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A real time digital signal processor for a 408 MMz continuum synthesis

telescope 1s described The system takes in 4 MHz baseband signais. and performs

delay equalization, phase derotation gwd cross*correlation numerically.  Real ~and
quadrature Ehm#aqlfxns :r- siso ganersted wifhout d:phman of the correlator
The sc:hgme replaces the varable cable delay lnd mtricate local oscillastor phase
rolation system, resuiting in simpler implementstion and lower chances of receiver

cross talk \

Path delay compensation Ais done in a cosrse step with a digital delay unit sed
in a fine step with interpolation of the correlstion function An sigorntim  which
performs interpolation and .quadrature channel m;‘ﬂl‘@ﬁ n a single operation s
preseﬁé?;\r-rﬁge derotation is performed digitally after correistion s imper fections

of the quadrature channel and rippiles caused by fringe derotation after correlation

are discussed in detail {

An MCBB00C microcomputer is used as the arithmetic processor and
controller A realtime multi-tasking executive the "Tiny Operating System (TOS) . was
speciylly developed for this application A monitor program. the "Tiny S@pergtmg
System Monitor (TOSMON)Y', was aiso developed to improve the observability,
testability and controlisbility of the system
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1.1 Aperture Synthesis

With Cari Jansky's discovery of gslactic radio radistion n 1932, the radio
spectrum was opened up to astronomers Since then, the study of radio radiation
from extraterrestrial sources has led "o wnportant astronomical discoveries ke
pglurs and quasars During the astronomer's quest for ever increasing resolstion
and sensitivity, the radio telescope. an instrument for receiving radiation from afar,
has evolved from Jcﬁﬂ's simple array to the highly sophisticated Qynthasis
telescope

mterference to about the ratio of the wavelength to the aperturd dimensions Since
wavelengths of the radio spectrum sre orders of magnitude longer than the optical
wavelengths, radio telascopes require kilometer aperture dimensions. even at the
twghest operatng frequencies. to obtain resolutions’ comparable to therr optical
counterparts. Aperture synthesis techniques allow a large apertx:ri 10 be synthesisad
with much smaller antenna elements and Obtain high anguiar resolution without having

to buiid a huge filted aperture antenna

A large apertre may be synthesised by an array of elements suitably

connected together In the study of time invariant radio sources not all the aperture

must be present at the same tme. Esrth-rotation asperture synthesis|1]. or .

supersynthesis, uses tTwo antenna elements lying some distance spart at the ends of a
b;sghn:. When viewed frm!: distant source. the elements will describe an eliipse
with respect to sach other as the sarth rotstes By changing the distance between
the two elements and :ccurﬁuljtng the signsl in a digital computer. a filled aperture
equivalent to the eliipse described by the largest spacing betwesn the elements can
be synthesised

&



n return for such cor;vcionco. the conplex;ty of signal pioccssinq is' much
increased{2] It requires that a real time signal processing system. either analog or
digrtal. be built nto the recerver for forming and controling the interference fringes.
in sddition. more dasta processing. not necessarily in real time. is required to
transform the information, or wisibility function, gathered over a period of tme with

L ]

different element spacings into a map of the sky mntengity

vaunotwswojodbtohmnurcdmmmw
embedded in the receiver with digital t The scheme results in s&"rpler

hardware impiementation over conventional es}ing systems, with better

stabibity and flexibiity.

'
1.2 interferomatry.

The discussion of mterferometry in this section s |
and anhtl2l The basic interferometer édnsm;; of two eiements separated by s
distance. as 'in figure 121 By correlltinQ the signsis from the obmotlts, a fine
structured interference fringe pattern will m9dulate the main besm of the mdividaal
elements '

Aummg the simpie case of 8 pomt source with monochromatic radwtvon L 14
frequency w or wavelength A . outputs of v, and v, from the antenna feeds are -

’ Vi Ky /S cos(wt)
), - ky v§ cosfu(t-1)]

-

* k) /S cos[wt - 2x(B/a)cose) o " 1121

whore S is the flux density of the sourcs and K is » proportionality
constant



R(t)

Figure 121  The Basic interferometer

-

The time difference betwm wavefront arrival at the two antennas. the geometric
delay. 1s a function of 6 . the slevation sangle For fixed sources. 6 changes with the
earths rotation, hence the geometric delay T(t) is a function of time The response

of the basic interferometer is given by L ' e ¢

R(t) = kz S cos[ 2;’8 cose) (1.2.2)

Figure 1.2,é shows a schematic working diagram of an interferometer In
addition to the basic interferometer. a variable delay Tp is inserted on the shorte-
signal path to oqQualize the goomotr‘ic delsy at the LF. A controlied phase shift is
injected into the local 6sciuator co’qnal d\o\uverod to one of the santennss. An qsditional
chennel, chh-vnl nprowdodbvhm:wwuchmmoomof
the |F. signais bofon correlstion. Table 12 1 shows the expressions for signals st

daffcrem points of the mtorforometcr, when receiving monochromatic radiation of
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Figure 1.2.2 A schematic working diagram of an inter ferome ’tgjca .
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.l © - coetioman - oro
© -
Q)

= cos [w, t+ (1))
= cos @it -r(t)

=.cos (Wt + wt ~wr()] + cos [wt -t —writ)]

cos (wt)

= cos[wt + wt R 1)) + cos [wt - wyt - #(D)]
= cos [(w=w)t -&1))

= cos [w-q) (t-7,) - 6]

cos [(w-wy) (2t~ r9~ #(1)] - ear(n) - (O]

+ cos J(w-W) [7() -] + wyr(y) - IOY!

= cos [wlr() - rg)ew,ry- 601
= cos [(H*E;H?i =To= ()] - r(t) -~ &) - N“' |

+ 008 [(w-w) [7() -] + w,r(t) -~ 6(1) -90°}
= cos [wlr(t) ~rg)ew,vp- $(1) - 00"}

Table 1.2.1  Experssions for signals at different points of figure 121

= co8 [(w-w,)(t-7p) - &1) - DO : I

o,



angular frequency w. Outputs of the real and quadrature channels are

Rru(t) = éés;;.ﬂ{m[;(t) = 1p) ¢ @*Q%D - ¢(t))

Real{exp[{u((t) - 1,)]
x exp[i(wory - ¢(t))]) - (123
= Im {expfiw(t(t) - TD)]
x Exﬂ[’i(ugTD - ¢(t))] ¥y - (24
']
For the broad-band response of the real channel. (123) is integrated over the
passband Assuming that the pass-band shape is determined by the LF system with a
shape of gq( ). the brosd-band response is '

Rr(t) =/ a(w !_mé) eiuff(t) - TDJ

x etluety - 0(t)] o
v etlwety - #(t)]

x f alw - aé) Eiﬂgtft) - TD] du - (1253

where W, is the centre of the band. -

. a=

cm
*

Rr(t) = Eifﬂafp - ’(t) . HCST]'

X J ;(’5@);“"‘“5* d(8u) R - (1.2.6)



7
where' st = «(t) - T "
IF % ug T we .
B(6t) = s a(se) e €487 qggy) 127

Thus the broad—band res! and quadrature mn responses are

R.(t) = B(61) cosfujpér + ‘”‘TD - o(t)) 28

* The aim of the digital signal processor is t0 synthesise a real and a quadrature
channel output. equivalent to (1.2.8) and (1.2.9)

A deisy unit has been included in the interferometer in figure 122 to equilize
the signal path difference or geometric delay 1. Equations (128 and (129! show
the affects of unequalized delay on _the response 8:61 ) the frnge washing
function. is the Fourier transform of the passband shape Whed the unequalized
delay & T approaches the reciprocal of the bsndwidth. B!( 1) will be significantly less
than unity  Since the geometric delay <l changes with the diurnal mation, the path
compensaton delsy v, must be varisble and track the Eimffzi(: delay to minimise 61

The variabie delay T i3 somatimnaes ruﬁsc;d‘ by switching' into the signal path
binary moﬁitﬁd lengths of cables. Since the implamentation s djscr:ti n nature, any
) mlthii?\ delay, hi-f(t)—zn . -wiﬂ show up in Rft as 'pﬁn: in_ the ’ED!ini
" function i-gurnum One of the purposes gf thl mpct-d phase :huft olt) between the
Iac::l oscillator signais is to cancel out such effects By controlling the path
compensation delay Tp and phase shift &t} together, the interference fringe pattern

could be rotsted st will Fringe derotstion or fringe freezing is usually done to



counteract the effects of‘tho esarth's rotaton snd fix the fringes on the source.
sliiowing essier nstrumentation n correlation snd integration

Without the quadrature channel. the amplitude and phase of the source has 1o
be measured by moving the fringe pattern reiative to the source By adding a 90!
’ phase shifter and a correistor, the quadrature chanmnel sliows smuitaneous observation

of the source with two fringe pittems 90* spart effectively doubling the amount of
informstion recewed The 90* shift could be spproximated with 2 piece of cable
LF. or realised with a broad—band phase shifter.

»



2. THE SYNTHESIS TELESCOPE AT DRAO
An earth rotation aperture synthesis telescope has been built at the Dominion Rlﬁe
Astrophysical Observatory (DRAO} n Penticton BC. Canada The instrument is
designed primarily for spectroscopic studies of the ) 21 cm hne of nem:ral hy:rr:gen
The telescope combines techniques of mn synthesis  and correlation
spectroscopy to provide angulsr ;nelutigﬁ of 1 arc minute over a circular field of
view of 2 dvagraes and frequency resolution of 128 channels over a variable
bmdmdﬂﬁ from 025 to 4 MHz A continuum channel of 20 MHz bandwidth s also
provided

In the study of radio sources. the spectra! ndex provides key information
concerning the phenomena of emission Also, with observations made at more than
one frequency. it is possible to separate thermal from non-thermal sources in a
map{13] These applications make the addition of a lower frequency chamnel to the
sxisting  synthesis telescope ﬂry desirable. it has been ;vrapcsad by

fo T L Landecker{11] that a 408 MHz continuum channel be added to the existing

1420 MHz synthesis telescope at DRAO The new continuum chennet will give
informaton on spectral mdex and allow good sensitivity' to low surface brightness
objects 7

Section 21 will describe the i;csuﬁg 1420 MHz neutral hydrogen
spectroscopic supersynthesis telescope at DRAO  Section 2.2 will briafly describe
the 408 MHz continuum channel and explain how it is to integrate with the 1420 MHz |

system

2.1 The 1420 MHz System

Discussion of the 1420 MHz system is mainly based on Roger et al[3) and
Dewdney(7] The digital spactrometer is siso included. .This seclion wil describe the
1420 MHz systern with emphasis on the local oscillator phase rotation system, the
swité;nd cable delay and the digital correistors for comparison with the 408 MMz

system. Figure 2 1.1 shows the 1420 MH: spectroscopic receiver block dmgr:m for
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ona inter ferometer.

2.1.1 The Antennas

The antennas of the supersynthesis telescope are four 86m paraboloids
These are illminsted with circularly polarised feed horns The half power beam
widths Of the antennas are 1.7% and 6° at 1420 and 408 Mz respactively The two
end slements are fixed at 600m distance while the others are movable on a 300m
precision track as shown in fig 212 The ;ﬁtgﬁna§ are equatorially mounted The
movable elements are supported by three bogies with two resting on the north
‘master” rail and the third resting on the south slave’ rail The rals are 6 3m apart
These are lying on concrete ties of 8m length spaced 125m apart Concrete
inchafs secure the rails at both ends to prevent thermal expansion and contraction.
The head of both r;{ls and the south side of the master rail are machined to a
tolerance of t05mm The design of the antenna. supporting structure and precision
track are such that the polar axis of the equatorial mount devistes less then 2 arc
min at all positons along the track. Thus no adjustment is regured after movement
of the antennas. The configuration allows four interferometers to be in simultaneoys
operation between elements 1 and 2. 1 and 3. 2 and 4, and 3 and 4

L]

2.1.2 The 1420 MHz R.F. System

The incoming signal reflected off the parabolic reflector i1s coliected by the
feed horn and amplified by the radio frequency RF) tﬁphfner The RF. stage
consists of a room temperature parametric amplitier followed by ] tr:ﬁsistar
amplifier with a total excess noise of 54 K The :xiétmg feed horn produces an
additionsl  spillpver of 25 K New fded horns with lower spillover and dual
‘frequency capabilities at 1420 and 408 MHz sre being developed For phasé -
stability. the focus boxes which contasin the RF. amplifiers and mixers are hald at a

constant temperature of 250 +0.2°C with thermal slectric heater-coolers.

4
-l
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ANT 1 ANT 2 " ANT 3 ANT 4

Ar—

600m

anure 212 Antenna element layout The centre two slements are movable |
on a precision track The mirvmum distance betyveen the
left-most two elements is 3 units or QD 7 meters

2.1.3 The 1420 MHz Local Oscilistor 8y§tom.

The first mixers are ‘housed inside the focus boxes of the antennas
Goherent IoAI oscillstor signais must be delivered to esch of the antennas with high
relative phasé ‘stablility  Since the slectrical length of a coaxial cable is Eﬁﬁ:&:ture ’
‘dependent, the high frequéhcy local oscillator signals delivered tffc:ugh ?f:mg feed
’ cables can give rise to s»gnificmcf phase"in‘stability. A closed loop phase gontroting
system was specially vdevo,lopod_ to overcome the brsbtém The clgsed loop phase
coﬁtromng 'systom siso providos a8 mechsnism of mnjecting a controlled phaée

convantabml interferometer. -

anure 213 mows the simplified schematics of the local oscillator system A‘
con‘p\ftor coqw'ollod synthesiser generates a master LO signal 1 95 MA: wrth ]
Vranqe sllowing for Doppler shifts of the Earth's motion and radial -k:euty of most
‘nearby. galaxies. A 2 MHz signsl is combmed with the master astnlhtar signal to

s
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produce-a lower sideband that travels down the feed cable together with the 2 MHz
signal  The signais are combined in an upper sideband generator in the focus box to
generste the 635 MHz LO. signal for the sub—harmonic mixer Part of the LO signal
at the focus box is sent back through the same feed cable Mixed with the output
of the lower sideband generstor, this signal produces a 2 MHz signal with a phase
shift corresponding to two passages of the LO signal through the cable at 695 MHz
Dividing the resultant 2 MHz signal by 2 and mixing it with & 1 MHz reference
produces a8 2 MHz s:gml wrﬂ:\ phase corresponding to a single passage of the 695
MHz signal down the cable This final 2 MHz signal when used to drive the upper
sideband generator, closes the feedback loop and locks the phase of the LO signai

. -
in the focus box to the master oscillator signal independent of the feed cable

A phase shift ¢ introduced at the 2 MHz signal entering the lower sideband
generstor will also sppesr in the LO. signal at the focus box A precision phase’
_shifter made of ansiog multipliers performs phess shiftmg using the standard smgle
sideband mixing scheme

-
cos(¢ + wt) = cos(wt) cos ¢ - sin{uwt) sin ¢ 211

The signais sinié) and cosié) r;; generated by ‘the computer with D/A converters
The precision phase shifter is not compensated ‘in the loop Any nonlinaarity “in
synthesising equation (2.1.1) will appear as phase errors of the LO - signal at the

focus box. The LO. signsl st the focus box can be controlled to within 1° rms

deviation from the desired vaiug.

2.1.4 The Switohed Cable Delay
To éﬂﬁ:i the geometric delay, a varisble delay is mserted n the shorter

signal path ery weighted lengths ;Pf' cd:b‘;te often used to n;frplmgt *

qussi-continuous delsy, Double-pole~double-throw diode switches are used to
select' 2 length of cable or an equal loss resistive network. Since the electrical
length of a cable is a function of temperature, all the delsy cables are held at tghtly
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controlled constant temperature The msu:n frequency dependent propagation
speed. has to be equslized to mentam correct delsy over the biﬁd Frequency
dependent attenuation is siso equalized to preserve the band shape

The varisble delsys sre nserted at the IF, which is 20 MHz wide centred on
30 MHz, in the 1420 MHz system. Ten binary weighted lengths of cables from 64
cm to 320 m, ;wr;spandmﬁ to AIFHE to 32 Afp.oe used in prm
through the 64 A{ p length of cable. the IF signal suffers a retative sttenustion of 16
db between band edges and an rms phase error of 30* Equalisers sre used for
cable sections of 2 A1f and longer. to equalize both frequency dependent attenuation
and dispersion ’ |

2.1.5 The Continuum Correlators | _
Out of the 20 MHz wide |F signal a 4 MHz wide portion at the Cént,rg. of the
‘that contains spectral line information is selected for digital spectroscopy T'hg
rest of the spectrum is correlated with analog ¢orreistors which form the continuum
channel outputs A broad-bsnd 90t phase shifter is introduced nto one arm of ™e
correlator to produce s quadrature, or sing. channel output The analog correlators
are made up of sralog mnphrsr's and snalog mtegrators The integrators are reset
every B seconds The output of the integrator is digitised and sampled by the host
computer evary 8 seconds . - 5

2.1.6 The Digital Spectrometer A
Thg _:diseav-ry of many rﬁaéfrmy lnes has ' made spectral line
interferometry. nae:sury n requires many channels sf n:rraw h:nﬂwndm 10 resoclve
the complicated frmﬁcv (velocity) d-pmd-nco af the sowrce bﬂﬁhms: The
nerrow bandwidth channels cin be obtsined either by fifter banks plsced across the
two input F Ines or by Fourier transformation of the,Correlation function. With the -
_present digital technology, the digital correlation spproach is much preferred. In the
-MZQ Wz :ystirﬁ,.‘g 4 NH: band at the centre of the LF signal that contains ;pit:tfll
tine information is filtered out and further ée“m mixed to a quasi-baseband signai of
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4 to 8 Mz  The quasi-baseband signal is sampled at 16 MH:z and quantised into 3
‘levels. The digitsl signsis are then fed”into 256 channe! digitsi crosscorrelators.  The
output of the d-gt:! correlstors is sampled every 8 seconds and the data transfered
to the host computer. After Fourier transformation, the correlation function wil give

a 128 point complex power spectral graph of the signal

2.1.7 The Controlie ! 7 5

Like sl complicated elactromnic systems, the synthesis telescope i1s controlled
by a computer. There is, in fact. more than one computer within the supersynthesis .
telescope. but one of thgm the host aéﬁ@utﬁ, s rgspmsib!e for overall system

control.

