier Transform integrals (Brigham,
~1974) have been evaluated using a Fast Fourier algorithm,
A separate package, based on the Cooléy—Tukey.algOfithm
(Cooley and Tikey, 1965), of FET and its various applica-
tions (Kulkarni and Alurkar, 1976) is developed by the

guthors and is used in the preSeﬂt simulation,

V. Procedure of compuber simulatiomn:

The simulafion.is carried out on IBM'system'
360/4 computer using a sample of 102k randoﬁ.numbers of
" Gaussian distribution. A sampling frequency of 64 kHz is
used in the case of the ideal filter while the same for
the regl filter is taken to be 128 kHz. Four sets of.

simulgtions were studied as follows using,

\

&) idesl filter with clipping
'b) dideal filter without clipping
c) real filter with clipping
d) real filter without clipping
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In order to géﬁ'statistically reliable eétimates,_
we used 100 sets of Sampiés of 102k points. each in all
these four cases. The 51mulatlon path in the case of the
unclipped signal, after filter, passes through the software
operations of autocorrelation, truncatlon, smoothing and
Fourier Transform, as shown on thelleft—hand:side of

Figure 1. -

VI, ngﬁ;ﬁgz

The power spectrum is : obtained by Fouriér.trané;
forming the autocorrelation function with 256 time lags in
the case of the ideal filter and 512 lags in the case of
the real filter. Figure 2 shows the real and imaginary"
parts of the power spectrum of the genérated random nOiéé.
obtained using an ideal filter‘whose flat résponse ranged
from 20 kHz‘to Yt kHz. The power in the flat portion of

the spectrum varied over a range of 0.8 db.,

Figure 3 Shows the power spethum of the_same
noise which was hard—clippediénd corrected by the Van
Vleck correction using expression (2). In this case, the
spread in the power in the fiagt portion was 1.2 db. Again
the root mean square deviation ( ) of the clipped power

speétrum with respect to that of the unclipped one can be



‘caldUlated by using the formila,

~ 100 2,

Py  Samamte

LIEY A S g NCE () ) /100 a(5)

= |

N i=1

dnsre T3 (£) ana T} (£) are the unclipped and clipped
power spectra respectively. This r.m,s. deviétien'tufns
out to be mbout 1.0. The higher value of the spread in =
the'pewer SPeCtrum'of the ‘clipped noise is due to the
clipping operation which introduees“quahtization noise.
HoWever,.the deviation of the clipped power spectrum is
less than )/, indicating that the hard-clipping operat'on9
followed by the Van Vleck correctlon, almost completely
recovers the orlglnal power spectrum. ThlS 1mportant
result has led to the development of e - it dlgvtal auto~.
correlator (WOlnrob 1963) A many-b1 au.tocorreWa,tor9
althouch may glve less dev1atlon of the power 5pectrum,

would obv1ously be more Conpllcated qnd expenolve.

Figure 4 shows the real and imaginary parts ef the
power spectrum of‘the rgndom nolse obtained using a simuléted
filter with_charactefistics identicalvwith thogse of the }
reagl filter designed at the Physical Research Laboratory.

The'spread in The power values in the flat region of the ..



spectrum is about 1.4 db, The same Ffor the clipped noise

(Figure 5) 1is 1.9 db,

The r.,m,s; deviation“({fd of the clipped power
spectrum with respect to the unclipped one is about 0.5,
or varios botween L% and 6%, It can bo seen that Genefa11y
the spread in the speccrum Obbajned using a real filter s
higher than that obtalnod u51n° an 1deal flltorg This may
be attributed to the small variations (-1 db) 1n the fiat

reglon of uho ChﬁraCbOrlsthS of tho real filter.

VII. Conclugion:
It is 1nbefestlng to see thdb Lhe haro~cllpp1ng
opcrailon, followed by the an Vleck correctlon almost

sDeotrumh¢<-

comoletely'recovers uhc orlglnal uncllpped power
Also, the’ slmulablon has oflered an ddded advqntage of
using g large numbor of delays to 1ncrease the resoluulon,
The number of channe]s in the hardware autocorrelqtor |
however, cannot obv1ously be 1ncroased w1th case. The
effect of filber: characterlstics over the power spectrum
can also be scen through this simulation exercise, Thﬁs,
it is seen thatuthis'oomputer simulation has glven a good
insight into the overall functioning of the 1-bit auto-
correlator. This will help us in finalising the detailed

design of the autocorrelstor,
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-'A@pendix-v
ThE‘COH@UtatiODal prdcedure to carry out the simula~
organized in four broad steps:
First a computer file of 100 sets of Gaussian
(M=0, T=1) random noise samples of 102% values
is created.
The file is used to create two other files by con-

volving each sample with the transfer functions

of the ideal and real filters,

. Each sample in the convolved (band-limited) sets

18 hard-clipped and the auto~correlation function
is obtained both for the unclipped and hard-clipped
samples. The four files of auto-correlation func-

tions gre thus obtained.,

The auto-correlation functions for the clipped
samples are subjected to Van Vleck correction. The
final power spectra for the unclipped and clipped
samples using both the filters are obtained by
Fourier transforming thesé autocorrelation funct-
ions. |