The host computer, a PDP11/23 16-bit minicomputer géptrms and
coordinates ali the operations of the synthesis t:hscg@i The host cormpurer s
responsible for calculating the ééc:rdmtgs of the source ang frequency shifts due to
motion of the source and the Earth at the beginning of an observation During the
observation. the fringe angle ¢ and Eii;\ compensation aglay_;fg recalculated and
updated contimausly The host computer 1s also responsible for driving the antenna
elements and maintaming tracking of the source Outputs of tﬁe 1420 MHz digital
spectrometer, the- continuum correlstors. and the 408 MHz signal processor must be
| logged by the host computer every B seconds ,)T_he data are stored on magnetic
discs for map production on a larger computer when the series of observations s
compieted In the nnrnulmd- of operstion, the aépéﬂtt;r‘s"iﬂtgrnciian with various
subsystems is all done vis the host computer To perform an observation the
operator craestes s file of a list of instructions and paramaeters.  The host computer
interprets the file and carries out the observations sutomatically 1!:&@1‘6!“9 to the list
 without further operator intervention | |
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2.2 The New 408 MHz Continuum Channe!
‘As pointed out n the beginning of thus chapter, 8 4 MHz wide channal at 408
MHz is to be added to the synthasns telescope The é&sugn of the new system is

amed st simplicity and low cost

2.21 The 408 MHz Anslog System

The A08 MHz anslog system and the dus! frequency feeds of the antenna are
being developed by BG Veidt| 14] at the time of writing The snalog system shown
n figure 22 1 ncludes the radio ffsmméy amplifier ﬁFAﬂﬁ). the local oscillator
) {L.O) system and intermediate frequency (F) amplifiers Commercial transistor
maplifiers will likely be usgd n both RF and IF stages The local osciistor system
being developed by Veidt is much simplier than the 1420 MHz L.O system In the
408 MHz system, the LO signal and '~ signals will be transported via the sameé
coaxial cable in opposite directions In the system sha;v'n n figure 222 the phases
of the LO signal and the returned |F sral will be compensated and sre. to the first
order, h;epondcnt of the cable length |IF signals are further down mixed to

]

baseband for the 408 MHz diguttl signal processor *
v _ ;

2.2.2 The 408 MH:z Digital Signal Processor
The scope of this MSc project covers the design and implementation of the
408 MHz digitsl signal processor {DSP).  The DSP accepts 4 MHz bliseland signal and

produces outputs corresponding to the resl snd quadrature channels of a corventional

interferometer. The functions of delay equalisation and fringe derotation are also
performed within the DSP. Figure 2.2.3 shows the simplified signal flow diagram for
one interferometer with emphasis on the DSP Ansiog baseband signais are sﬁvplad
3t 16 MHz and quantiseéd into 3 levels with the quantiser. A digital delay unit
performs coa\u delay mumion The mm:l: sre then Erasrcérfilimd digitally,
. Producing 8 16 point correistion function. The corrajation function is.then read into
* the microcomputer. Alt further signal processing is done in_software. The sampied
correlation function is mtd'pohtod to obtsin the exact delay vﬂuc for the real
channel. The Quadrature channol is generated by performing a Hclbcrt transform on

o W
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the correlation function. Finally. fringe derotstion 1s done by numerically synthesising
the single side band down—mixing equation The theory of operstion of the DSP will
be discussed in detail in chapter 3 :

One of the man design criteria of the 408 MHz system is to share as many
existing !u;srstims with the 1420 MH:z system as possible or to use straght
replications to ferwmese system development time and cost  Eventually thé 408 MHz
system will integrate with the 1420 MHz system, sharing the anternas the controting
host computer and the off line map production software ‘
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Figure, 22.3 System block diagram of the digital signal processor.
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3. THEORY OF OPERATION OF THE 408 MHz DIGITAL SIGNAL PROCESSOR
- B » E

3.1 Digital Correistion
The correlstion function provides a useful tool in the study of random
- L 3
varigbles Msthematically, the crosscorrelstion function is defined as

Rx]xsz) = ;1(15 xéﬁ 1) 31

where x.ft) and x,{ti are stationary signals and the bar denotes statistical average The
correlation function can also be expressed ss a tme avéragg if the signals x;it) and

x,(t) gre ergodic.
o T1/2
Lim 1

Rxyxale) = o0 ¥ 1 xp(t) x,(t + 1) dt )
< -T/2 (312
The autocorrelstion ‘function can ba defined a8

7 T/2 . .

Rax(v) = 211 mog(t) x{t s 1) dt - @13

-T/2 ’ '

The autocorrelstion function Rxx 1s maximum at T = 0 A normalised autocorrelation

function 'cm- be defined as

, Rxx(<) ; , ‘
o, (1) = —— : (313
Rxx(0) : ,

‘Thc correlation function Rx;x, T ) besides being a useful mathemetical tool,
can bes estimated at discrete values of T with relatively simpie hlrdwtn for
stationary and ergodic random svﬁmls ) x,00. Only a statistics céﬁm;ta could be
obuined since the defmition of the correlation function calls for infinite time

integration

Figure 3.1.1 shows the structure of a crosscorrelator. Two streams of

signais sre cross-muitiplied snd.integrated The outgiuts of the integrators are.

22
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T L
xp(t-nD) x,[t-(N-n+1)D] dt G315

- | —

0 .
where D is the delay time of sach element
n is the position of the integrator from ieft to right numbering

from 1 ta N

A correlation function Rx,x,inD) sampled in the delay domain could be obtained from
the c:arfclimr. Either digital or snalog circuitry can be used to rrnﬁmnt the
:cfrilitér Ansiog correlstors provide wide bandwidth and higher S/N ratio but
require analog delays and high speed precision multipiiers that are expensive and less
Convenient 1o build in large numbers  —

In digital signsl processing. the signals have to be ssmpled in discrete time and
Quantised into discrets values Digital correlastors wre practicsl because very cosrse
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Van Vieck and Middieton(4] have shown that the effect of guantisaton of band
limited Gaussian noise is to spil part of the energy out of the band limits Such
effects are not very severe, if the S/N ratio is siready very low, even at the extreme
case of two level. or one bit quantisation ft was further shown(4] that the
normalised autocorreistion function of the two level quantised and unquantised signal
are relsted by the Van Vieck reletionship

-

p (1) = sin [ (/2) o '(%)] : 316

where Px is the normalised autocorrsiation function of the band
imited Gaussian noise x(t).: | |
P x' is the normalised autocorrelation function of the two leve!

. Cuanused signal x'(t) f!
With equation (3 1.6). a one bit or two level quantsation, correlator can effectively
compute the normalised ﬂut@é@rrght;ﬁﬁ function of the unquantised, band-iimited
noise Relations between normaiised autocorrelation fuﬁctic,ms; of 3 level quantised

noise *and uﬁqugnnsed(g@ﬂ are given by Dewdney[7]

in radio astronomy applications, the digital correlator is often used to correlate

two signals which are deeply buried in noise4) Figure 312 shows a model of the
spphication. . n,(t) and n,it) are Gaussian noise produced by antsnnas and receivers

, s

x,it) and x,(t) are correlated signals from thé same radio source. also with Gaussian

distributions but usually much smalier than n,(t) and n,(t) in amplitude.

Waeinreb{5] has shown that for a finite time extent signal x(t), the variance, or
~ stytistical Huctustion, of the one bit correistion function px' t)-is_larger than the
varignce of the unquantised correlstion function p x(t) Bowers and Klingier{6} have
'_devol'c}pgd the work to cover digital correlation of weak siﬁn;li in uncorrelated noise
using different schemes. The increase of statistical fluctustion decreases the S/N

#
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 Figure 312 Model of received astronomical mcs

fatio in terms of detecting the small amplitude. correlated signal among the large

receiver plus antenna noise A factor of degradation of S’'N ratio can be defined as

Output S/N Ratio of Perfect Analog Corretator -

Output S/N Rstio of Digital Correlator 317 \,

Since the S/N ratio is inversely proportional to the square root ch>~f=the
ntegration time| 15], degradation due to coarse quanttsatuon‘ could be compensated
with a longer integration peciod. Bowers and Klingler|6] and Cooper[8] showed that
two to five levels of quantisation is a good compromise between hardware
complexity and a high degradation factor. The degradation factor for tyo level and
3 levet Quantisstion is 157 and 124 respectively Increasing the s;mpling rate
beyond Vthe Nyquist ratel€] was also shown to reduce the degradation factor. The
scheme of 3 level by 3 level quantisation with twice the Nyquist sampling rate is
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used for the digital correlator in the spectromotor of the 1420 MHz system at
DRAQ. A modified version of the corr"ohtor will be used n the 408 MHz continuum
correlation The degraedation factor for the 3 level by 3 level correlator is 1.14 at
twice the Nyquist ssmpling rate. The decision levels of the quantizers are 06 o
where 0 is the rms noise level In the 1420 MHz systemn. the maximum earramuén
produced by the strongcst source in the sky is about 20% A relation similar to
{316) 1s guvon by Dewdneyl7] for the 3 lcvel by 3 level correistor. Tha relstronship
indicated that at 20% corrolmon. the noninearity produced I1s negligible. and thus no

correction similar to the Van Vieck relation 1s requrred.

3.2 Quadrature Channe! Generstion. )
The digiﬁl signal processor employs digital correlgiors of s:mi&;r design to :
those Wi the 1420 MH:z system aithough only continuum outputs are rpq.-r-d The
‘ ompgﬁ_ ﬁom _tpe correiator provides more information than just spectral shape
o ‘Mthrough the Fourer-transform An lmport’ant fact iis_that the quadriturg channel could
i also be generated fr_gm the correlation fmcxoon(ldl. The author. has deveioped. sn
sigorithm to perform quadrature channe! generation and mterpplstion with a single
operastion. ’

The conventional method of genersting the Guadrature channel is to ingert into
one of the sugmi paths a broadbmd 90° phase shifter as shown in fig 321
Mathcmatscally the 90° phase shifter is ropresented by a Hilbet traﬂsfaf—m The
Hilbert transform is defined h the frequency domain as .
| A Y
(i ft<o. o ,
o ={ N . . B2
+. £>0 ' ' A '

.Hf) operates on the input spectrum by roteting the positive f?oquaﬁe;y components
through -80° and the negative frequency Momm: through +90° In the tme
domain, the Hilbert transform is equivalent to co:wblvir;g the input function with the
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kernel of the Hilbert transform, which is the time domain function hit) as shown n
figure 32.2. The Hitbert transform kernel is

L3

Mo = o3 f{me) = -xy (322
3 |

From linear system theory the input and output of the Hilbert transform are
reisted in the time daimnbr the convolution inmegrat

y(t) = ,r x(t a) h(a) do ’ (32.3)

whers yit) is the Hibert transform of x(t. Multiplying the conjugste of (3.2.3) & x(t.

- 1) and uklﬂg the ;upg;miaﬁ vaive and ri\rﬁ?sinﬁ the order of integration gives

" 118}

-

E L y™t) x(t-x) 3= rEL x(t-1> x(t- 5)3 h' (a) da

R!;(T) = f ﬂx:(f g) h’ (u) da

H'( Rxx(t) }f ( S {324

where Rxyit ) is the cross-— ~correlation of x ;nd y. Rxx(t) 15 the maearrgmigﬁ’af x,
and H is a system with- nq:uiﬂ response h v Since hﬁz is real; 'h"v‘m; = Mt and H e
H Therefore (324) becomes: o T

which states that the quidratur- maccrr-lmcn fm:tiaﬁ éélsl;b- abmd by v
- applying mmmﬁmmmmwfnﬁm

Thu next :t-p is 1o “lllﬂ (325b to the Ercncnrratﬂmn ot rmcvtd
signals. ‘From figure . 2.1,)1 ‘the received signals it and v;m cauld each be
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Figure 322 Mmm:aﬂ represectation of the Hilbert t‘mﬁm

1 4

docomposid mto a sowrce component x(t) and a receiver and rky noise component

it}
vilth = xfth + iy - : 326
Vit = x,fth + nt | | © @27

where x,(t) and x,it) areé signals from the same source in the sky Assuming perfect

geometric delay equalisation, xl(f): x,(t) = xiti The crosscorreilation of v, and v, 15
Rv,vi{r) = Rxx(y ) + Rxn,{t) + Rxn,(t) + Rani1) {3.18

From the definition of correlstion function, the integration is carried out from

m mﬁmyto infinity in tme.  Since the receiver noise Nt and n.fY ere

independent, of each other and of the signal xi(t),

. Reny(t) = Rxeny(1) = Angny(¢) = 0 _ - . 329



- 30

/o ‘ |
Tharafors -

Rv,v,(¢) = Rxx(1). . , - A 32

Sumilarly. the crosscorrelstion of v, and v, is:
RV,v.(1) = Rxyl t} 3211

where ¥,t) is the Hilbert transform of v,(ti and y(tl is the Hilbert transform of xit
Combining (3810). (32.11) snd (3.25) gives: ' ' '
" ,

£

~ REV,{ 1) = H Rvvy(t ) ) (3212
* which 1§ equivalent to (3.2.5) but ﬁ:luéﬁ the receiver noise
: +

The effects of finite integration period have been ponted out in section 3
Rxn( 1 ). Rxn, t ).and Rn,n( 1) will not be. identically ::v;a snd will sppesr as noise
superimposed on the correlation fmct@nﬁxx(f) The affect of errors In geometric
delsy equalisation is to introduce a shift of Rxx(T ) in the delay domain to Rxxit +
6t ) where § T is the unequalized gcamgtnc delay

The Hilbert transform could be approximated numerically in ﬁ-liny‘wgys, A:
straightforward spproach is to tramsform into the frequency domain, muttiply by +
and -j sppropriately. and inverse transform back into the v domain with the sid of
the FFT :lgarrtrm Another approach makes. use of the convolution theorem The
input function Rxx is convolved with the kernel. or impuise response hit. of the
‘Hibert transform trinsfer function I humerical convoltion difficulties may arise
since hit contsins a pole and & discontinuity st the origin. A way to get sround the
difficulty is to band limit the definition of H(fl. Since the cfagécﬁu*rﬂatar can
produce only a finite number of output chennels, the corretation flﬂﬂr@ﬂﬁ;ilfl i

™ : -
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h'(t) - H'(f)

. Figure 323 One of The Modified Hibert mmfm
¥

ssmpled ‘In the Tdomain and 1s therefore band limited Truncation of Mt to HIf
above the band limit of the correlation function should therefore not affect the result
‘of the transformastion. Figure 323 shows one way of bandlimiting the Hilbert
Transform by simple truncstion In doing 30 the kernel or impulse_response of the
modified Hilbert transform h;(t) contains no pole of discontinuity. ; ﬂw:;vﬁ m figure
© 323 Other kinds of band limitng with smooth roll off are discussed in section 33

¥

. ln this par‘ti;ular nppl’tg:atibn. the interest lies in producing Rxx and Rxy at oply
one particulsr vaive of t corresponding to the resl and quadrature outpuip®l the
continuum correlators as in figure 3.2.1(a). In performing a numerical modified Hilbert
“transform for one value of 1 by convolution, the computation degenerates to just the
dot product of two vectors, which is much more economical 10 Compute than the
FFT algonthm Simulstion studies of the crosscorreistor with the Amdshl Computer
of the University of Alberta have: shown that both of the methods produce very
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satisfactory results 'Details of the simulstion are described in gpction 41,

3.3 Digita! Simulsation of Continuous Delay
{
31.3.1 interpolistion of Correlstion Function
in figure 1.22 a varisble delay Tp's requred in the shorter signal path to
equalize the geometric delay t (1) Asgéei:‘tgd with each crosscorrelstor is # digital

delay unit which could be switched into either one of the signal paths (figure 33 1)

The problem arises with the quantisation steps of the digital delay In
conventional implementation, lcops of cable are switched n to vary the length of
signal path The increment could be as small as ;\IFHS as in the 1420 MH:z
system  With digital delay. the signais are sampled st fixed tume intervals in the
quantisers, resulting n quantisation of dalay time toc one sample period. In terms of
the correlator output. this means we cannot s.!rnr;rle st the exact value of 1 . say 1,.
which we wamt  interpolation will hi;m to be used to obtain Rxxt T Vend Rxy(t,) !
from the sampled correlation functions RxxkT) and RxykT)

n thl generation af ny from Rxx by . corwoktion, the modified Hltbiﬁ
trinsfarrn performs the Hilbert transform and i@ Ppass fnngrmg It the ﬁ‘!ﬁd&flﬁd!
Hilbert transform n figure 323 is used any frequency components ﬁc:vi the
truncstion frequency fT will not pass through If the truncation frequency FT‘ s
"chosen to be 1/2T, wh;ffg;T i1s the sampling period of the 2érr§ljti§n fm«:tiaﬁ_ﬁxx.
.then the convolution with hit, the truncated Hilbert transform kernel, will perform
interpolation as well as the Hilbert transformation Following the ssme argument
convolution ‘of RxxkT) with sinctt/T) will rse result in perfect recovery of
mtarmiéiit- " values. Simulstion rnuﬂs have sﬁawn very gc:gd recovery of -
iﬁt:rmidm- valves of a crc:uzaﬁ‘imlan fm::tnm l:nplid at 16 peﬁts st twice the
Nymﬂrmmﬂjrrw{mm 42) -

o\
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RECEIVER 1 RECEIVER 2

DIGITAL
DELAY

=

" Figre 33 1 < The Digital Delay Unit and Crosscorrelator Arrarigement

', oa conventional interferometer, unequahzed geometric delay will prédu(:?
shght decorrelation, represented by a fringe washing function, and a phase effect at
the |F as lh:!\Nﬁlﬁ equstions (1.28) and (1.29 The 1420 MHz system has to cancel
_the phase effect with the controlied local oscillator phase difference oit. whenever a
delay switching is done. In the 408 MMz system the Qihy 15 essentially continuous,

limited in resolution eﬁiy by the word length used in interpolstion arithmetic. The

~delay value used is updated every minor integration period resulting in, effectively. x

exact delay equalisation Thus no phase compensation is required when even the

cosrse delay is switched

From the Wiener-Kinching Theorem the powir spectral density function ;ﬁ’;
the sutocorrelstion function sre related by the Fourier Transform. Sampling the
corrslstion function corresponds to repeating the power spectral density function.



(a)

)
[ 4
L
1 4 >
-y v
~3T  -27 v T o2t
. ‘I “ () (a)
' ‘
]
N w, (N .
1
' '
DA S
" [} —my g !
I 1T\
A ]
- (] 13 -
A : £ 1
FTRA | RA T ha
./ ./’ el 217 27 an
-37 -27 -7 21 -3v
]
'I+\‘ (o) * ()
[ W,
A W
’
; Vo
- \
H \
' A
. \
’ A
—— X
1 -
~4/7 -MT - \ng yT aY

Figure 332 The choice of window function snd corrom'on function

sampling rate.
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htréalgﬁ\g the sampied correlstion function by eaﬂém is aquivalent to
muttiplying the repested power spectral density function with a window function  If
the correistion function is sampled in the 1 domain at the . Nyquist rate. the
nmpehtmfm:twnﬂﬁm“ﬁmﬂhllwewﬁswwmpﬂ
coverng the original power spectral density function. as shown n figore 3.32(d)
WmdewsaﬁﬁmﬁermMﬂ:ﬁMefmmw
spectral derisity function and fail to recover thy unssmpled correlation function The

wit = g [wen] o @3N

if the correlation function is :.-rphﬂ at more than the Nyquist ratc 8 window with
gradual roll off, as in figure 3 3.2(f) could be used Such a window. W,(fi. results n
lower sidelobes of the time domain interpolation f'mc;;ien hftl. interpolstion functions
with quickly decaying sidelobes are preferred because the correiation function s
| avadable over a only frwte extent of T imited by the number of chernels of the

correiator .

the quadratwre channel at a particular value of delay T, .the
correlation furx has to be Hilbert transformed and then interpolated.  In the
fraquency domain, this corresponds to multiplying the power spectral dersity by Hif)

" and a window funtion WI(f),

Pxytf) = Pxxtf) Hif) Wif)

Pxx(f) H(f) - ‘ : . 332
whlri Pxx(f) = Power spectral density of mamng signa! x(t)
Pxy(f) = Cross Pm mzl d-n:ﬂy of xm and yﬁ)
HiH = M Wif)
= bandlimited Hilbert Transform in frequency domain

Since Hif) is the Mibert Transform of WIf), h(t) is the Hilbert transform of wit)
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which is the time domain window function In the time doman,

%

Rxylr) = Rxx(1)* h(o 333

where hitk v { HiH)

¥ [ Heiwn)

’
which states that the operations of Hilbert transformation and interpolation could be
performed with a8 smngle convolution Figure 3;3’3 shows the rectangular and 50%
raised cosine window functions and ther Hilbert if:ﬁsfar'm in both the Efraqugm:y and
the time domain.  Analytical expressions of /w,m and h,(tl of figure 333 and
333() are derived m sppendix | | .

3.3.3 Effects of Finite Correlator Length - i

The tme domai wterpolstion functiors -shown in’ figure 33.3b). (1. (f). v sre
of mfimte extert Since the correlation function is avsiisble over only a fmite extent
of 1. errors will be introduced n interpolation.  Fortunately the correlation function

decsys towards zerc with a rate of st least 1/t outside a central pm'trm

! The E&ff!lltﬂ;‘i function is a superposition of the fringe washing function ;
shifted in ¢t and. modified by the source brightness and antenna rispaﬁ’s- With » .
primary half power beam width of 7° at 408 MHz, the maximum difference in delay
between the beam centre and bearn edge is only 2 delay units ' When ‘péiﬂtld at an
extented source of uniform brightness. the correistion function beyond the mz:m:ﬁ
_delay difference decays towards zero as fast as the fringe washing function In the
absence of a strong source close to the primary antenns lobe, the correistion

function could be expected to decay towards zero properly.

e e e e i A S S S e e =
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Figure 3.3.3

The frequency doman wmndow functions and time demmn interpolation
functions. Figure (a) is the rectangulsr window W,(f) Figure (b} s the
time domain interpolation function w,(t), which is the Fourier transform
of (8. Figure (c) is the modified Hrlbert transform kernal h(t), which 1s

“tha Hilbert trensform of bl
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g S b

Figre 333 Continued. Figure (d) is the 50% raised cosina frequency domasin
window W, (f). Figure (e) is the time domain interpolation function w,t),
which is the Fourier transform of (d). Figure (f) is the modified Hilbert
transform kernel h,(t) which is the Hilbert transform of (el :

L

*



As shown in figure 333, although the interpolation function w,ftl, which is the
Fouriar. transform of the 50% raised cosine window, has much lower sidelobes than
the sinc function, the Hilbert transform of w.it) h,t). does not decay towards zero
faster than the cosclt) * function Instead. ripples along the decaying slope are much
reduced With limited correlator length, the ripples on the slope of h(t) can cause
varigtion of the quadrature channel output as the map centre c:hiﬁ’ges along the delay

Figures 3.34.1 to 3.34.3 show ‘tha result of a simulation in which the gans of
the inphase and quadrature channels are ;lettéd against different positions of a single
~pomt source siong the delay doman  Differant correlator lengths correlation
function sampling rates. and interpolation functions were aiso simulated The effect
of correlation function truncation is to reduce the{c;:u‘tput to shghtly less than urwty In
most cases As expected. the output of both m;ﬁphase and quadrature channels
approaches unity as the correistor length increases Since the guadrature channel
interpolation function decays more siowly than the raal channel intarpolation function.
finite correlator. length reduces the quadrature channel to & value less than the
_ inphase channel Note that all graphs are symmetric about delay value -0.5 because

there are an even number of channels (16) available in this S{ﬁmﬂltlaﬁ.

Figure 33.;3 shows the ratio of quadrature channel gan to real channel gain
for different configurations The dépgndcn:e of gain ratio on delay s §IFQﬁQE!; for
shorter correlators. The Fourier - transformed 50°% raised cosmne Function gives a
lower d;bendence than the sinc function but requres twice the Nyquist sampimg rate’
of the correlation function in the delay domain It will be shown in Sicti;fm 34, that
a difference in' inphpse snd qQuadratureg channel gain will lead to ripples of twice the
fringe rate at the output Figuwre 335(d) shows one case using :z 16 channal
correfator. ' The ratio of quadrature to resl' channel gain is rather independent of the .
source position over the extent 9; 1 delay unit for this case This configuration,
sampling the correlation fbﬁctif;':n at twice the Nyquist rate and using functions w,(t) -

- - - ——— - - -

'coscix) = [costn x)-1}/(n x)

&=
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.
Figure 3.34.1 Gain of the inphase and quadrature channel vs delay using sinc function
- . for interpolation snd Nyquist rate sampling of the correlation function
in delay domain. The first second. and third rows corraspand to -
correlators of 8. 16 and 64 channels FCSPactiva!'Y The left column =~
represents a point source st the phase centre. The vertical scale
represents departure from unity. The’right column represents a pomt
source 0.5 delay unit off the phase centre The vertical scale
[fepresents departure from the nominal vaive.

/ -
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Figre 3.34.2 Gain of the inphase and quadrasture channel vé delay using sinc function
interpoistion snd twice Nyquist sampling rate of the correlation function
n delsy doman.  The first, second, and third rows correspond to =
correlstors of'8, 16 snd B4 channels respectively. The left column =
represents a point source at the phase centre. vertical scale
represents departure from unity. The right column represents a point
source-0.5 deisy unit off the phase centre. The vertical scale

represents deperture from the nominal vaiue. . o,
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Figure 334.3 Gain of the real and quadrature channel vs delay using Fourier

sampiling the correlation function st twice the Nyquist rete in deisy
domain.  The first, second. and third rows corre pond to correlators
of 8. 16 and 64 channels respectively. The left column represents a
point source at the phase centre. The vertical scale represents
departure from unity. The right column represents a point source 05
delay unit off the phase centre. The vertical scale represents
departure from the nominal value ° :

wansform of the 50% raised cosine function for interpolation and

42
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F-gure 335 Ratio of gain of the quidr:tura channel to the real channel vs delay

The left and the right columns correspond to using sinc function and -

Fourier ransform of BO% raised cosine for

interpoistion, reepectively.
The first, sacond, and third rows correspond to B, 16 and 64 channel
correlators. All cases are for point source st phase centre and twice
the Nyquist rate sampiing of the correlation function in delay domam



and h,(t) for inerpolstion, is chosen for mplementation since a constant correction
factor could be used to equalize the Quadrsture channel gain

-

3.4 Fringe Derotation S

3.4.1 Theory of Fringe Derotation : t - ,

In the basic interferometer shown i figwre 121 a fixed pattern of
m&foro}\ce fringes 1s formed on the piane of the sky. As the earth FQ‘HI‘ZS' th-a
fringe pattern follows The interferomerer output when pointing at a point source
will vary sinusoidally as ‘described by (1 221

Lo x}

R(t) = k, S cos ( 2: cose ) - _(3:4-“

The frequency of R} is called the natursl fringe rate For ease of i'nstrmﬁntaaﬁ
and dsta snalysis. it is often desirable to derotate the fringe or' freeze the fringe
_pattern at' the source Stopping. the fringes will also stop the étnué::u‘di! variation of

Rit!. which alidws longer integration period in the correlators. Conventionally. fringe

derotation is done by applying a controlied differential phase ‘ot l;ltwgen the LO

signeis sent to the first mixers.  The responses of the more saph:stncataa
mterfcromotor of ﬁgue 122 are given by (r.28r and (129! '

Rr(t) = 8(sr) coslujper *-“‘*‘t?ﬁ’ ;(t)J | A‘342?,
Ra(t) = 8(ss) stnlujper o wur(t) - +(1)] 343

Tb stop the fri‘ngos. the injected phase ¢(t) should be equsl to _the f%m:pm;ei ar
.ﬂg(t) - ;IF;T + ;;fit) T (344)

Expanding the geometric delay tit), s
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¢(t) = -IFQT *_an cos(DEC ) sin(HA) (345
where B = baseiine length
61 = delay equalisation error
=tit) - T

Since iﬂlay equalisation error is negligible m the 408 MHz system, () reduces to

o(t) = B¥e cos(DEC ) sin(HA) é . (346
]
In the schematic working diagram in figure 122, the local oscillator delivers
output to the two mixers with a controlled Pﬁiﬂ‘ shift 8(t. The response of the real
channe! of the interferometer is given by. :

1 2

RAt) = g(sq) cosluipér + werg - ¢(t)] 347

where Sf‘f('t)—ifn . The c}per‘izién of the quadrature channe! 15 equivaient to
having a 90° phase shifter in one of the paths. Its response is therefore given by

Rq(t) = 8(87) sinfujpbr + worg = (1)) - (348"

D
But in the 408 MHz system there 1s no prowision for injecting é(t) inte the local
oscillator signals Instead, the correlators sre sampled rapidly and fringe derotation is
" applied to the correlation function. s The real and quadrature correlation functions Rxx|

1, and Rxy( 1, are given by: x ‘ .

Rxx(1o.t) = 8(67) Cﬁé[ml'péf + métgj 389

Rxy(tost) = 8(87) sinfwpét + werp] . Taano
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Since oft) is a known injectad phase, equations (3.4.7) and (3.4.8) may be synthesised
~with (34.9) and (34 10§12]\ :

R’r(it;) Rxx(te,t) cos o(t) + Rxy(rost) sin ¢(t) (3411

f
Rxy(tost) cos ¢{t) - Rxx(to,t) sin ¢{(t) (3412

Ra(t)

Conceptually, the derotation s done nxgstly,n ‘single-side-band down-mixing. the
only difference being that two output channels are generated wstead of one Figure
34.1 shows the schematics of down mixing

With the given baselne geometry and frequency of ngfi%léﬁ. the maximum :
fringe rate 3;21,36' par second for the 408 MHz interferometer Eqﬁmims (35‘111
~and (3.4.12) have to be synthesised with a new value of olt) every minor ntegration
period In practice. after avery minor integration, all the accumuistors of the
correlators will have tc be read, interpolation -né Hilbert transformation pérfarmd.ts
obtan Rxx(t ,) and Rxy( 1, and the gxér-ssans n (34.7) and (348 evalusted for

-

Rrit: and, Rg(t)

3.4.2 Ripples Caused By Derotation After ‘:Gﬁ'glﬂié,ﬂ

In the scheme of derotation after correlation. ahy crosstatk which exists
between the two incoming signals will give rise to ripples of the fringe rate at the
output  Crosstaik Eatw-en the incoming signals will - contaminate the corrsiation

functions Rxxit .t and Rxy(t .t) with time invariant terms t:x(rf } and e )

,(‘ T
y'
respectively. After derotation

Rry = Rxx ve,) cosie) + Rxy +x, ) sinie)
= fxx coste) + Rxy R0} + €, CORO) *+ ¢ yumer -
= Rr + ¢ cosié - k) ' - 3443

[ 4

Rg, = Rxy *:y ) cosié) = Rxx + €, ) sinle) -
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y ‘I Jr( ?)—t— —> Rr

cos (&) sin (#) f—

Riy =i

.Figure 341 Schematics of fnn;- derotation. .

Rxy cosi@) - Rxx sinig) + ‘Ey cosi®l - € sinio) |
= Rq + ¢ cosi® + 90' ~ k)

= Rq - € sint6 ~ k) | - @3a1a)
where e ? = €y ,Eiv’. amd k tjﬂ‘(Ey / ‘:x'

The inphase and quadrature channel output are contaminated with a cosine and a sine
term of the fringe rate "

As mentionad in section 332. finite correlstor length leads 1o 8 slightly -
different gain :n ih- inphase and quadrature channel outputs.  Such slight g.irn
difference will laad 1o ripples of twice fringe rate at the output Let the gain of the
quadrsture channel be modified by (1 - 8 ), whare & is positive and less than' unity.
After fringe derotation | |

£
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Rrft = Rxx cosié) + (1- § Rxy sinié)

Rrtt = Rr - § Rxy m - (3.4.15)
Etﬁfiﬁﬁg the correlstion functions Rxx( .t and Rxy( 1,1 in terms of the pgrfg:ﬂy ’

Ruxtt 1 =‘Rr cos(é) - Rq sinié) T eee

Rxy( T .1 | = Rq cosi®) + Rr sinie). : - 347

. The term Rxy' sinie) in equation (3.4 15) can be expresed as

Rxy(t) sinié) = Rait) cbs(@) sinie! + Rrit) siniié) |
wRait sini20) + %R [1 - cosi2e)] (34.18) .

Since Rrit) and Rgitt sre stow tme varying functions, ripples of twice fringe rate wilt -
;;mbp:';r i the output Rr,ft. Simularly. for the quadrature channel

Rag,(t) Rxy {1-8 ) cosi®) - Rxx sinig) . .

Rt - & Rxy cos(o) _
Rqitt = § | Rgiti cos’i®) + Rr{t) sinié) MI .
Rait) = % &1 Ram) (1 + cosi2el + Rrit) sini2e) | 3419

which siso contains rippies of twice fringe rafe.

e it I R e T oL TR SERE




1
4. The Crosscorreistor and Quadrature Channe! Generstion SIﬁWI;tlbﬁ

A simulation study of the 408 MHz DSP has beeh done with the Amdahl computer of
" the University of Alberta The simuistion was intended to prove the feasibility of the
schema, ispccuﬂy with finite correlstor length Rt also !-!ﬂfld as a design ad for.
fmding a suitable correlstor configurstion The simulstion of the DSP included
crosscorrelation, quadrsture channel g.nir;tsan and continuous dalay iq.nhs:haﬁ by
interpolation. f Different means of Mﬂu‘! channei generstion were simulated for

comparison.

4.1 Configurstion Of Simulstion

The simulstion software consists mainly of a noise generator program and a
correistor smulator program.  The interactive naon generator provides the generation
of sampled band-limited noise streams Any source configuration can be!syntha;isgd
with the superposition of point sowrces of different powers x:t diffarent agl.iis along
the correlation function Outputs of the noise gcﬁuratgr are storad in cisc files for
use by the E:arrcl:tar simulator. A Milbert transformed or SD‘ phase shifted version

of a noise stream can giso be g“rmd for mrnulitnan of the conventional method

of quadrature M generation

The correlator simulator. as shown in figure 4.1.1, simulstes the actusl process
of éégitni crosscorrelation ‘i‘wa hypothetical cﬁrﬂlatars are simulated | One
earrqlam the two nnpmn npuUts x,m and x;it) to produce the inphase carr-htnsn
function Rx;x; or Rxx in short The other correistes the inphase and the quadrature
mput x,(t) and X,it) to produce tha mnu'i correlation function Rx,x, or F'h;y, for
short Thi quadrature nput X,t0 is preéa:iﬂ by Hllbiﬂ transforming the input x,U by
FFT. the equivaient of a S0* phase shift These two hypothetical correlstors are sach
129 charrets fong. WIh the inpit signals sampied ®sixteen times the Nyquist rate
and the correlation function sampled st eight times the Nyquist rate- in the delsy:
domain. Thl delay .of the 129 channels is equivalent to .33 channels of the physical
correlator, or 2 microseconds.
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HT
CONY

" Rxx —— aﬁxy‘

x,{t)
x,ft)
Y:m
n,{thn,(t
1P S/IN

INPUT SIGNAL 1 -
[INPUT SIGNAL 2 _ ¢
HILBERT TRANSFORM OF x,(t)

INDEPENDENT RECEIVER AND SKY NOISE

INPUT §/N RATIO .
SOURCE TEMP. / (RECEIVER TEMP. + SKY TEMP.)
CROSSCORRELATION OF x,(t) AND x,(t) WITH NOISE.
CORSSCORRELATION OF x,(t) AND y.{t) WITH NOISE.
HILBERT TRANSFORM OF Rxx BY FFT. 7
HILBERT TRANSFORM OF Rxx BY CONVOLUTION.

Rxx
- Rxy,
Axy,
Rxy,

F-gufg 411 Géﬂfigjﬁléﬁ of correlator simulation
_The input signals entering the correlstor are muttiplied by an input SN ratio
" which is the source tempersture / (receiver temperature + sky temperaturs! An
uncorrelated noise stream representing the receiver snd sky noise is added to each
of the inputs Dutput of the iﬁph.ne crosscorrelator , is then Hilbert transformed
using efther the PRT or convolstion to produce the quadrature correlation furctions
Rxy, and Rxy, respectively. These are then piotted on the same grapty with RAxy, for
comparison. A qumtanr Q just before tha correlator input provides the option of
© Quantising the input into 3 levels for simulstion of the coerse quantisation used in
digital correlation. Correction of the correlstion function anslogous 1o the Van Vieck
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correction given in equation (3.1.6) is spplied 1o both Rxx snd Rxy, when quantisstion

i1s in effect e

To test the interpolation and quadrature channel generstion sigorithm used in |
the DSP. sixtesn points sre sampied from the central half of the inphass.correlation
function corresponding 1o the output of the 16-channel correlator uéed in the DSP.
The interpolstion sigorithm is spplied to the 16 samples 1o recover the intermediste
values The modified Hitbert transform by convoltion 15 siso apphed to generate the
Quadrature correlation function with mtermediate values Thase ars plotied on the
same qph with Rxx and R‘xv, for comparison. The interpoiation function and
modified Hilbert transform kernel sre based on the 50% raised cosine window
function as shown in &ppendm 1 Appendix lv includes the hstmg of the noise

generator and the correlstor simulator programs

4.2 Results Of

" Simulations Were pérf rmed for two source configurations a a single point

. source at t;}./m

ssite edges of the field of view For sach source configuration, simulation

d b} two point sources with 2 power ratio of 1.2 lying

/' nad wrth the four combinations of high. and low input S/N ratios #nd with
el qmnt-ubon The uﬁrnhstrgmly high nput S/N ratios of 0.5 and
‘ 9d becsuse of the short durstion of integration affordable Every
ffion run correlated 8000 samples from each input, correspcnding to only 62.5
zv mtcrouconds of integration. The short duration of integration simuisted was lirmted

j excessive CP.U tnme and storage space requirad for the noise samples
The results of the eight simulation runs are piotted in tigure 4.2.1 to 428
Pldt_b) of svery figure js & magnifiad plot of the central part of piot . The x-axis
is numbered from O to 32 corresponding to a 33 channel physical correlator. The
small arrowhesds sbove the lower boundsry tne iﬂdir:;—lti the sampling positions of

the 16 channel corelstor used in the DSP. The y-axis indicates the number

accumulsted in the correlator sfter correlation of 8000 input samples
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[

The quadrsture correlation functions Rxy, Rxy, snd Rxy, show,K very good
agreement in all cases of high nput S/N r:ﬁaA The departures of Rxy from Rxy, and
Rxy, m the low input S/N ratioc cases sre shghtly higher than that predicted by
statistical fluctuations. Such discrepancies are due to difficulties n generating totslly
uncorreisted noise streams using pseudo-random noise generation algorithms

in genaral. the Hilbert transform gc::f theiilﬁhisg correlation function by both
. FFT and convolution agrees wel! with the quadrature correlation function The
interpolation and modified Hilbert transform by convolution algorithms operating on -
the 16-sampie correlation fu’;\Gtcﬁﬁ produce very satisfactory rasults rﬁ recovering
the inphase convoiution function and generating the quadratura Earrelatian-fun::tim
Agremnt i1s particularly good around th- centre of the correlstion function where
the outputs of the continuum channels sre -daﬁved The results show that a 3 level -
by 3 level 16-channel correiator with channel spacing of 1/16 rmucrosecond is
sufficient for generating an nphase and quadrature continuum channel output with the

dgormm used. -



0L = Dues N/S Indu ON |
= UOUESHUEND P8l O 9.1UD je 92uNOS Juiod BBuIS )y Zy eunbig