The computer programs for the convolution, auto-
correlation and Fast Fourier transform are given in

reference (Kulkarni and Alurkar, 1976). We give
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below the computer programs for tue simulation

of clipping operation and the Van Vleck correc—

tion.
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THE FOLLOWING VARIABLES ARE USED IN THE PROGRAMS GIVEN BELOW.

NPT - THE NUMBER OF SAMPLES IN EACH SET

‘N - NUMBER OF VALUES .IN EACH SAMPLE.

DT = TIME INTERVAL 'IN SECONDS BETWEEN TWO COthCUTIVE VALUES IN THE
SAMPLE

PROGRAM 1 o

THIS PROGRAM OBTAINS THE AUTO —~CORRELATION FUNCTION OF A CONVOLVED
SAMPLE WHICH IS HARD-CLIPPED.

COMPLEX % 16 X(2048)s5UM

REAL * 8 DT»AM15AM25CC15CC2
CALL SETBUF(16400)

NPT = 100 S
DT = 100D0/128.0D0 : o o

N = 1024 :

NN = N+ N

DO 40 IR = 1sNPT
READ ONE OF THE CONVOLVED SAMPLES FROM THE APPROPRIATE FILE WHICH
IS ON SYS002.
READ(2) (X(I)sI=1sN)
FIND THE MEAN OF THE REAL AND IMAGINARY PARTS OF THE SAMPLEo
SUM = (0.0D050.0D0) ‘
DO 10 I = 1s N
- SUM = SUM + x(x)
H10<coNT1NUE
f SUM = SUM / DFLOAT(N)
- AM1 DREAL ( SUM)
AM2 DIMAG(SUM) : : -
SIMULATE THE OPERATION OF THE HARD=CLIPPING.
DO 20 I = 15 N

n ot

CCl = —1.0D0
CC2 = -1.0D0
IF(DREALKX(I)) oGTo AM1) CCl = 1.0DO.
IF(DIMAGIX(I)) oGT« AM2) CC2 = 1.0DO0

S X(I) = DCMPLX(CC1sCC2)
20 CONTINUE ;
' FIND THE AUTO~CORRELATION OF THE CLJIPPED SAMPLE.
CALL RCOREL(Xs>NsDTsXoNoDToNNsI11sl) .
WRITE THE AUTO-GORRELATION FUNCTION ON TAPE ON UNIT SYS 3o
WRITE(3) (X{I)sI=1sN)
: PRINT30,5IR
30 FORMAT(1Xs'SET NOow = 'ol4)
40 CONTINUE
STOP
END
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PROGRAM 11

THIS PPOGR\M NORMALISES THE AUTO~CORRELATION FUNCTION AND. OBTAINS
THE POWER SPECTRUM AFTER APPLYING THE VAN=VLECK CORRECTION IF THg
SAMPLE: 15 HARD- CLIPPED

COMPLEX % |6 X(2048)sW(512) 5AA
DIMENSION AX(256)5AY(256)5AZ(256)
REAL * 8 DT s XX9AML s AM25CC15CC25P125P1
LOGICAL % 1 STAR
DATA STAR/ %1/
DATA W/512%(0.0UD05s0,0D0) /
DATA P1/3614159265D0/
PI2 = PI/2.0DO
CALL SETBUF(16400)
READ A CONTROL VARIABLE NVVe
IF NVV = 0 VAN-VLECK CORRECTION IS NOT TO BE APPLIED.
IF NVV = 1 VAN VLECK CORRECTION IS TO BE APPLIEDo
READLOsNVV
10 FORMAT(1I4)

. NLG = 512 .7
NPW = 9 i
N = 1024
NPT = 100

DT = 1-.0D0/128.0D0
DO 70 IR = 1o NPT o :
READ THE AUTO-CORRELATION FUNCTION OF THE CONVOLVED SAMPLE FROM TH”
FILE ON UNIT SYS002,
READ(2) (X(I)sI=15N)
MORMALISE THE AUTO“CORRELATION FUNCTIONo. -