B . . "

| STINNGHD 40 “ON T
Be . he De 91 wh i i 8 - h , 0

e

000

- NOILBT3

d0 HIAvND +——m—
dO H) W34 —
£ihx ¥ o—

Ay o0

xy o

" oxx 4 oo

+
i

09°o-

300



~

Figure 42 1)

.

o]  A——— Rxy,
Eal T Rxy2
> ———— Rxyj
- ~———— REAL CH OP
B “— QUADCH OP |
(=)
S
o~
Z . E 3
Rolag W
SN
a o
o
de,
o] iy X,
o ° f
U -
N
N L3
o] ;
TR
=]
O'-
o]
w _- - Y .
’(3. - . - - * B » * * * * -
! T - T e 1 — T — T N
10 12 - 14 . 16 18 20 22

Expanded scale plot of central part of 42 1(\

o



55

‘G0 = onels N/S Indu; ‘ON - .
Sﬁa;cﬁ;ﬂ POt} 4O 924u@d 1¥ 92nOS Juiod -__u,Em ®ZT ey
" CoL STINNGHD u_@ gz -
2€ 82 he o a1 & 8 ‘o
- e AL , 4
| &
8
-
@
| 3
3 ) -
0y
[ 8 m
D
—
oo ,r,m
o
1 <0 Hdavno [
| d0 HD w3y | -
f&}H ,2 X S
| 53,@ |
§§¢ i
b=



CORRELATICON

i . o i . . - . ] o . )

R xx
Ry, : 4
Rxy?
Rxy3
REAL CH OP
QUADCH OP

i *

2 . 1w 18 18 . 20 2
| NO. OF CHANNELS &

=y

- . g :

Figure: 4225& Expended scele plot afaiﬂrd- part of 4.2.2(a)



57

00DcC-

51-

]

. : 0L = ones N/S Indul  S3A - |
= UOHESIUEND  PIB1} ;O S4USD Je 92NOS Jwod BbuIg ®EZY onbiy
'STANNBHD 40 ON -
2E 82 he De 91 <l 8. Y ¢
| ) 1 L 1 1 —t _ 4 .
" . M ™ ™ a * * - e L ] L » L
[ ™ :
2+ T
i ,. r ,.
; /i/fihﬁ
d0 HI avno h!lllillli, u
I d0 H) W3 o—'e
,m, ,}!E Wt — el i
,N A XM ——t .,,
‘:.HE -—— i
x ,_E_EA F— —

00Sh

LI
iu
y

39403

1187

NO

opst

¥
o
L)



=
e

CORRELATION -

58

-1000

*

Rxx

QuUA

Rxy,
Rxy)
Rxy3 o
REAL CH OP

DCH OP

o
S
O
o
'
(o]
o ‘ :
o )
L4 . .- . - - s . - . .
! ) T T T T T oo
10 t2 w16 18 20 2 " w
T ND. OF CHANNELS S
f&f

Figure 4.2.3®)

Expsnded scsie plot of central part o

¢

F 423



59

G0 = of®s N/S IdW  S3A

®|yZy enbiy

NOI1g134403

= UOHESHUEND Pj8l 4O 9QUSD 3B BoNOS wnod BB
. ST3INNGHD 40 “ON |
¢t ~8e- " he pne 91 4 8 h o
L 1 1 i 1 i | 1 R
L * <+ * »> Ll & + L 3 L J & . '.L
: W
" o
t | -
i
i » | &
b
el ]
1 7 1w
e a’,... |
X ’
4 B
o
1 d0 H) AvNno S
d0 HI W3y
+ thm T“
ZAxy o
gx& . ¢|'.|t4.rl0
1 XK& ‘.l'..[vtll. i
' H N . L~
N K ) - 8



£l

H?‘ﬂ‘

Y50

CORRELATION
-150 50 "250

-350

-550

-750

e————8 Ryx ¥
——— Qx‘n

ﬁxyz =
———— REAL CH OP
o —--—s QUADCH OP §

-Figure 4.2.40)

" ND OF CHANNELS'

14_5 ,15

Expanded soale piot of central part of 4.2.4ial

60



61

01 = ones
N/S AW ON = uonesquenD | =yBiem 139 sjuueyd
Gz ‘Z=zwbiam b sjpuueys gz $824n0s Juod om|

STINNGHD 40 "ON

|- =r

0

2E - 82 he 0e . 91 21
, | ; . f " =",

| do Hd awvno
d0 HJ Tv3d

Ehxy
1 lhxy
pwxm
h xxy

N

- -gosL

NOI1H7134402



e

CORRELATION

5000. 000

-4999. 995

i

i

—166?.662 1666.669

1

'

R xx

Rxy,

Rxy2 . .
Rxy3: :
—————= REAL CH 02,

QUAD CH OF

* +’ - ; * oW L2 T

10

) T =« T -1 = F—— e
‘12 . .Lg L T s la:i . ‘—*li‘ . 26

NO. OF CHANNELS

.Figure 4.260) - - Expanded ‘scale plot of centrs! part of 425"



63

2€ am.;

N/S Ny

= uonEsSNUEND | = WBIM 19| SjeuuRyd
GZ T = whem 1uBu spuueyD G'Z S8ONOS Juod omy

‘G0 = oney .
®9Zy enbiy
»

ST3NNGHD 40 "ON

NOI 157138402

he ce 1 - el 8 h
| 1 1 1 : 4 d S

¢ o o s 6 ¢ & 6 e+ 6 e o & - ¢ s . . ~
N
n
Q

<+ B
‘.—
'y |
(7,
[=]

1. - ~ . -

\7 . . : 2

w a
] : ‘ [
l. \’ . ,). .

e )/ / A / r

. ( \ \~ Y 3
. A, |
1 40 HDAVND +— . i
 d0 H) WIH e, . :

+ mrxm ——— & . . ~
- . - tN
hxy oo . o

+ .x;xm . m !
+ —t - + rY + n
"
=



CORRELATION

~ ———8 Ryx
— R‘?V‘l
———= Ruxy)
————= Rxyj
¢~ REAL CH 0”P
7 —— PQAD CH OF

[1p]

o

e -

o

o

Y] -

[ )

. .

Q

o

o

Q

m = B

< ;

T . . * - * ’
— _ " —

10 12 14 .




65

A 0t = onel
,z\ms%.m&, 8.5;:30 _- Eo.o; :o.m.oshco

9z ‘T = Whem whu a_occ-;u G'Z $99n0s Jod om] @ Zy 0By
o m4mzzaIu 40 oz
2€E ge he 02 A 21 g h 0 )
U 1 1 — L 1 . .
k] . ¢ ¢ * * * . * * ¢ * * * & * * ¥ i @
o
o
.. ]9
Aﬁ . T
N . 1
1 =
. o
o
) rw
=4

“

d0 H) QvNo —
d0 H) WIH re— 0

EAy o o

N%Xm #‘ll'.lcl
Uxy: g v
!Km ® °

'. .
oog1

L4

NOT L5 T32502

-+

oooe



CORRELATION

~ -600

-3800

66

2600

&—————8 Ruxx
+—————+ Rxy)
=———= Rxy3
. &————— REAL CH OP
. —+ QUAD CH OP .

1800

TUUU

200

- 1400

-2200
A

k3

R



67

%

‘_ . .ﬂﬁnugﬁg
* N/S Indu §34 = uonesyuenD | = wibiem 349 sjauueyo
GZ ‘T = wbem 1yBu sjpuueyd gz sedunos wuod om)

S 1INNGHD 40 "ON

14 Be he 0¢ 91 cl
: i : :

®1g T v enbiy

=
=3

et

d0 HI QVND e— 3y

d0 HD W34 e—— e

ﬁs._,si —— e
LA Xy

——r—a

02~
134400

- NOILE1349d

> h Mxy o—" & |
| ¥ Y. i ) =~
J Y e—— -9
»




3

CORRELATION
-120 40 200 360 520

~-280

-4u40

-800

iﬁxy1m-

Rxx.

Rxy?
Rxy3
REAL CH 0°F
QUAD CH OP

68

10

,Figure 4.2.8b)

iliq‘ RN L
~ NO. OF CHANNEL.S

Expanded scale plai of central part gf_’é.zz‘.Eu) .

-4



5. DESIGN AND IMPLEMENTATION OF THE SIGNAL PROCESSOR

chapters. Th_cs chapter will du:fﬁ N detail the scheme and environment of
operation. The design and implementation Qf the processor will aiso ba presanted
with emphases on an analysis of major system parameters and a choice of

tiit:hﬁalagy;

5.1 System Specification ’

The ‘main design criterion of the 408 MHz systim is to obtsin’ a simple and
reliable continuum channel, sharing as much existing hardware and saftw,irpe' as’
podsible The soiution ehgnﬁ is to apply digial llgnal pracissong technology to
eliminate or raplacg expensme and less stable gﬁ:lag equipment with dngum hrqlw:re

Tha 408 MHz diéitil signal processor will be a mV:t-m of the super-

for - radio astm-aal c:bservmgns Engmlgrﬁg ns@gct; such ' as mmntmnabmty.

5.1.1 Environment of Operation 2

. The 408 MMz .Digital. Sigml Processor (DSP) will finally - integrate with the
142(3 MHz :ystarn and ‘operste in an mea-a mode. The hos: computer, a PDP
11!23 eantrals the operation of the whole synthesis telescope. The 408 M—Iz’DSP |
ceﬁwmu:ngs with the -nmrmt via four major ports as shown in figure 511 A
16 bit parallel bod-roetm;l port.links the m;ful processor with the host computer A
16 bit paraliel vnput port provides information from the SST.control word, which is 8
common” 'caﬁtraf word issued by the host computer for controlling various
ﬁ;.i%lvm-af the synthesis telescope. A parallel sidereal ch:»ék interface port
pn;\nﬂ-s the :ngnil processor wnth sidersal time Fin:l{y a serial port |iﬁksx up the

o

pféclllﬁf with the system cﬁnsah terminal

69
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A 3
BASE BAND SIGNALS® - e
. PARALLEL LINK
B ———
SERIAL LINK
408 MHz SIGNAL
PROCESSOR
- 88T | T DU
HOSY ﬁECDF;TﬁC)L SIDEREAL e
. =4 CONTR . SYS
come [ - cLOCK SYSTEM
WORD . CONSOLE

Figure 5.1.1 Camﬁmm;at-aﬂ snvironment uf the 4DE MMz signal
processor :

* -

, The host computer and the 408 MH:z signal prac-ssar commumcate in a
master/siave mode They are loossly coupled in terms c:f communications Physn:aﬂy
they are linked by two 16 bit umdirectional ports Ccﬁmmn;—:tnam 1s based on
nynct'raﬁéus full hand shaking protocol At the beginning of an observation run, the
“host computer will issue an initishsation command to the ;ln- fcliowed by a list éf
observation p&mtgrs. The signal processor is expected to return a set of data.

" after every major integration period. which is chosan to be sbout B seconds

Similarly the signa! processor is commandec st the end of an observation run to stop
various activities. The starting snd stopping of ohservation runs are strictly
controffed by the host computer, otterwise t™he signal processor operstes in an

The interface to ‘the wd-rnl clock sllows the * processor to resd tw
siderssl tifme independently. Thus hour angle dependent varisbies could be all(:uutad
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¥

to the required accuracy. A serial port to the system console interfaces the

operator to the system through a Tiny Operating System Man-tar (TOSMON)

The Super Synthesis TilCS(:GPI 4SS8T) control word is a 16 blt“iaﬂtr‘t;ﬂ werd
issuad by the host computer and is distributed throughout the SST system Tha 88T
mawwmhmmﬂmma@u ﬁm-\hmm
sy;tcm The signal processor uses the timing signals to synchronise the ri}aﬁung of
correlator ;:eﬁrﬁulat@rs and the integration perigd The de-assertion of the RESET

line in the SST word starts a new .major integration period

5.1.2 System Analysis snd Design

As shown in figure 223, the s:hcmatn: signal fIQW_-éi:griﬁ of the 408 MHz
system, the ’signal path involves cross ééffim,iéﬁ, Hitbert tr:ﬁs_fcrﬁﬂtian and,
interpolation  Throughout the conception of the scheme. dedicatad ‘microcomputer
was assumed to be available for the arithretic operations and control functions |

- F 4

The incoming baseband signais are digitised and sampled at 16 MH:z rate’

They are then cross-correlated in a hardware crosscorrelstor The output 15 a

correlation function siowly varying in tme The shape afb the correlation function is
determined by rthg structures of the source seen it the particulsr howr angle and
changes as the earth rotates Since there is ﬁc fringe d’ar{:ﬁtiah before correlation,
the correlation function is further modulated in phase at the fringe rate To
counteract such modulation. or perform fringe derotation, the correlstion function
must be sampled frequently encugh as the shape changes wnth;timé The maximum
fri,ﬁgg rate of the 408 MHz system c;:ah reach one cytle Evirry 17 sgé ;l‘t: obtamn
géeg erﬂﬁgngiity b!twaa"ﬁ the inphase and quadrature channels, the cakrn&itiéﬁ
function will be sempled after ‘every minor infbgration period, which is about 100 ms.

The Hilbert transform lnd interpolation are performed on the carrehgcm function

' aft-r svery minor integraton p-nad The output is derotated to obtain the inphase

and Quadrature channels. The real and quadrsture chenneis are further integrated up
~ _
to a major integration period. which is: sbout B seconds, before bemng transferred to
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to the required accuracy. A serisl port to the system ce :
operator to the system through a Tiny Operating System Monitor (TOSMON).

The Super Synthesis Telescops (SST control word is a 16 bit cm;ral word
issued by the host computer and is distributad thraugmm the 5ST system The S5ST
_ control word controls the integration timing and crosstak calibration in the 408 MHz.
system The sig.ﬁl processor uses the timing signals to synchronise the resetting of
correlator accumulators and the integration period - The dii—:séarti:m of the RESET

line in the SST word starts a new major integration period

5.1.2 System Anelysis snd Design _
As shown in figure 2.2.3, the schematic signal flow diagram af the 4{38 MHz
system. the signal psath involves cross correlation Hilbert tr-asfarmnan and

interpoistion. Throughout the conception of the scheme, a dedicated EQCOMmputer

was assumed to be availsble for the arithmetic operations and captrol functions

.The incoming " baseband signais are !dngitisgd and sﬁpiéd at 16 MH; rate
Th’y are tmn cross—correiated in s hardware crosscorrsiator Thg output ig a
corfolni_on function flowl*?ying in time  The shape of the' correlation function is
determined by the struct;i’a of the source .seen at the particular hour angle. and
changes as the earth rotites Singe there is no fringe derotation before correlation,
the corrclatiqn' function is further modulsted in phase at the fringe rate To .
counteract wch mt‘adumcm. c;r perform fringe dcfatmoﬁ the correlation function
must be‘_sirnpled frequently enough as the shaps changes with turﬁa The maximum
fringe rate of the 408 MHz system can reach one éycl:‘iv:r\} 17 sec To obtain
good orthogoumy betwesn the .inphase and :iueﬂtn.n channeis. the correlation
function will bo sampled after every minor mna--nan period. which is about 100 ms..*.
The Hilbert transform ari interpolation are performed on the correlation function
sfter every minor integraton plﬂﬁd The output is derotsted to obtain the hphase
snd quadrature channels  The real and quadrature channels are further integrated up
+ to & major integration period, which is sbout 8 seconds. before being transferred to
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“the host computer as resuits

513 C:holeg of T-mtaw

The strategy used throughout the DSP design is to choose a paw-rful
microcomputer and apply advanced’ software technology. Advantage is taken of the
_ micTocomputer's processing power by performing fm:m\ in software ahensver
possible. The complex reattime synchrorusation and multitasking software problems
are t:c;k;l:d with the imutian of'a realtime multitasking executive To solve the
otherwise aimost insurmountshle software development problem. a high level lsnguage
is used with cross development on an established host computer. . .

The fuﬁttiaés of reading the ;ﬁrgmgn bit transposing the data. iﬁt:rp@litigﬁ
and Hilhart tr:ﬁéférfﬂiﬁ@n must be done for each interferometer within one minor
integration period. which is about 1;301'?!5_. Rough estmations: show that such 2 load
" s well bgyand the capability of eight bt m;crapFéC:éESan like the 6800 pnd BOEO
The MC68000. one of the most powerful 16 bit mncra:arﬁpumrs available at the
time of design w:s Ehaun_ for 1ts enhanced processing capabilities and the .
availability éf high level langu:gg for software development '

L

5.2 Hardwark .

figure 521 The incoming signais are ssmpled at 16 MHz, and quantised into 3 levels
:whieh sre represented by 2 bits n digital fﬁrm. The par ‘af Siﬁhﬂlsf that form a
 product sre passed through a digital dnlly and then eras::éfrnl!tca in a 16 channel
carfﬂltﬁr A system cla:k ?-ﬁ-ritar ﬁnnrnu alf the clock signals- for the ﬂugmﬂ‘
delays and Eﬁrrgliter:’ The digital delays and cgrr-mgrs sre lFFl'Igad in bus
structures and sre connected via interfaces : the ESQDQ nw;raeamputaf. Ther
68000 has direct control over all the hardware subsystemns except the qmﬁt,nierg

e

b

1
iiggg;ii==ségi_g‘_

! ﬁvtn;-d s, g;plmd to mcfacmiri
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Figure 521  Hardware cqnfi?g:ticn of the 408 MHz digital signal

/
/

\r



74

5.2.1 The Quantisers

The quantisers are the interface between the analog system and the digital )

signal processor. Incoming baseband signals are ssmpled st 16 MHz and quantised
into three leveis represented by two bits. The quantisers used in the 408 MH:z
system are replicas of those used in the 1420 MHz digital saicvm Although a

3 level q;mtnm is simple n concept, ﬂ‘II h!ﬂwti mﬁmﬁ%meﬁ 15 nnL?Mlt

Easndas hl\ung to wark at hwgh speed, thg spplication demands very low crosstaik
bnmnn mdmmnl units. ' Crosstalk bgtwm 2 pair of quantisers will contaminate the

T i
‘:arr:spcndmg crosscorrelation function Care has been taken to ensure high

isolation between units by using separate Vp«;wsr supplies and signal splitters for

commaon clock signals.” A typu::l radio source produces only 0.1% correlation in the
1420 MHz system Frgf-r!bly the level of crosstak between quantiser units will be

much lower

5.2.2 The Digital Delay

. The digital jlay and fhe earr-utlcn function interpolation tagcther farrﬁ the

path compensation delay. The ﬂugml delay 15 a cosrse delay unit limited in resolution

by the sampiing rate of the snalog signal.’ The mam purpa“ of the digital delay is to

shift the centre af the carrilman fmetnm to the centre af the correlitor. so tﬁgt
the mtprpgmlaﬁ !igoﬂthrn can uﬁa care of the fractiona! part of -delsy valus: The
digital ﬂy is required to insert from 0 to 32 units * of delsy into either mqnll Qh

far delay cm:nnhﬁn it is able to algn thc centre of the correlation function wrth
the centre of thé correistor to within 1 delsy unit

Figure 522 shows the schematic diagram of a digital delay unit The digital
delay unit is made up of shift registers and muttiplexers  Each delay unit is made up
of about fifty TTL IC's. Compered with ‘the :wmhid cable ,djl:ys} the digital dalays
are small, Vincxpcﬁsiv% and most of all ;i,tsiq and reiiable.

)

Sy S T

“anidlhyl.n!i 1 n@pﬂ*i 1716 microsecond

B

”
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!
5.2.3 The Digital Crosscorrsistor

The correistor unit @m@mfmm of the 1420 MHz spectrometer _
correlator(7] Input signals of the correlators sre quintllgd mta levels of +1. 0 -1
and sre represented by the twa*bﬂ code of 10, DG and 01 respectively There are
nine terms in the product space. but the value of lhe product preserves the trilevel
characteristic. The correlstor uses a biased a:;muan scheme An af”v count
rate exists for the zero product Two trains of countWPuises at 16 MHz Qith 18%)"
offset. controlied by the -1 and +1 product terms, :'Fi used to cjock a ripple
counter chain A =1 15 used to delete an offset gm pulse and a +1 :i‘s used to
gate in an extrs ea{g;zt The advantages are that only yp-counting ripple counters
need be used snd thn speed requirement i3 lower Ml subsequent stages. The

schematic af the muitiplier and integrator fdr one channel 1s shown in figure 523
|
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Figure 528 Schematic of the multiplier and mtegﬁtar for one
channel of the c:c:rral;tar
v
Q .
Figure 524 shows the arrangement of the 16 channel crosscorreiator The
spacing: between channels is one smi- peariod. or 1/16 microsegond, in the delay
domain. The delay units are simple shift regrsters. ‘eh multipher is implemented
with a few gates for the coding scherne used . The ripple counter chain consists of

a T divide-by-64 counter followed by a CMOS 16 bit counter Since the CMOS:

counters are ggvjéid only with serial rndaut the output of the correlstor is
organised in bit-serial channel-parallel form A 16 bit word from the correlator

consists of & bit from every channel The deta must be bit rangmosed to obtan a

18 bit word for overy ~hannel
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- - e

Figure 5.24 Arrangement of the 16 channe! correlator.

5.2.4 The Microcomputer

The microcomputer hardware consists of a commercial single board computdr
MCQSOOO Design Module, an interface board ar;d an erasable programmable read only
momérsi EPROM board The single board computer contains 32K bytes of random
access memory (RAM). serial and paraliel I/‘O-.ports and three 16 bit timers The
serisl ports are usod~ for systemm console communications and : host computer
cbﬁvmniatiom durmgv software developm8nt The timers are used for generating
the sidereappand observation real time clock interrupts The MCBBO0O Design Module
Wpports seven levels of interrupt w.hich sre used for comécatuons'wim the

environment and various internal timings

The 68000 -processor is a 16 bit general purposo machine. The architecture
' supports eight 32-bit data registers and eight 32-bit address registers Most data
manipulation instructions - can o'porm.on 8 bit. 16 bit or 32 bit data Thosg‘mcludq
the 16 bn by 16 bit muitplicstion and 32 bit divi‘de by 16 bn instruction.?,. Other
powerful instructions include muitiple move that can load and store any combination
of the 16 MQ&MI registers with a single instruction The instructi}ons.cban operate
with 14 sddressing modes, mcludmg autoincrement and autodecromont/ via addr?b
registers. Tho urchitoc&o. the rich arithmetic instructn’on'sgt, and the long opergnd

.
.
. e
. . 3
b



length make tho—68000 2 very powerfu! srithmetic processor. The processor also
SUpports opormng systom functions with a.p.rvrsory mode of execution prmlegld .
mtructnon set. and trap urmructvons

Thc.rriéroconpmor controls.vriws subsystems via parallel interfaces The

digital dd.ay's and correlators sre organised ss bus structures Each unit is as;igned a ,
unique address  For example. the microcomputer programs the digital delays by
© simply sending a control word contaning the direction ' and value of delay to each
unit Outputs of the correlators sre read after every minor integration in a similar
fashion S T
525 Hudwuo-?.cknging

| Figure 525 shows the cqunpment layom of the 408 MHz d'gum signal
~processor  The' hardware is built ifo 24 inch rack mount modules. Each pair af
Quant:sors 18 buit into a 35 inch module. Two dngmf dolay ‘units are fabricated on
one printed c’rcuut ‘bosrd with the same .dimensions as a correlator bord The
| correlator boards and digital delay boards are vertically mounted N a 17 slot chassis, |
which has enough room and powc' -capacity to support 1Q inter ferometers m.
simuitaneous operauon The microcomputer, the EPROM board. the interface baard
-and the systcm clock generator augusad in a controlier chassis. Becausa of te
large physical size of the microcomputer bourds oxbnder Cards used in conventiona)
* bus structures for mdwndual c:rd access may produce undesirsble effects cm the
relatwely ‘fast bus s:gmls A floxuble bus is adopted mnstead. which aﬂaws the
asson'bly to be opmd up lke a book. To sllow easy access, the controlier housing
is built .into a sophastncated slide and hmge domce with 3 degrees of freadam of A
movement tsee figure 5.25) The controller and conolator are supphed by a
common power supply module. The whole assembly is houscd in" 2 screened r:::c:m '
to avood radio froquoncy mtorferonce from the fast d:g«ul sngnds
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Figure 525 Physical ﬁacquing of hardware C \

processor (DSP). The units from the top are. the pcwer supply
madule, the controlier module, the correlator module. the video
amplifiers snd the quantiser modules , 4

Figure (a)- shows the front. view of the complete 408 MHz digital signa ) ~

. Figures (),.(c). and (d) show the unfolding of the controller chassis that .
sllows easy access to individual boards during operation The 68000 _ ' -

Design Module single board microcomputer is situsted on the top of

. the stack of boards as shown in (c) Below the microcomputer sre the .

interface board, the EPROM board, end the system ciock generstor !

board as shown in (d). 4 : _ £

- Figure. (8) shows the correlator modute.. The foreground circuits are
the correlator boards The fully extracted board is the digital delay
board T .

¢
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5.3 Software " -
The 408 MHz signal processor is a seffwfi intensive instrument Al of the
control and meny of the signal pracassmg functions are performed in safmars The
resttime signal processing functions can be classified a3 fdi,ws
1 Tasks every minor integration period (spproximately 100 ms)
a Read correlator accumuistors. clear sccumulator,
b. Bit transpose the seriai cqr’filnar’dnl ,
c Set up the mphase and quadrsture imerpolation functions
Parfarméimef product on the correlstor output with the interpolation

a

functions;

Muttipty ﬁ innar Q‘ﬁﬂ&."i‘ with sinid) and cosio) té perform fringe .
derotation

f 'Acgmlng the derotated results.

g Updste the fringe angle © and delay vaiue with linear extrapoistion by

adding §6 to ¢ and Stto T * |

2 " Tasks every major integration period (approximately 8 seconds) s
a. Convert the accumwlated result to the format requred by the host
computer.
Send results to host computer,

o

c Caiculata the fnnge angle é delay value 1. and their linear extrapolation
incremental vsiues & v and 66 o
~d Send out new values of digital delay
The sbove list of functions is not simply performed in strnght nqugm::é Some of
the functions r;::yﬁﬂfmgus and have to be carried out concurrently with others
For example, the sending of results to the host computer is asynchronous, and the
hogt computer is not g.grnnd to respond within a certain period At the same
time other pressing jobs like variable updsting must be completed within strict time
ations with the host computer, ﬁ,ﬂr‘pfjfﬂiﬁﬂ of host computer cormwmands,

communications with the operator via the system consdle. and keeping track of

— .

PO



sidereal tima. .

Syitiﬁ! wias developed btc: centrafise .the ’xfuﬁ:ﬁéns of pfc;e;s swilching  and
synchronisstion with Bf!ﬂ‘dgfﬁﬂ boundsres. 50 as to alleviste part of the apphcation
software complexity A monitor, the Tiny Operating Systern Monitor (TOSMON), was
developed to improvp the observability, controliability and testability of the systam
TOSMON also aims at prawd-ng a friendly interface to the operator Detals of Tiny
Operating System !;r: described n the fdimﬁﬁé sections

5.3.1 The Tiny Opersting System (TOS)

'

In conventional microcomputer software implementation without operating

 systems, more than one thread of executon is provided by interrupt servicing In
implementations with a smale stack, the order of execuiiaﬁ is strictly determined by
\th: lagst-m-first-out nature of the stack ‘55@(1 a sequence to0 restrictive for the
“Tealt'me application of the signal processor The alternative solution s to employ a

be shared among more than one thread of execution in any order Since no realume
multitasking executive was avasiable u;osmcrcuily for the 68000 at the tme of
software mplementation. the Tiny Opersting System (TOS) was developed by the

TOS is the kernel of an opersting system designed ’ta_ suppore realtime
muhtitasking operations on the 68000 Many of the design idess of TOS are based:
on Lister{16] TOS provides the basic functions of processor dispatchng. resitime
task maenagement, semaphore queueing facilties and primitive input and output By
providing these basic functions, TOS frees the observation software frm‘tﬁéus
inter=task and resitime synchronisation and provides ji private environment for each

o
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5.3.1.1 Process and Process Descriptors -

=

4 process. sometimes called a task..represents an activity n wa system The
execution of a process brings about the PfE;EFESS of an activity Frc:fn the system
pomt of view, a process 15 an indepandent entity The P;QCCSSGF axecutes
mstructions on behalf of a process From the procassor's point of vm:.f, ? process

is 8 unit of execution, while a program or a piece of code is a series of instructions

xB;s;d on these concepts. a process exists mdependent of programs Thus a plece

%t code can be shared'by mdre than one process Conwersely. a process can be
regarded as a thread of execution going through sequences of nstructions

a £

in this implementation. sach process is represanted by a process descriptor in
the system A process descriptor is \: dsta structure for s;wng all the mformation
eaﬁcerrfmg a3 process when it g tz.-ﬁt?rzﬁiy suspended To continue the execution
of a temporarily suspcﬁaié pracess. the process must be brought back to the state
it was in just before suspension  This requires that all the CPU rggastifs and status
sometmes calied the volatie environment bs saved A process a;gsc:ﬁptar 1§ made
up of storage space for the registers. 8 fieid indicating the status of the process.
ponters for dyfilfent kinds of inkage and s name field for dentification A process
may also be referred to by its "PROCESSID' which is the Faddrssis of the

corresponding process descriptor Figure 532 shows the structure of a process

. descriptof

The status of a process. as indicated by the process status field is always in”
one of the following ststes | ' |
1. Running;

Runnable;

Activated but not runnable; or
Deactivated ’ P
A rurning process is one that the processor is currently execiting A runnsble '

s N

process is a process ready for execution and waiting for the CPUs attention When
the execution of a process comes to a halt because of input or output operations or

=
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Figure 532 Structure of a process descriptor

» | [/‘\

waiting for some condition to occur. the process is marked as activated but not

L

| S—

v |

runnable. If the I/0 operation 1s compieted or the condition the process has been
waiting for has occurred, the status will be changed back to runnable When the
execution of‘ a process comes to a termination, the process will be marked as
deactivated. A running or runnsble process is always activated while a deactivated
process is always unruhnable Deactivated processes are not removed since most of
them are realtime processes and execution will start again as soon as the appropriste
time comes. ” |
8.3.1.2 Procu{u Dispatcher

A Central Table in TOS contsins the essential system parameters like realtime
clocks and pointers to system data structures. Two of these pointers point to the

static queue and the processor queue. Another pointer points to the current process
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queue links up only the

o

under execution The static queue hnks up .8l process dnas:rnptars in the system
regardiess of thgir ;tttus md datermines ﬁaer pru:rrty of execution The processor

rurnable prac-ssc: m du:gﬁdmg ﬁniuty Processas in the

processor queue afe waiting for the C:Pu: execution Figure _§33 shows tha siate

of the process and the Centrsl Tabie &t one nstant As shown in the

Ttr'u’f:tu‘,é of a proces scriptor n figure 532 the first ﬂTn fislds in a process

\
descriptor are the static queue link, the processor queue link and semaphore queue
. a )

k. Process B 1s currently beng éxecuted Processes.B. E. G angl process DLE e

has been completed and deactivated Processes C. F and D are urvunnable and form
a semaphore queue queung after semaphore X Sirmilarly, process H s queung

is always runnable and is always sitting at the end of the static and processor
queues , " )

_ ) i '

) The order of execution is based on strict priority that is. only the process at
the top of the processor queue will receive any CPU \!ﬂéﬂtiéﬂ' The strict priority
system simplifies reaitime moltitasking programming considerations and has the
additionsl adventage of being easy to implement The p?aeessar dispatcher anables
the processor to switch between processes The processor dispatcher s mvcked
‘every time an interrupt or trap condition occurs. Process switching is rimurea
whenever the current pra-:n: becomes uﬁrmnﬁh or termingted. or a procass of
higher pnarrty is made ﬂﬁ'ﬁi;h s a2 result of imterrupt or trap operation Df*
occurrence of process swrt(:hvn;, the processor dispatcher ssves the context of the
current procéss in the corresponding protess descriptor, loasds a new context from
thg process éncnptar at the tcrp of the processor queue, sets the new pra::n to
the current process. and i!ia'ull! the new current process. )

The praa-n descriptor, processor Qquaus i\gﬂ processor dispsicher provide . -
the basis of mutntmaprnm Other functions like reaitime job ma ant and
re signal and wait all rely on the processor being able to switch execution

L
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from one process to snother.

-
5.3.1.3 Reaitime Manager

The reaitime manager keeps reaitime clocks up to 65536 days with resolution
of 100ms. and performs realtime triggered operations Realtime operations could be
classifled, into “immediste jobs” and "deferred jobs’ Immediate jobs are those
operations performed in supervisory environment during rgaltﬁ clock mterrupt
ﬁrﬁﬁg Deferred jobs are terminsted processes re-activated by the riamme
“manager. When a reaftime clock interrupt occurs the realtime manager increments
the mternal software clock and performs a list of mmediate jobs. activates a hst of
terminated F;TéECSSCS. and transfers execution .Es:mtrci:l to the processor dispatcher

The software realtime clocks are orgarised as counters for 100ms, 1 second
B second, 1 minute. 1 hour and 1 day. Associsted wdh nc:h reattime clock asre two
trmc tables, the immediate time table and the deferred hmc tﬁh The immediate time
table contains the starting address bf the mmmediate jobs, orgsnisad into lists of
every 100ms 500ms, 1 second 8 seconds, 1 minute. ! hour and 1 day. The hst of
mmediate jobs is executed if the clock time is a rmmpia of the corresponding
period Similarly the deferred time tabie contains PROCESSID as entries and the Irst
of processes is activated at the appropriste clock tick. Thié particular implementation
provides two real time clocks. the sidereal clock snd observation c:h;:-& which kesps

the sidereal time and” elapsed observation time respectively ~

Figure 534 shows the structure of the sidersal reaitime clock For
ilustration, consider a/resitime clock interrupt corresponding to the sidereal time of,
say. 35 day 15 hr 23 minute and 130 second When the interrupt occurs, the
sideresl clock is identified and the reaitime manager ivoked. The reaitime manager

o increment the chain of sideresal resitime clock counters accordingly and mark
~ the clock tick as a multiple of 0.1 sec, 0.5 sec and 1 sec.
2 Access the 100 ms list of the immedisté timetable via the timatable access
poiters.
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Execute the list of subroutiries in the order histed
4 RepmpoimZNBfortho\ngsmdtholucondﬁst

Access the 100 ms list of the deferred tmetable -via the timetable access

pointers.
6. Accass the process status field of uch of the process des:rrptar: n the list
If the status is deactivated, ie. tho reeitime job is complcted n tm the status
is rchangéd to runnable. Eise the task ls not - fnmshez! within its’ grv-n‘ time.
ThoprocosssmusvsmwwawcsmMﬁHMS\ﬂwd
of the, process descriptor and m the job status word of the realtime clock to
indicate the error
7. . Repest point 5 and 6 for 500 ms and 1 sec list .
Rearrange the processor queue according to the new process status

Transfer control to the processor dispatcher

The organisation of the timetables is highly fiexibie The timetables reside in
RAM and can be changed at run tur;{e. Spliting the real time functions into immediate
and deferred jobs further enhances the flexibility of the system. A typical
spplication is to io§ data from an external device as an immediate job and process

the data in the background as a deferred job

5.3.1.4 Semaphores and The Signal and Wait Functions

TOS provides semaphore queuing and dequeuing facilities for communication
between processes A semaphore is 8 dsta structure with a field of mﬁme
value, which is a small integer, a pointer to the head of the semaphore queue and a
pointer to the end of the semaphore Queue A semaphore queue is a list of
processes represented by their descriptors, queuing after 2 semaphore Semaphores
can only be operated on by the functions signal and wait The wait function is .
equivalent to: : : :

wait (Mo)
begin if (semaphore value is greater than or equal to 1)
then decrement semaphore value by 1 and proceed - -



*
- ¥

eise put the calling process on the semaphore gqueue, make it

’ unrunnable and remBve it from the processor queue

The signﬂ'#unction is eqQuivasient to:

signa! (semaphore)
begin if (semaphore queue is empty)
then mcrement semaphore value by 1

13

eise free the process at the top of the semaphore queue
change the status to runnable. and insert the process
INtO the procassor queue

end.
B,
" A nonsharable resource can be protected by intishsng a semaphore value to
one and inserting wait functions’in the rot:pist‘ang processes before s;ci:s-ngm
Process A Process B :
! - | [
P _ - [
wait (writeterminal) - l Voo
write to terminel ‘ wait (writetermmal
r ! - | Iblocked] -
] !
signsl twriteterminal) o
* ) A [freed)
' I , ~ write to terminal - /
| I _ L
| — | .
I signal (writeterminal)
| I
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.
in the above example the sermaphore writeterminal is used to protect the t;rm.nal as
a nonshsrable resource If process A is writing to a terrmmal, while process B
exscutes the wart (writeterminal) function, process B will f’;'xa that the semaphore
vllue of m;tgtafmnil 1s zéro and process B will be blocked by the semaphore
With the execution of signal (writeterminall in process A, the process at the top of
the semaphore qQueue. process B in this case. will be freed and allowed to access the

nonsharable resource :
Process synchronisation with semaphore can. be achieved by having one
process signaling on a semaphore with the other waiting for the same semaphore In
the case of data processing and sending results to the host computer the staps are
- synchronised by initiahsing the semaphore to 0 and inserting a signa! in the data

producer and a wait in the data consumer

DATAREDUCTION TRANSMITDATA |
’ i i I
| wait (newresutt ' .
reduce a set of data [blocked)
write result in buffer i
sigr;ll inewresult) |
I [freed] . R
| ransmit result to host
. Y S !

The signal and “wait .operstions on semaphore newresult guarantee TRANSMITDATA

will not try to send a resuft bcfar;g the result is ready

process descriptors. The

process represents only

The semaphore queuing facilities are provided by the semaphore link fisld in

ing and dequeuing are first in first out = Since a
thread of execution and could only be queung after one

field in the process descriptor will suffice. Figure



'SEMAPHORE VALUE
HEAD OF QUEUE POINTER )
END OF QUEUE POINTER .

Figure 535 Structure of a semaphore
are queued after semaphoras .