AA = X(1)
DO 20 I = 1-NLG
X(I) = X(I)/AA

20 CONTINUE
APPLY VAN-VLECK CORRECTIONo
IF{NVVeEQ.,0) GG TO 40 S
DO 30 I = 1sNLG

AM1 = DREAL(X(I))
AM2 "= DIMAG(X(I}))
CCl = DSIN(PI2*AM1)
CC2 = DSIN(PI2¥*AM2)"

X(I) = DCMPLEX(CCL,CC2)
30 CONTINULE
40 CONTINUE
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GET THE POWER SPECTRUM.
CALL RFFT(XsNLGsNPWsDT51.0D0) -
WRITE THE POWER SPECTRUM ON THE FILE ON UNIT SYS003.
WRITE(3) (X(I)sI=1sNLG) : .
PRINT5041IR

50 FORMAT(1Xs'SET NO = '514)

S DO 60 1 = 1s NLG E
W(I) = W(I) + X(I)

60 CONTINUE - 7

70 CONTINUE _ _ , o

C FIND THE MEAN POWER SPECTRUMs

‘ DO 80 [ = 15 NLG -

: W({IY) = WII)/DFLOAT(NPT)

. 80 CONTINUE ‘

: N2 = NLG/2 :

C GET THE POWER IN MILLIWAITS FOR REALsIMAGINARY AND ABSOLUTE VALUES°

DO 90 I = 1. N2 _

AX(I) = DREAL(W(I)) #* 1000.0D0O
AY(I) = DIMAG(W(I)) * 1000.0D0
W(I) = CDABS(W(I)) % 1000.0D0
AZ(1) = T. : S

90 CONTINUE

C PLOT THE ABSOLUTESREAL AND - IMAGINARY VALUES OF THE SPECTRUMo
CALL GRAPH(WsN2) .
CALL PLOT(AZsAXsN25100+:6055TAR)
CALL" PLOT(AZsAYaNZa10096095TAR)
STOP
END
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Figure Cgptions

Figure 1: Block diagram showing (i)lsﬁbsystems of hard-
ware 1-Dbit autocorrolator (enclosed in the
bigger rectancle with dashed llnes) followed
by a dashed-line rectangle showing the software
operations, and (ii) auLocorrelator J1thout |
clipper on the left hand 31de, the blocks of

" random ol se and filter belng common.

Figure 2: Real and imaginary parts of power spectrum of
unclipped noise with 1deal filter hav1ng flat _{
~response over 20 to 44 kHgz,

Figure 3: Real and imaginarylﬁartsfof*ﬁoﬁéffgpegtrﬁmlof
clipped noise with ideal filter having flat

response over 20 to 4 kHz,

Figure 4: Real and lmaginary parts of power spectrum of
unclipped noise with resl filter having flgat

response over Y4 to 40 kHz,

Figure 5: Real and imaginary parts of power spectrum of
clipped noise with real filter having figat

response over 4% to 40 kHz,



CORRELATOR
WITHOUT CLIPPER

[

POWER SPECTRUM

Fig )

B g
| % RANDOM |
1| NOISE
T s
| | L
;. | |
I | FiLTER
A
g |
o i
2 ’
AUTO~ § CLIPPER | |
CORREL ATION | | sampLer
. B s |
{
S
, o] |
TRUNCATION | 1 |  AUTO- i
SMOOTHING | [CORRELATOR E
IS -

ET . AN RSN

{ V.V, CORREC.|
I TRUNCATION |
| SMOOTHING |

| lm‘.

POWER SPECTRUM

NOLY1INHOD IHYMAQYVH ————




!

N3O HIMOd

AkIS

(T /)

= D6 G Ob B &€ GSZ 02 Gi ol "]
§ ¥ H .1 [ ¥ t ] ] 1 t ® b + ¥ 1 [ 1 4 3  ———
. R ,gas ocecs SRR
- ,..u -G
Of-- .
-
N .. !
L ]
- -
0e *  on - ~
& ®
*
L2
Ei) ¥
e [
Qi conn £e - ®
ST @8
“@odny
HEREIPEN & $
oy 2
® w o b n.wm
. 28 B .\,
OQ L
% 9 <
LX ORI
Il [ -] L o
T
v Yo
otk bt o =
* a*n
o% - 2
ol - —02
L. 1]
[
L]
oz . -
e ) @&
« % R .é k] o #* 9@
-] -] L] .
n © Y e e e W3ITHS WIGE |
mm_ o BILSL CWEQ RS ® . € @ @ ﬁmmmmmmﬁm ~GE
" G3ddiTIOND FAMTRIDYAI . E . T % 1Y 3Y
a.a& - ® *@ ® ’