5.3.2 The Tiny Opaerating System Monitor (TOSMON) | .
- The 408 MHz Digital Signal Processor (DSP) 15 a software intensive instrument
Signals appear only as data in memory locations once they have entered” the
microcomputer  The Tiny Operating System Monitor (TOSMON! s developed to
monitor. control and test the system TOSMON ensbles the operator to probe mnto
)

various internal pararﬁatgrsgmg observation via the system console Funznans of

TOSMON can be classified into system functions and observation functions

The observation functions include
CD  Continwously Display the results
co Continue Observation continie a8 stopped obsarvation.
Di Displsy display the output of every channel
om Observation Mode: set the mode of obsarvation.

ov Observation Variables edit observation variables.

op Observation Parameters. edit observation parameters.
80 Stop Observation stop the current observation. \.,:
HO Host run under host control

Lo Locsl ignores host computer and generates all timing signals locally
AO  Ansiog Output configure the angiog output channel
HE Help print out help messages to the user.  »



The system functions include
AC Active: cisplay all activated processds.
ET* Edit timetable. edit the deferred timetable.
MB  MACSBUG transfer control to the manufacturers resident monitor
PQ Processor Queue: take a snap shot of and display the processor queue
. PR F‘narrﬁr Sdit the priority. or static queue. of the system

PS Process Status cisplay and change the process status of processes in
Ti Twne display and change real time clocks

SQ Semaphore Queue dispilay the semaphore queus

their given time

RU Run run a C pragr:rﬁ or s suﬁmiﬁn in core

.TOSMON is designed to provide a friendly human interface. Rt is nmeractive in nature
mg 's ntended o be used without 2 manuel. The help command is awnays aveilable
and prints out heip messages When a vaiid command 1s received TOSMON prompts
the user for p-rmirs Often. the user is asked 10 make a choice among several
Iusted commands The rnml in appendix Ml tontains 2 hst of examples of user

vorsatnons with TOSMON TDSMCIN has been proven to -fullfil the design goais

has greatly snhanced the observability. controllability and testability of the system
’ At the issusnce of n two character command. the continuous display mode will print
out the sidereal time. source hour angie. the eispsed time of obsefvation. . the
mterferometer spacing. path compensation delsy. fringe angle —and the real -nd
quadrature output of each htﬁﬁrm svery B geconds TDSMDN is also pﬂly
responsible for the speedy div:lb@iﬁint and :aﬁwwnmng af the digital :tw
~processor.



v
5.2.3 Obssrvation Processes

The absecvation processes consist of a collection of processes performing
various functions directly or indirectly related to observations. There are three
processes handiing observations directly MAJORUPDATE. MINORUPDATE , ond
DAFAREDUCTION MAJORUPDATE and MINORUPDATE. are responsible for keeping
vr:aus hour angle—dependent varisbles updated DATAREDUCTION reduces the 16
channel correistor output 1o the final inphase and quadrature channel outputs Other
servicing procasses include the READHOST which reads and interprets host computer
commands, SENDHOST which sends. the inphase and quadrature channel outputs to
the host cm after every major update preiod snd READSIDEREAL which rgads
the hardware sndgrul :Iack '

DATAREDUCTION and MINORUPDATE are listed in the observation clock
deferred timetable 100ms ist MAJORUPDATE is hsted in the 8 second list of the
s:fﬁe timetable DATAREDUCTION performs a signal function on sgmar;;h@re Result
: after every major irnt;egrﬁiaﬂ periad which triggers the SEY\DHQST procaess to send

;mds or data from the host computer, and 1s activated whenever thg host sends
a word to the DSP. READSIQEREAL is listed in the one minute deferred timetable of
the sidereal clock. When a:g;ggg: READSIDEREAL reads ﬁmn sidereal clock

and sets the internal software sidereal clock to the new value.

Software development represents a major part of the totsl development
affort The 4Q§ MHz Digital Signal Processor software ;is cross developad on a
PDP11/45. It was decided that high level language should be used whenever possible
for ease of development and maintenance. . The high level mgg C was chosen for
the following reasons: s
1 Structurs: C is a language which uses if~then—else constructs and while, for

; and repest loops instead of goto's and do loops. ,
2 Reentrant All subroutine locsl vimbh: sre stored in the stack and are



[ ]
crested as the routing is entsred. thus aliowing a single routine 1o be shared
by more than one process.
3 Relatively few restrictions C is a relstively unrestrictive ianguage that ﬂ!@ws

access of addresses of varisbles and subroutines, bit manipulation, and writing
to sbsolute addresses These festures are valuable in a ma’\:r:jx;anwgr
opor.tinb environment

4 Double precision flosting point arithmetic C supports single and double
floating¥ point varisbles and double floating point arithmetic. which is preferred
in fringe phase angle caiculation ! _

5. Availability: the C cross—compiler was c:ne of the very few cross-compilers

available for the 68000 at the time of software deveiopment

All of the TOS code wu- written in assembler language. while the whole |

TOSMON was written in C The observation processes were written in a mix &f C
" and sssembier lmgungo The size of source code bresks down as foliows
Assembler C language

To0s , 100 0 lines
“TOSMON ‘ ' 0 1900 lines
Observation Processes 700 400 lines
Common Data Structure 850 0 nes
- A totsl of 5500 Wnes of source code were written for the 88000 This
source code did not include the FORTRAN generated trigonometric and mérpém'naﬁ (

function tables. The target code for the 6B000 was stored in 48 K bytes of
Erasable Programmable Read Only Memory (EPROM)  Another 2000 lnes of C
program has also been written to suppisment fhl CTOSS d’naﬁapmint package on the
PD‘P.H host computer. -~ . .. ) ’ |

During development, sourco code written in C was edited and stored in the
host computer. A C cmsi-conpibr compiled the sowrce code and translated the

object code into an S-record file. which is a hexadecimal representation of the
' «



object codé in ASCIL The S-records were ﬂ-n down loaded iﬁt@ the RAM sraa of
the 68000." The target code was pragrmd ma EPROM as each software module
became reasorably stable

1
5.4 Scheme of Operstion of Tha 408 MHz DSP -
5.4.1 Initislisation and Track Caslcuistions
Al f software of the 68000 microcomputer resides in EPROM At

.power- q: the 68000 microcomputer parfarms # list of initialisation fme:tnans These
inciude setting up all the syst,ﬁﬁ dets structhures such sx rasitme clocks. timetables
and process descriptors. and mutialising all the programmable |/Qi§gvn;es The 68000
then starts execution of the runnable processes. which are TOSMON and IDLE at
power-on time The signai processor is now rndf to receive commands from the

. X A )
‘system console and the host computer The startng up of the signal processor is
power failure with an observation intialisation from ﬂ‘ie host computer

To start an observation. the host computer issues Van initiahsation command,
followed by a st of parameters The list of giobal parameters includes the mode of
observation, frequency of observation. and source coordnastes  For each
imérforometon the parameter list consists of the baselne length, track errors in the
three dimensions of equatorisl coordinates, and collimation error After receiving
these parameters, the microcomputer cﬂegﬂﬂis a list of constants and the track

error effects for the observation

The thres components of the track error. x, y and 2z, sre defined in terms of
.departure Of the £ast antenns from its suppOesd POsieon by -
x towards the mt.
y in the equatorisl plane at right angles to x. messured positive
tavytds the north, and
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The x-—direction track error is just an increase in baseline length The y-component
effectively changes the source hour angle by (17}
"SHA = -y/B o
541
where §HA 13 the source hour angle error.

The effect of the z-component track error is to introduce a phase angle

independent of hour angle

6, = 3% z’sin(DEC )

z, 542

~ where DEC is the source declination

The effects of track errors are stored for each nterferometed and recalled each

ume the phase angle and the path compensation delay are recalculated

Afterb the inftislisation, the observation will not actually start unti the faling
sdge of the reset pulse of the SST control we-ré: arrivas which siémts the beginring
of an inmtegration period |

’
5.4.2 The Observation Varisble Update and Event Timing

During the gbsc;v:ticzm. various hour angle dependent varisbles have to be
ypdsted every minor integration period. Among these are the :ahni angle and the
path compensation delay Phase sngle i1s given by (34 6)

o(t) = =2a Egs(DEC ) sin(HA)

LA

o

« £2B Cos(DEC ) sin(HA) ’ | 543
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Figure 541 Tiving disgram of various events
- The geometric delay expressed in souwrce coordnates and baseine length 15

(t) = % cos (DEC) sin (HA) (544

]

The term 2 5B/ A, 13 of the order of 10! for l:rgJ jm‘ciﬁgsi To obtan an ne:x;ﬂ::y
n o) of the order of 1° requires the cos(DEC) ;vd SiﬁfHAr) to be evsiuated to an
sccuracy of 1 ppm which implies cosine lﬁd sine functions should preferably be
evaluasted with double precision floating p@i;it arithmetic. The microcomputer used
does not have a hlréw:- flosting point processor and software evalustion of double
precision fioating point srithmetic is very time consuming. (A linear extrapolation
scheme is used instesd. 1o Updste the phase angle and path compensation delay



100

¢(t+Tmin) = ¢(t) + %% Tmin

‘s Ta ey o 1 o+
t(t+Tmin) = (t) + gt Tmin

= ¢(t) + 61 H

: 556

whire Tmin = minor integration period .
§¢ .= 31% Tmin

> £t = %% Tmin-

For every major integration period 6. §6 .t and &6t are calculated for svery
interferometer Equations (555 and (556) are used to extrapolate the values of o
and twithin one major integration period Appendix H shows that such s scheme

provides sufficient accuracy even for operation at 1420 MMz

Figure 541 shows the timing of various events during observation The
major ntegration period i;'smﬁmﬁ-ta the Fisat signal of the 55T control word
The falling edge of the reset puise signais the start of a major mtggratnan period.
integration in “he correlators starts immedistely at the beginning of a major ntegration
period snd lasts through one minor integration period which is determined by a
hardware timer. The correlator accumulators are read and another minor integration
is started M@;ly by restarting the timer - While the correiators sre integrating
DATAREDUCTION, a softwasre process. processes the previous set of correlstor
outputs. The MINORUPDATE then updastes the phlg angle -nd path compensation |
delsy using linear extrapolation The outputs of DATAREDUCTION sccumulate for one
major im.‘gntion period as the inphase and quadrature channel outputs.
. After the B0th minor integration, the timer is not restarted until the next
faliing) odge of the reset puise. The internal observation resitime clock is driven by
the integration timer interrupt Restarting the timer st the next falling edge of the
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N .
reset pulse effectively forces synchronisation of the observation clock to the SST
control word timing This period of no integration is devoted to data logging in the
SST system  The host computer reads«the outputs from various subsystems during
this period For the 408 MHz signal processor, data is ready to be sent to the host
a few miliseconds after -the last minor integration 'The process SENDHOST is
responsible for sending dsta to the host computer. At the same time. t, n figure
54.1, MAJORUPDATE starts to csiculate the phase angle, path compensation delay,
émd their incremental values for the major mntegration period starting at t, These
new vaiues sre stored n buffers and are not copied mto actual varable IQC;ITIC)F\S.LTIW
t. By this means. MAJORUPDATE can safely extend mto the integration period
starting at t, without ‘interfering vz'\ DATAREDUCTION.

The updating of how angle 15 asynchronous to the Major orf MINor ntegration
period Each tick of the sidereal clock increments the hour angle by the sguvalent
of 100 ms sidersal time '

‘ in the norrnal mode of operation, timing sigrals come from the SST controt
word and the hardware sidereal clock A “local mode of operation is provided for
development and testing in the local operation mode all timing signals are simulated
locally. The sidereal clock runs on an interpolstion bnu while the éS’T' control wgfé
signals are generated locally The host computer communication responses e aso
iae;liy mmuln-d Thl locsl mode sllows stand-sione operation of the - signat
processor. In th:s mode. over 90% of the herdware and software could be
deveibped and tested independently, which greatly improved the testability of the
system and significantly reduced the telescope time required for deveiopment

8.4.3 Phase Switching

in the 1420 MHz system. a typical strong source can only produce Dﬁi
correlation in the Eﬂﬁ'iﬁt& Other swcﬁ may ba 100 rﬂﬁis wasker In the
m-d receiver iyitirh spurious signels mdy be picked up by both channels of
the interfsrometer, or crosstaik may exist between the two channels in their lgag
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signal patti from the antenna 10 the correlstors. This undesirable correlation may
produce spurious responses in the interferometer. ’

Phase switching cun be applied to suppress such Spurioys response by a few
orders of magnitude. In phase switching. » 180* phase change is applied to the local
oscilistor signal of one of the antennas The Correlation that exists before the phase
switching pomt will change sign while that contributed after will not By successively
switching the phase and subtracting one response from the other. the time invarant

spurious response can be eliminated

In the 408 MHz system. phase switching will be spplied to the first rmixers.
which will be housed In the focus Bokes of the antennas Since the sntennas are
Eshy'sié;lly separated from each other by reasonsble distances. chances of crosstaik

ntroduced into the circuitry before the igt mixers are very much reduced.

Since the frznnge derotation 1s ocne after correlation in the 408 MHz system,
corretaton caused by spurious signals and/or crosstalk will also be derotated  This
spurious eéfr:l:tiaﬁ will gff-étivgi; change at the fringe rate The rate of phase
switching must be fast enough that the spurious correlation does not . change
apprecisbly withn successive phase switch hatf cycles. To efiminate the changing
sPurious correlation, phase switching 15 applied 1o aiternste mmnor integrations The
phase is effectively switched at 5 Hz which is 85 times the maximum fringe rate at

. 408 Mz ’ ’
2 .

There are tkro modes of operation for the SST system, the calibration mode

=

and the observation mode The: observation mode is the normal mode of operation.
in, e calibration mode, one of the local ::mcﬂlgtc; signals’ phase is switched S0°* after
every 9 major integration periods. Runming the calibration mode on & point source
silows easy calibration of system gein and collimstion errors. In normal operation, a
* 12 hour observation is usually preceded and followed by 20 minute calibration runs



7 - &. TESTING AND OBSERVATION X I
The éﬂé MHz digital signal processor is § complex system. To sase development
and to msri ‘System ntegrity, each subsystem was tested thoroughly before sys;em,
integration Sactn;n 6.1 describes the t-sung o} mdividual subsystems. while section
6.2 describes the testing of the mtegrated system with simulsted signals Smce the
chgital signal processor was developed before the analog system, the final system h:d
to be tested with signals from the 1420 MHz system  Section 6.3 describes » map
of 3C66 made with the 1420 MHz front-end and the digital sigmi processor The
map 1s compared with snother map Qf the same source made with the 1420 MHz

contimuum system

6.1 Testing of Subsystems

611 Testing of the Correlstors !ﬁd Quantisers )

The signal processing algorithms used m the digital signal processor all
" operate on the :rc:vss:;c;rrnhticﬁ functions cf the INCormung snﬁruls it is essental tﬁn
the hifdwra pramcmg the correlation functign, whoc:h ncludes: the quantisers, digital
delay uvt and the chgrtal crosscorrelator. ap-ar‘na properly. The digital celay urit 15 a
reiatively simple subsystemn: mrf-gtucn is more likely to greéﬁ nto the quantisers
Or the crosscorrelators  Tests described in this subsection are simed at testing these
two subsystems. ' ' o -

¥

6.1.1.1 Uncorreisted Noise Test

' The uncorrelsted noise test is intended to check for spurious corralation
produced withun the digital signal pmt:n:ar‘ itself, especially the quantisers The
uncorrelsted noise sources are independent wideband Wup tp 100 MMz nc»s-
generators foliowed by a 4 HHi fifth order - Butterworth . lowpass filter. Four

independent noise sources were fed into the four quantisers and four pws of .

Correlstion products were formed The outputs of the crosscorrelators were
sccumuisted over a period 6f six hours and the resuitant correlstion functions are
plotted in figre 61.1. From figure 61 1, any_ correlstion which exists is of the
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Uncorrelatedcs noiss test of correlators Each curve is a 16
point crosscorrelstion function of two uncorrelsted noise
streams produced by the digital carrnhtar over a six hour

integration
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order of 10 or less Suppressed further by phase switching. any spurious
correiation produced by the digital signal prooessor itself will be ﬁjgl@;bla comparead
with the receiver ﬁ:nu even for & 12 howr integration of the signal from a pomt
source.

[
6.1.1.2 Correisted Noise Test

The correlated noise test is aimed at measuring the shape of the ;arr:iitoan
function at more than one level of correlstion The test used s c:anﬁg;:;ban similer
to the uncorrelsted noise test m 6111, but appled only to one correlstor. A
resistive network was placed between the two analog signal paths before the iiputs
to the quantisers to mtroduce some crosstalk Crasstalk levels of 2% and 15% were
tried with 10 minute H‘\tlﬂf}!iaﬁ each The resultant scaled correlation functions sre )

plotted in figure 6 1.2 "

The Sﬁlt!.;tfli shape of the noise sources 15 effectively determined by the
lowpass fitters The shape of the correlation function in figure 6 12 agrees well
with the Fourier transform of the pass-band shape The shapes of_ the :éﬁrglifﬁ«j

I

function for 2% and 15% crosstak are very simiiar This confirms that the Van
Vieck correction similar to equation (3 1.6) 1s not riquired,f::r a 3 level by 3 Jevel
correlator up to around 15% correlation :

6.1.2 Testing of Quadrature Channe! Generation . _

The Quadrature channel i1s genersted numerically from the EFESSE:@FFQH}@F!’
function in the 408 MHz system Due to ma finte correlstor length, the quadrature
channel gan is less .then the real channel and is delay dependent| 19] Snn:a
derotation is den: after correistion, the orthogonality of ﬁ!!if,q;,ldr!'l‘lf! channel is
crucial to fringe derotation(20] Two tests were performed to ensure the quality of
hrm:ﬁrc channel » -
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Figure 6.1.2 2% and 15 % correlstion test of correlstors |

2 4 e ) 10 12

14 a5
CHANNEL

1 nput signals are
correisted bandlimited baseband noise of 4 MHz bandwidth
The correlator chenneis are spaced at 1/16 microsscond.
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NOISE NOISE
GEN. GEN
Y 1
CROSSTALK ,
NETWORK
—— 28 000 28000 ——
- 000.01 Hz 000 .00 HZ —
l LOCKED SYNTHESISERS l
OUTPUT 1 OUTPUT 2

Figure 6 1.3 Simulation of point source with 100 second ffinge rate
-

6.1.2.1 10 mHz Sine Weve Test

The first test used a simuisted point source with 100 second fringe rate
Figure 6.1.3 shows the circuit for producing the simulated scurce. A resistive
crosstalk network introduces correlstion into two streams of wide band noise from
two noise generators. The correlsted noise streams are down mixed in two single
side band (SSB) mixers Two locked synthesisers are used to generate signals at
28.000000000 MHz and 28.000000010 MHz respectively. These signals are used
as local oscillator signais for the two SSB down-mixers The 10 mHz difference in
L.O. frequency resufts in 8 simulated point source with 100 second fringe rate

-
3

in the 10 mHz sine wave test the simulsted point source signals were fed
Mo the crosscorreistors. ntarpolstion and Quadrature channe! generstion algorithms
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0 -100 200 300 SEC

Figure 6 14 Response of real and Quadrature chennels to a simuisted point
source of 100 second fringe rate with derotation disabied The
resl and sture channe! outputs sre sampled every 0 1
second top and bottom curves correspond to 2\ and .
20% correlation respectively The discontinuities (arrows) in the
20% correlation curves sre caused by a hait second resdout
period of which there is no integration R

q,
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Figure 615 Correlated noise source with bptiona!l 90° phase shift

were applied to the correlation f@ctiaﬁ to produce the real and the quadrsture |
channe! outputs. The two outputs. were sampled After every mino: integration. or 0 1
sécond, and the results were plotted in figure 6. 14 ’
3.1.2!2 éiin and Orthogonality of The Quadrsture Ch-ﬁaél vs Delay Test

E The quadrature channel gain is less then the real channel gain and is more
~ delay dependent{ 19]. This test is asimed st testing the dependence of the gain and

.
109 -2

orthogonality of thHe quadrature channel ‘on delay. Fiﬁ:i 615 shows the sigret

source configuration  The correlsted noise sowrces and SSB down-riixer
connections are the same as in figure 6.1.3 but the LO. signals sre differeiit The
two LO. signals are derived from a common source with a phase shifter inserted into
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one of the LO signal paths The phase shifter can insert either S0* or 0' phase
shift into one of the LO. signais. allowing the exchange of the real and quadrature
channeis at the outpyt. except for a sign revarsal

Different lengths of cable up to 0.75 delay units’ were inserted betwéen the
crosstatk network and the quantiser input n one of the signal paths The.
interpolation algorithm was used to cancel out the inserted cable delay Departure of
gain and orthagémlffity from unity and S0° were plotted ;gain;rt‘del;y The phase
departure from 90° includes the error of the 90° phase shifter which is within 0 5°
A constant gain correction factor has been applied to the quadrature charnel to bring
the gain close to unity The results plotted in figure 6 16 show a maximum gain

error of 1% and a maximum phase srror of 1¢

6.1.3 Testing Fringe Derotatjon ’ ' ;
Two tests were performed to test the fringe derotation mechanism The first
test used s simulated point source similar to figure 6 1.3 The second test usad the

front end of the 1420 MHz system to receive signal from a point source in the sky -

6.1.3.1 The Simulated Point Source Derotstion Test

The signal source used in this test was similar to the configuration in figure
6.1.3 except that an additional loop of ‘c,lble was inserted into one of the signal
paths between the crosstak network and- the SS5B down-mixers to test the
derotation at different values of delay The fringe rate used was 100 second or 10 |
mHz.  The digital signsl processor was given a source coordinste with an equivalent
'frinq'c }m snd path compeansation dgliy to cancel out the inserted cable delay
Resuits of the derotsted fringes were plotted in figure 6 1.7.in which (s), b). (c) and
{di show the derotsted }i:ibili@y function plot of a simulsted point source with
different delay values " The aim of this test was to detect ripples of 50 second and
100 second period wiich are prosuosd during fringe derotation The verticsl scale
of figure 6.1.7 starts from zero. The rms value of the ripple is below 1% of the

- - = - ———— = = i

sverage vaive. The genersl siope shown in figure 6.1.7 () and (d) was due to a slight
‘ons delay uﬁit = 1/16 microsecond ‘
| e
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Figure 6 1.6 Gain and orthogonality of the quodratuu charngl vs
delay ) »

difference between the actusl fringe rate and the derotation rate This error u;_ote
bocause the source was a simulated point source with ﬂ;od 100 socof\d fnngo rate
while tho dorom»on was done assUMINg a real source ‘whose fringe rate was 2

function of time.

8.1.3.2 Derotation of a Point Source In The Sky , _

This is » simpie test of the whole digitsl signai processor. Signals from the
1420 MHz system were down mixed to bassband and fed into the DSP  The signals
were band limited to 4 MHz with bwpau fnttors The fringe derotstion and path
delay compensation mechanisms were dvublod in the 1420 MHz systcm The 1420

MHz anslog system wu uud as four cohorom uporhotorodyno receivers, luvng thc -

‘fmgo derotation and path doby compensstion to the DSP
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Fiﬁuro 8.1.7 Derotstion of a simulsted point source. The fringe period is

100 second. Delsy used n figures (s). ). ic) and (d) is O, 0.25,
0.5 and 0.75 delay units respectively.
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Figure 818 Visibility plot of 3C405 observed nesr hour sngle of 4 hr 20 min,
performed, there would have been between 15 and 115 turns of
gnu during the period of observation, depending on the spacing

om top down, the four pairs of visibility plots correspond to
inter ferometers of spacing 90, 126. 54, and 18 units, where one unit
= 30/7 meters The upper curve in each pair is the cuadrature channel
output while the lower one is the real channel output !



3C405 w&:ﬂﬂﬁﬁiﬁﬁﬂﬁp@ﬁiiﬁ:élﬂ@iﬁvgflfﬁfﬂ
angle of 12 hr 20 min or O hwr 20 min Four interferometers with baseime lengths
of 18, 54, 90 and 126 baseline units' were used simuitanecusly in the observation
The nterferometer response, or visibility functions, were plotted n figure 6.1.8 The
results show successful derotation of the poirt source st all four spacings

6.2 Testing of The integrated Digital Signal Processor
Tris section describes the testng of the DSP after the system has been
ntegrated with the whole 1420 MHz synthesis telescope The test was to observe a

point source for 12 hours and hope to obtain a straight line interferometer response

The 1420 MHz snalog front-end was used m the same way as in the sky
pont source derotation test in section 6132 The wsbiity function. or

nter ferometer respons

, of the 12 hour observation of 3C295 is shown m figure
621 Passing the 12 hour pont source test requred many subsystems of Vthn- chgitat
signal processor to be operating properly Besides the functions tested in the
previous sections, functions tested in the 12 hour point source observation inciuded
communications with the environment and track error corrections Any sidereal clock
ofTor or shy wnernsl timing error wers successfully cnrr-ctid snce these would have

sppeared as y-direction track errors or a8 shift of the right ascension of the source

ption with the host computer was fully tested in the 12 hour
observation The DSP could be started, initialised and stopped properly. The rasults
could siso be passed to the host computer correctly in an asynchronous mode.

without missing any data or generating any fipurious nterrupts over a 12 hour period
The visibility functions shown in figure 6.2.1 are very close to straight lines, except
for thi receiver ﬁais: and stmospheric c‘ff:ct;, Tha lack of general _slope or
curvatre implies most of the x-and-y direction track errors lﬁﬂ mdtrnl tmng
errors have been successfully corrected The coliimination errors nﬁa z-direction
track errors are difficult to distinguish, lﬁd have nat been corrected yet. since the

———  ————————— i = =

¢ ohe base line spacing unit = 30/7 meters



(a)

(b)

Figure 6.2.1 ° Visibility plot of the point source 3C295 for a 12 hour
o observation The baseline lengths for (a), B). (c) and (&)
e 114 72, 72 and 30 baseline units, where one unit is
30/7 meters. :
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new 408 MHz snslog system will have a set of totally different collimination errors.

6.3 Observstion of 3C66 B .

The final test of the DSP was to observe a source of known structure and
produce a map from the \n;i;ﬂityfm:tm Figure 6.3 1 shows two maps of 3C66
Map (a) was made with the 1420 MHZ continuum systam and map bl was made with
the 1420 MMz front end sand 408 MMz DSP.  The two maps were sach made with
eight baseiine macngs or two 12 howr observations The antenna spacings used in
the observstions ;w-*ri identical The two maps were processed shghtly dif ferently
‘durng map production and .clesning, resulting in slightly different scales kowaever,
the two meps are very simidar, with only minor differences

Figure 632 and 633 show the visibility fmctraﬁ piots of 3C66 m with
the 1420 MHz continuum system and the DSP respectively The signat-tQ noise I1S/Nt
ratio éf figure 6.3.2 15 i;aut twice that of figure 633 The éiff;r@cg n S/N rﬁa ‘
is sxpected since the 1420 MHz continuum ‘system has 8 bandwidth Mfm tms
that of the DSP. The two. visibikity plots aiso look very ml:r except for the
nation errors which are eliminsted during the map production
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"

(a)

Figure 6.3.1 Mags of 3C66 Figure (a) is made from observations with the
1420 MHz continuum system. Figure (b) 1s made from ,
- observations with the 1420 MMz snslog front-end and the 408
e MHz DSP. The two chesrvations were mede with idervticel
" sntenna spacngs but processed differently during map making.
resuiting n two maps of slightly different scale. Contour levels
sre 60, 180, 300. 420. 540, 660, 780, 900. 1020. and 1140
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(c)

(d)

Figure 6.32 Visibility plots of 3C66 observed with the 1420 MHz continuum
system. The iriterferometer baselines are 108 72 72 36,
126. 80. 54 and 18 units, for curves (a) to (h). where 1
unit=30/7 meter.~



(e)

(f)

(g)

o R e e e

K

Figure 6.3.2 Continued .
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Visibitity plots of 3CEE observed with the 1420 MMz snalog
front-end and the DSP. Interferometer baselines are the same
as those in figure 6.3.2 ie 108 72 72 36 126 90 54 and
18 for (a).to M) The burst of noise between € and 9 v in
figure M) A probably dus to the Sun
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Figure 6.33 Continued.




7.1 Summary '
The am of this project was to design and mplement a digital sngnal pracg:sar
ESP) for a 408 MHz caﬁt-ruﬁn supersynthesis telescope The processor accepts a

4 MHz baseband signl. performs the functions of path delay Eﬂfﬂp&ﬂsﬂlaﬂ
:quifkm,rc chrnsl generation and fringe derotation to praduce outputs -qsnvalent to
the real and quadrature channe! output of a conventional mterferometer.

Tha mcoming signais are digitised and crosscorrelated .in a 16-channel digital
Cﬁi’f!li’taf Pgthféglay compensation i1s performed in two steps A coarse digrtal
delay unit shifts the phase centre close to the centre of the correlator, then
interpolation is used to obtain exact path delay compensaton The quadrature channel
is generated numerically by Hilbert transforming the cérritgﬁan function.  Finally,
frmgg derotation is applied to the resl and quadrature correlstion fanctions. For
good orthogonality. the correlator is ssmpled every 100 ms interpolstion, mieé!
- Hilbert transformation. and fringe derotation by synthesis . of the single sideband

“down-mixmng equations are performed for each interferometer every 100 ms.

The whole project wis based on lpplymg contemporary digitsl technology to
. rnphca anslog subsystems.. The digital signal processor repiaced the switched cable
delsy. -the intricate local oscillator differential phase controfing system and the
Quadrature channel géngrniéﬁ circuitry. Replacing the mlc:g -qu.upment with digital
Cirtuitry reduced the chance gf crosstaic between the received signals iné gﬁh:ﬁc:egﬂ
the phase- stability. Thlﬁﬂigitil' delay schm‘taﬁﬂy elimated the delay equalisation -
error. dispersion and frequency dependent attenuation problems of the cable delay
- system . '
The strategy of design snd tation was to choose a powerful
microcomputer and implement functions in software whenever possible The result

was a software-intensive but p@\Nﬁ;u’l and flexible instrument. The software

124
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muiti-tasking executive, the Tmy Operating System (TOS), specially developed for this
spplication. High level langusge C was used for software implementation, whenever
possible, to ease ;@fhv:- development A monitor program, the Tiny Dp-ramg
Symhﬂaﬁﬁaﬁm interfaces the system to the operator and slows the
manipuiation of system and observation process parameters during observation The
‘monitor has greatly increased the abs%vﬁ;ihty! testibility and controliability of thg
system.

Physically the DSP for ten interferometers can be fitted mnto a four~foot
vertical space of a 24-inch rack. wheress the ansiog counterpart would take up 3
small room Besides b-mg less upgnsivé and easir to build. the digital system has
the additional advantage of bivng very 8asy to replicate and expand since a lot of the
. anl:tlEﬂS are performed in software and digitsl circuitry requires no ;uﬁmg

7.2 System Perfosrmanoce ) .
, Sm-ﬁBSPwuﬂpméped before the 408 MHz anasiog fromt-end, sigrals
from the 1420 Miz system were used for testing gﬁﬁ observation A 12 howr
observation of a point source shows successful aparitlaﬁ of delay pquaiisation,
Quadrature channel generstion. fringe derotation and track error correction. The final
int,igﬁtad DSP was tested with an gutaﬁutn: observation (under the control of the
host computer) of 3C66. The map produced shows v&y good agreement with |
another map of the same source made with the 1420 MHz continuum system.  The
visibility plot made '\,&iﬂ‘i the DSP shows sbout half the SIN ratio of those made with
the 1420 MHz continuum system The difference in S/N ratio was expected since
the 1420 MHz contiuum system has a reception bv:ndméﬂw of 15 MHz compared to
the 4 MHz bandwidth of the DSP. '

: Due to the finite correlator lingth imperfections exist in the quadrature
carr-huaﬁ function generated numerically. The quadrature channel gan  depends
slightly on the position of the the phase cenfre along the correlation function and



sisy/ on the source structure. Unbalanced gain between the real and the Quiacr sture
ols gives rise to ripples of twice fringe rate at the output after derotation

With the 16 channel correlstor used. such ripples were kept below Z% for most
cases. Sﬁn.riaui correlation gives rise to-rippies st the output at the fringe rate after
derotation  Derotation after correlstion makes spurious correlstion slightly more
difficuit to correct with phase switchmg The rate of phase switching should

ﬁ-f:ﬁyhmmﬂmhfwrm However. these two kinds of ripples.

are st much higher frequency than the u-v plane sampling rate except nesr hour
angles of 6 and 18 hour when the fringe rate spproach zero as given by the
derivative of (443) These ripples can be filtered out easily by postprocessing the

7.3 Detsiled dosumaentstion

The DSP is implemented as part of the supersynthesis telescope in the

Dominion Radio Astrophysical Observatory [DRAO) in Penticton BC. Canada Detailed

documentation i the form of herdware schematics and software. hsting for the DSP
are on file st DRAO and can be made avalisbie

4

7.4 Recommendation For Furthef Studies And Possible Applications

Unlike most research projects, the design and implementation of the DSP is
not. 8n open-ended project Although far from being perfect, the DSP is successful
as for as meeting the design objectives is concerned However. thare is room for
improvement in the quadrature channel generation More simulation stﬁdi:s could be
made with different source configurations and interpolation functions to find a better

combination of interpolation function and correlstor configuration,
The techniques used in the DSP could possibly be extended to correlation

processing overhesd will be much irgfﬁspd when it is necessary to produce a
multi-channel correlstion function output Howaver, in genersting the !ﬁpluso

p

o
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correlstion function only, the interpolstion. or fractional psrt of path compensation
M, couid be replaced by a phase shift in the quentiser samping clock In
correlstion spectroscopy. the quadrature channel output is not required except for
fringe derotstion after correlstion For an N-channel &oucarr:htnaﬁ function, two
N-pont FFT's and N syntheses of the SSB dowh-mixing equations are required for
every correlstion function sampie to replace the fringe derotation mechsnism n the
local osciliator system Thersfore numericsl derotation may not be economical for
lsrge N
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9. APPENDIX | : DERIVATION OF REAL AND QUADRATURE CONVOLUTION
: FUNCTION

The rectanguiar window in the frequency domain is:

W, = recttf)

1, -05€ <08

where rectif) =
| i 0. sisewhere ANTERT

wih = 3 {wen) '
: ¥

= sncit 'S B8

mmmmwmmfm:nm amﬁ*aﬂmwﬂfﬂkiﬁﬂ is
the Hilbert transform of the resl channel interpolation \Hn:tmn
hit =H { w,m} ‘
= 3 o (wn wn (A1.3)
where Hif) is the Hilbert transform frequency domain function and
s, >0

Hf) = . '

U= ¢<a
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W (f) H(f) exp(J2=ft) df

h](t) J
0 0.5
!

cos (wt) - 1
vt

cosc(t)

where cosclt) is defmed as cosiw {)EH:'( nt)

9.2 Interpolation Functions Based on 50% Rsised Cosine Fuction

131

-J exp(j2nft) df + s j exp(j2wft) df
0

Ala)

The 50% rased cosine function W,(f) can be defined as the sum of three

functions

1]

W,(f) e Gyify + Gyfi + Gyifi )

. ‘ ~cosZwfy - -1 f4<-05er 05 €t g

. where G,if) o,

: G : ' sisewhere
I | Gyif)

Gy(f)

rectif/2) »

rectf)

Gl = | rectifl - rectif/2) | coti2x )

E o ..-i“” *

G,(f) in the time domain is:

ot = g [ rectif) - rectit/2) ) cosi2¥ )
’ = | sinclt) ~ 2 sinc(2t) ) » Wl S+l + S =1 )

té 1.6)
A17)

A19)



= sincft+1) + M-U sinci2(t+ 1)} - sinc{20t-1)] . (AZI[’IDJ
G,tf) and G,(f) in the time domain e

@i = 2 sinc2y : ' : TSRET)
o = sincty : S A1.12)
The inverse Fourier transform of the 50% raised cosine fufiction is:

Ot = Mg + g, + guu)
T = Ylencty + 2 $INC(20-~2 sinci2(t+ 1))
'-7sinc(2n-m + sinc ft+1) + sinc (t-1)] tA1.13)
The Qquadrature channe! interpolation functoon h;fth is the Holbcrt transform of w,(t)
Therefore . : : o,

.

htt = H { wy) : (AT 14)

Sinca the Hubert transform of the sinc funcnon 18 the cosc function. hytt -s given by
rophcmg all the smc functrons with cosc functnon on the R‘ls of (A1 13

Rt = nl coscit) + 2 cosci2u 2 coscimt+ 1)) - 2 cosci2t-1)
| "+ coscts 1) + coscit-1) | IR A1.15)



10. Appendix il: Maximum Fringe Phase Error Introduced By Linear Extrapolation

Figure A2 1 Linear extrapolstion error for sinusoidal

A

Ictions

The fringe phase ¢ 1s given by (54.3) as

2B

o(t) = 5=

cos(DEC) sin(HA)

= K gin (HA) ) (AZ 1)

where K = 2% B/ 2 ,) cosDEC). The fringe phase is 2 sinusoidal funct; of hour

_8ngle a5 piotted in figure A21. Within & major integration period. oft. is. calculsted,

with linesr extrapolstion by:

Wt +T) a g(t) + 881




From figure A2.1, the error introduced in a linesr extrapolation over time T is
e o Y - aft) de -
eo = o(t 4 T) - o(t) + 7
= K sinft+T) - K ginft) =" KT cosit)
K | sintt cos(T) + sin(T) costt) - sinft) - T costt) )]
K1 (cos(T) = 1) sinit) + @in(M - T) cosit) ] A2 3)

The maximum value of T is one major ihtegration period which ccﬁ‘@aﬁds to
58178 x 10 radian The value of the terms cos(T) - 1 and sin(T) - T are ;1.692 x
10" and =3282 x 10" respectively. The vaiue of K is at its maximum for fﬂl!lﬁ"\ijfﬁ
antenna spacing and low source declination When operating at 1420 MHz md&r
these conditions K has a maximum value of 2840 Subsituting these numaerical values

INto equation (A2.3) gives a maximum error n © of 481 x 10-* radian sround sn(HA

1. The maximumn fringe phase error introduced by linear extrapolation is very small

compared with the specification of 1° overall fringe phase accuracy .