09

{ZHY) AON3NO3NA

371

08 &+ O &8 08 G2 0 G O

€54

(zHY} AONIND3IYA

(zHA/MW) ALISNIG H3IMOd



[

H3IM0Od

ALIGN3G

(ZHY /M)

£ od

~{ZHY)  ADN3ND3IYS (zH%) AONIND3IHS
09 & 05 S» Ob Gf O 62 02 St O 0S S Ob S 02 €2 o2 Sl o g
T YTy T T T T A e e S AU O S
SEP 458 BN & G v e e
.. & @
Oe—t— -
L
D~ ® e -
- - ol
®
ay ¢ e e
@ o
-
Ot} - o - .
. WEREND
ose .o
BEOBBIOY &
[0 ®
% @ s
e &y
00 - 2 ha
& ne
'U‘. L.~
L X K] L
A - L
. L -]
Q_ L. 000 . otlo ——
» - -
5 © ]
>
& [ ]
. L 2 ~ L ] -
o2 - . - ¢ « o °
- »
- -3
L) P
* & & » L ] 5 *
- L 4 ® L 3 L 3
oo » [ ]
0g b . — . . an > . %n
. H3LIM4 TWag -t et v s H3iHd v3GH
‘03ddi10 ‘ABYNIOVRI . .  E Y
) - & ®
- \ .

°3

0z

"33
(3%}

(ZHX/ MW} ALISNIQ ¥IMOH



02 o4 00l

06 08 OL 09

(ZH¥)  AON3NOINA

0s

ob 0O¢

¥ Otd

 (zHY)
06 08 0L

AOININDIHA

02 o O0i 0¢ 08 Oy 0¢ 02
i i i i H ' oeela |3 | 1 ¥ i seedae | | { I H ! I i
¢908 e L :
L K ] o e *0s
2 eve %8 o - - -e
L [ . e o9
eete . - e
o0 e - o -
hand & tee ) [
eoie .
ese - s [
[ 2 *
sevre . .
*oveIe o - a2 &
seee ; . L]
L) ) we ® '3
3% ' e s ¢
- o
L] - o - L3
-l 4 & 6o
e o
* e "
L " e
] » [
» - [
5 C e [
L .e
» e o
. ® ac
L X " .
L ¢ L3
oo oo o
o @
. &
"
L ) - L4
L .
: -
. ot .
[’ [ ]
20 L
& - o %
*ay @ *oe » e
e o evee 38 oe
- ow 3 » @
sse » e ox
» » . .
' € @ e; °
H3iHMd v - ¥3LTid Y3 <, - .
‘Q3ddITONN © AUV NIDYNI B ‘a3ddtIoNN Iy . .
. - .
.
[}




SN

z’l\ —L l

/MUl

2149

(

30 YIMQd

i

{ZH%) AONINOIYL € 9id {ZHY} ADNINO3IHA
O 0O 068 08 O 03 O0OS OF O 02 Ol 00t 08 08 04 0% 08 O¥ O0Of o2 Ot
f 1 H i oyt 1 t { i 1 { ; 1 i 1 1 H i } [
. e & & @ 3 ,
. kYR IR SLEBUESET & : . U‘N
L * & @ SHROITIG IO
e s n ey o I ¢ #]
« & PIOLEE W o on e
BESE 406 & o8 on — » ea0
esce = o [ - ¢ e —~S¢
BLINGS * @ P
o « .t
. .- - e s
mmbane s *
*¢on0 o8 @ . P _ ».m.
oy & a -
LT e 3
Seceses e & 2 s a
AW ESO8 | ) k] * & )
« b b L o » g U
o v @ < e 3
s
- ¢ es @ - * &
o hid .
&5 B ke 0
e - o o - 9 i
L [ it
A e® g - ~ P
GE e B - & 4
. - 8
L] ] — -t s~v I
® . °
¢ we .
° . ™
. b a ]
¢ - K 7 Ae s L
. ° s =
L L3 N
. - [ « 15
&% ® & - 5
L] * T & L3
[ 2 »e - - %
*t L] ® v & @
L3 e it
o % LY e o Ut
@ L] .8 & 3 o
122 » & = L]
L . &0 «
Qi - e P ° s aH aa « o — 11
& [ < e
& & a
= e o °
* e 2 9% s ca < =
H | & - &t
aw N s .
I W3 % | ; w3 .qum x
€y ains i . e |
fGAddIND FANTNIDY NI Jd0F Q342D w3y . ey
> i i .