. CAPPENDIX IlIl: 408 MHz DIGITAL SIGNAL PROCESSOR MANUAL

.1 Hardware figuration

signal processor hardware is made up of three modules the

nerator.  The correlator module houses the correlator boards and the

programmable digital delgy boards

To set up the system. the user should connect up the system according to the
interconnection table Set the start-up switch on the 68000 board to TOSMON
positon, connect a terminal of the right baud rate to J18 of the controller and

pewer up the system The TOSMON prompt should appear on the screen If not,

A

TOSMON s & system monitor with special commands for controliing the

see 408HARD.DOC for trouble shooting

"™1.2 TOSMON Commands

observation in progress TOSMON commands can be classified into obssrvation
commands and system commands. Observation commands are used to manipuiate |
and momtor the observation processes The system commands asre Jsed m‘
manipulate and monitor the operations of TOS. .
<

TOSMON is interactive in nature AN commands are two characters long. The
third and subsequent characters are ignored When a command is received. TOSMON
prompts the user farigumt; Whan tl;g user is asked to make a multiple choice
selection, the option iIn square brackets " [ ] " is the default Similarly, a default
snewer to a verisble updste leaves the varisble unchanged  In the following
:u&;gctiaﬁs the small print shows examples of conversation with TOSMON The user
input is underlined for clarity. '
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CONNECTOR CONNECTION

POWER SUPPLY UNIT:

J
Je
J3

TO CONTROLLER J1
TO CORRELATOR J2
TO CORRELAROR J3

CONTROLLER UNIT:

n FROM POWER SUPPLY J1
J2 . FROM HOST INTERFACE
J3 TO HOST INTERFACE
sa “FROM SST WORD
5 TO CORRELATOR
J6 '~ TO CORRELATOR
7 DIGITAL DELAYS
AT TO CORRELATOR
J10.J11  TO CORRELATOR
12 0 QUANTISER 1
13 TO QUANTISER 2
 J14.J15  TO QUANTISERS
SENIT-Y TO CHART RECORDER
T 07 TO 408 RF SYSTEM
J18 . TO SYSTEM CONSOLE
J1I9 . TO DEVELOPMENT HOST
22

TO SIDEREAL CLOCK

Table A3. 1 Interconnection Table.

.

FUNCTION

power supply to controlier”
power supply to correlator

_ power supply to gorrelstor

powe} supply to controller
paraliel host to micro port
paraliel micro to host port
paralisl input port for SST word
correlator bus lower word
correlgtor bus upper word
digital delay control bus (DDC BUS!
correlator Shift & Count pulses
advance & retard test signal‘

16 MHz sampiing clock

16 MHz sampiing clock

1 see timing pulse

analog output channel

phase sw:tcrﬁng control

RS2§2 port to system console VDU

RS232 port to deveiopment ‘host
parallel input from'sudernl clock

136



137

11.2.1 Observation Commands

11.2.1.1 Analog Output (AO) . ,

The AD command selects either the resl chsnhel output, the quadrature channel
output, or the phase to be connected to the anaiog channel output |
Subcommands:

RE Connect; the snaiog output to the real channel output

QU  Connects the analog output to the quadrature channel output

PH Connects the analog output to the fringe angle ©.

TOSHON: AD
Which interferomseter do wou want the Anslos Outsrut on??
Invalid interferoaeter nuader. Enter asein.

What do wou want on the anslos outsrut?

REal outruts QUadrature outrut or PHase sPhi? (RE]

- QU

g;tor n for 288n scalins factor. (0 <& n <(=é) 3
Connection Made. :

TOSMON:

TQSMON: AD o
Which interferometer do wou want the Analos Outrut on?}
What do vou want on the analos outerut?

REs]l outruty QUadrature outsut or PHsese phi” [RE)D

4.}

Connectiorn Made.
TOSHON: )

11.2.1.2 Continuous Display (CD)

‘The CD command inserts the CONTINUOUSDISPLAY process into the 8 second
list of the Observation Timetable. A set of observation variables and autpm values s
printed after ovor'y major integration.  Hitting the "RETURN key leaves the continuous
display mode by deieting the CONTINUOUSDISPLAY process from the Observation
Timetable. | ' - '

TOSMON: (D

Sideres) tiae! 64 dov 0 hour S5 i 28.2 sec.
Observation reriod = 0 dav 0 hour 7 sin™ 92 sec.
Bour Ansle = 190 43X 20.318 Declinstion = 20D 4%’ 23,49

Srecing -Delsy Phi Resl O/F GQuad O/F
Int? O 11.999220 ~2.30930 . 82 ~1é -9
Int? g 20.000583 -3.84912 240 13 2
Int? 2 45.000280 ~8.66054 134 -33 -7

Int? 3 112.000000 -21.53400 275 37 -19:
. .



Sideresl] tLiwms! 44 daw O hour 8% win 346.2 sec.
Observation reriod = 0 daw 0 hour 8 ain 0 sec.
Hour Ansle = 19H 43W 34.418 Declination = 20D 4%° 23.29°°

i Sracing Delaw Fhi Real 0/F GQusd O/F
Intf O 11.999720 =2.30872 103 7 -7
Intf 1 20.600583 ~-3.84002 273 4 10
Intt 2 45.000280 -8.43808 .- 212 =23 k1)
Intf 3 112.0600000 =21.54044 112 =18 =33
Sideres] tinse! 44 dav 0 hour 55 min 44.3 sec.
Qbsarvation sreriod = 0 dav 0 hour @ min 7 sec.
Hour Ansle = 19H 43N 44.415 Declination = 20D 45 23.29°°

) Seacing Pelav Phi Resl O/F @usd O/F
Xntf [} 11.999720 -2.30807 124 15 =20
Int? 1 20.000%583 -3.04493 309 =16 iz
Intt 2 45.000280 -8.465542 2%0 3 17
Intf 3 112.000000 -21.5423%% 304 15 30

Continous Diselavw Btorerad
TOSRONM:

11.2.1.3 Continue Observation (CO)

:

The CO command is the inverse of the SO (stop observation) command The

CO command inserts the DATAREDUCTION and MAJORUPDATE processes nto the

Observation Timetabie

11.2.1.4 Dispiay (D)

The DI command prints out a set of observation varisbles and the outputs of

all inteffercmgtars.

B

TOSHON: RBI

Sideresl time! - &4 dav O hour 9S4 sin 33.1 sec,
Observation reriod = 0 davw 0 hour 7 wmin 0 arc.
Hour Ansle = 19H 42R 33.2285 Declination = 20D 4%‘. 23,39

Seacing "Delayw Fhi Real O/P

Int¢ O 11.999720 =2.31373 299 L
Intf 1 20.000%83 -3.85470 1 -8
Intf 2 45,000280 =B8.4775%9 316 =2
Intf 3 112.000000 -21.5972% 23 -4
ToSmON: D] .
Sidereal time! &4 daw © hour 54 sin 44,5 sec.
Observation seriod = 0 dav 0 hoeur 7 ain 11 sec.
Hour ‘Ansle = 194 42K 44.428 Beclinstion = 20D 45° 23.29'°

< Sracing . Relaw . Phi . Real Q/F
Intt © 11.999720 =2.31328 327 5
Intf 1 20.000583 =3, 85542 49 14
Intf 2 45,000200 : ~-8.47517 43 ) -1?
Intf 3 112.000000 -21.5%121 284 i4
TOSNOMN: ) -

ﬂulﬁ

s
(LR U PRS- ]

LA

Quad O/F
-4
1

=1e

AN
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11.2.1.5 Host HO)

Runs under the timing control of the host computer and the SST controf

word. The DSP is in HO mode after power on initislisation

11.2.1.6 Loesl 0LO)
Uses local timing The host computer communication port and SST control
word are ignored All timing signais and host computer responses are generated

locally.

1.2.1.7 Observation Mods (DM) _
Selects the mode of Observation

oB Observation The mode for normal observation run

CA  Calibration The mode for observing péiﬁt source for calibration The

fringe phase is switched 90¢ after avery 15 minute for colimation

arror calibration

11.2.1.8 Observstion Varisble {OV) _
The OV command prints out the absérv;tiaﬁ varisbles for each interferometer

The CH subcommand allow access to same v;ﬂ;blqs used in developmant only

TOSHON: QV :
Source HA ==1.1123200400
INTF DELAY COARSE FINE BELTADLY FH1 "DELTAPMI
- =2.301408400 rrefeftre fd¥4a0c2 Jal TrY9T47%
1 -3.815%52400 treeeeta T95014dé 10 fT55ea22
2 =8.4630%22400 fereeeen fatalifc? dad feB17710%
=2.148118401 frefffeb tc27d21b 2175  fcAR24Yy2

ALright? CHanse or $Tor? [ST) Chanse comasnd is for develorsent use only.

%‘lﬂﬁﬂl

11.2.1.9 Observation Paramaters {OP)
The OP commsnd makes a temporary copy of the observation psrameters and

ci Changes inter ferometer-specific parameters. Opens the

imerferometers’ specific persmeters of basehne length. track errors

e



!ﬂdAEnﬂiﬁ!ﬁﬁﬂ errors for edit

CG  Change Giobal psrameters. Opens the giobal parameters of frequency
of observation and source coordinates for edit -

SE Set Sets the actusl parameters to the values of the temporary
parameters and reintishses afl associsted varisbles. This command
effectively aborts the current observation

ST  STop. Aborts the current edit session and returns to TOSMON

TOSHON: QP
Fresusncy = 1420505000,.00 Mz
Risnt Ascension = PH 25A 12.3%8 Declinstion = 30D 9° 13.8é°°

i SPACING TRE ERR X TRK ERR Y TRK ERK 2 COL ERF
Int? © 0.0000000 0 [-) [+] 0.00000
Intft 1 0.0000000 ) [¢] [+] - -0.00000
Intt 2 0.0000000 ] 0 -] ©.00000
Intf 3 ©0.0000000 .0 0 ] 0.00000
OK? §Tor: SEL:s C6 chanse slobals C1 chanse interferdaneter ssecific sar?
o
Whieh interferometer®
Seacing = 0.0000000084007
Fi:]

Track Error X = O tenth aa?

3

Traek Error Y = O tenth an?

T3

Track Evror 2 = 0 tenth aa?
Collisation Error = 0.0000000400 desrews?
- :

Fresuencw = 1420505000.00 Mz
Rignt Ascension = FH 25M 12.39S Declinatiorn = 30D ®° 13.86°°

SFACING TRK ERR X TRK ERR Y TRK ERF 1 COL EFRR
Intf © 20.0000000 1 1) 24 C.08B%EY
Intf 1 ©.0000000 0 0 0 ) 0.00070
Intft 2 6,0000000 (] o - 0 0.00000
Intt 3 0.0000000 ¢ -] © 0.0000C
OK* §Toe, SEty C6 chanse slobaly L1 chanse interferométer srecific par?

g1

The ST command at the end of the pdit aborts all the temporary parameters and
returns to TOSMON On reissuing the OP command. the obseravtion psrameters arp
found to be unchanged / . |

TOSWOMN: QP

Frésusncy = 142050%5000.00 Mz
Rignt Ascension = PH 25H 12.398 Declination = 30D ¥ 13.8¢° "

SPFACING TRK ERR X TRk ERK Y TRK ERR I - COL €RR
~Intf O 0.0000000 o 0 0 0.00000
Intf 1 ©.0000000 ) [+] L] 0.00000
Intf 2 0,0000000 ¢ o 0 0.0000¢
Int? 3 0.0000000 b 0 0 0.00000
OKY BTor: SEt: CG chanse slabal: C] chanse interferonster srscific sar?
E?liuiﬁéﬁ = 1420.50%00000 MHx 7
1420.37% '
Declinstion = 30D 9° 13.04°°
desree Y_
Risht Ascensian = PH 25K 12.3%6

hr Y__
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Fresuency = 1420373000.00 Mz
Rignt Ascension = ®H 2351 12.398 Declinstion = 30D 9° 13.86° "

SPACING JRK ERR X TRK ERR Y TRX ERR 2 COL ERR

Int? O 0.0000000 [} ° 0 0.00000
Int? 1 0.0000000 ° oW 0 . 0.00000
Int? 2 0.0000000 ) 0 0 0.00000
Int? 3 0.0000000 0 (4] 0 0.00000
OK? §Tor,» SEt. CE chanse slobalr C1 change interferoneter srecific rar?
(o] )
Freeuency = 1420.37500000 MMz *

Declination = 30D 9 13.86° "

desree ? 45

arc sin ¥ 34

arc sec * {2.89

Risht Ascension = H 25M 12.398
he 7 12

ain v Q

sec ? 25.8

Fresuency = 1420375000.00 Wz
Rignt Ascension = 12H OM 25.798 Declination = a%Dh 36’ 12.88°"

SPACING TRK ERR X TRK ERR Y TRK ERR Z CoL EKR
Intt © 0.0000000 ) ) S0 : 0.00007
Inte 1 0.0000000 0 o° () 0.0000¢
Inte 2 0.0000000 [ 0 -0 0.0000¢C
Intr 3 0.0000000 0 0 0 0.00C%0

OK?* 8Toss» SEt. CG chanse slobsls Cl chanse interferometer srecific rar?

Which interferoseter?Q
S§racins = 0.00000000400°

Track Error X = 0 tenth an?

;}ocl Error Y = 0O tenth es?

43

Yreck Error 1 = 0 tenth en? ]
Collimetion Error = 0.000000¢400 desrees?

b d
#:oouoncv't 1420375000.00 M2 ]
Risnt Ascension = 12H OM 25.798 Declination = ASD 36° 12.89'°

SPACING TRK ERR X TRR ERK. Y TR ERK 2 - . COL ERK
Int? 0 30.0000000 [} . 23 0 61.99%58°
Int? 1 0.0000000 0 0 0 0.0000¢
Intf 2 0.0000000 ] 0 . 0 0.00000
Int? 3 0.0000000 0 (] 0 0.0000°0

OK? $Tory SEt: CG chense slodal: L1 change interfereseter srecific rar?

i£
S$Et will sbort current observatiorn snd reinitislise sll paraneters.
Plesse confire. (SEt/8Tar)§E

.. . The SE command st the end of the edit sassion aborts the current
observation and reinitisise ‘all parsmeters and related varisbles On issuing the OP
command again, the parameters are found to be changod

< L4



TOSHON: pF
Fresuency = 1420375000.00 Mz
Rignt Ascension = 12M ON 2%.7%

142

Declinstion = 4%D 34’ 132.88 -
COL ERR

SFACING TRK ERR X TRK EXR Y TRK ERR 7' o
Intt o 30.0000000 o 23 ° 61.9950T
Intf | 0.0000000 6 - o 0.00600
Int? 2 6.0000000 © © o . ©.00000
Iatr 3 0.0000000 0 0 -] 0.00000

OKY §Tor: EEts CB chanse slobal, C1 chanse interferonster srecific sar?

Fanon:
11.2.1.10 Stop Observation (SO)

The SO command stops the observation by deletng the MAJORUPDATE and
'DATAREDUCTION from the Qbsgféitioﬁ Tﬁubﬁ The DSP will not attempt to send
mny r-gﬂité the host computer.

1.2.1.1 Hélp (HE) _
Frmmhmafhibmm
TOSHON: HE

What hil;iﬂﬁ wou want an?t
The followins DESERVATION

8Ystem or ONservation cossands? Q} !
cosssnds are available!

AD Analos Outeut

co Continous Diserlaw

co Continue Observation

DI Disrlsw resulty

TI Tise -
HO HOst timing

LO LOcs) timins

£0 Stor Observation

op - ®#dit Observation Farsasters

ov #dit Observation VUsriables

HE HEl»
TOSHON: ME .
#hat helr do wou want on? SYsiee or ODservation

) 2 comasnds? §Y
The followins SYSTEM Coapands are available! o .

AC Erints ACtive tasks

ET Edit Timetable

ic Frints InCoasrlate tasks

Fa #rints Processor Ousue

FR #d1t PRiority of tasis

FS - ®wdit Process Ststus +
1] rrints Semarhore OGueus

kU RUn » subroutine or task

HE HELl= .

TOSHON:

1.2.2 System Commands

1.2.2.% Edit Timetable ET) |
The ET command initiates

| timetable, or entries of processes, can be edited
| Subcommands: ‘
DE DEiete. Deletes a process from s time tabie Al entries of the named

U

the timetable editing mode. Only the deferred

[~ . -



processes will be deleted from the specified timetable.

oY Display. Displays all lists of deferred jobs
N Nsert Inserts a process into a timetable.
the list nto winch the process is inserted

TOSMON: 1 ‘
Which tadle to edit? SldorooIIOIGQrvotxon? cond

8l
INsert DElete Disrlaw or §Tor? (Bl]
Tenth Second list: .
MINUPDAT --->
Half Second list:
One Second list!
Eisht Secord list:
Hinute last:
KEADSIDE --->
Hour Jlaist: -
Daw lisgt:
INsert DElete Disclav or STor? [D1) | 3
Name of mrrocess? REA
INsert DElete DIsrlav or STo” o1y _
Tgnth Second list:
NUPDAY --->
-Half Secend list:
Ore Second list:
Eisht Second list!
Hinute list:
Hour list? e
UDavw list:
INseort PElete DIsrlay or Stor? [DI XN
Nape ef rrocess? READSIDE
. Intcrt into which list?
.0 = 1/10 secr» 1 = .S gecy 2 = secr» 3 = § secs

4

INsert DElete DIsrlaw or STos? ID!]
Tenth Second list: -
MNINUPDAT --->

Halft Second list!

One Second list!

Eisht Second list:

Mingte list:

READSIDE --->

Hour list!

Dav li"-

INsert DElete Dissrlay or S$Tor? (DI 11
. TOSHONS

The following example shows how the ET command

5

The user !wdl be asked for

\

‘4 % @ine 5w hourr & = day

used to msert the

CONTINUOUSDISPLAY process into the one minute list of the Observation Timetable

to force the printing of a Di output every minute.

TOSWON: EY

Which teble to edit? l!doro.l/ﬁltorv'tton' (€] B!

?gnort DElete Dlsrlav or STor? (DI)_
Tenth Second list! .
MINUPDAT ~-=-->

Hal? Second list:

One Sectond 1list!
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Eisht Second 1ist!?
Ninute 1ist:
READSIDE --->
Mour list:

Dav liet:
INsert DElele Disrlav or 8Ter? LBI] In
Name of srocess? ¥

Insert into which list?

O = 1/10 secr 1 = .S getr 2 = 1 secs 3 = 0 secry 4 = miny 5 = hoyrs & = dav

gﬂtort DElete Dlsrloew or S§Tesr® [DI] _ o -
Tenth Second 1ljist!
MINUPDAY --->
Hal? Second 1iet?
One Second 1ist:
Eisht Second list:
Rinute list:
.—A;READSXDE ~=<=> CONTDIGP --->
Hour list:

Daw list:
INsert DElete DIserlawv or STor? [DI] A
TOSHON:
Si1derenl tine: 64 davy 2 hour 24 wirn 0.0 sec.
Observastion seriod = O dav 0 Reur 23 win 4% sec.
Hour Ansle « 314N 23M 34.3%5 Declinstior = 45D 347 17.BE- )
Sracing Delaw Fhy Fexl O'F Quad 0.F
Int? © ) $50.000000 -4,46%018 351 -14 -1 4
Intr 1 - 2%.000000 =2.34515% 27 . 15 =7
Inte 2 . 80.000000 ~7.50449 22¢ i 1¢
Intt 3 112.000000 =10.50429 146 [+ 43
Sideres)] time: 44 daw 2 hour 2% ainn 0.0 sec-
Observetion seriod = 0 dew ¢ hour 24 min 41 swc.
Hour Angle = 14MH 24n 34,345 Declinastion = A%L 34° 12.88
Srecing Delaw Phi Rerl O/F Quad 0/
Int?t O 30.000000 ~4,714678 !l@i =13 ?
Inte 1 235.000000 -2.3%814 301 -] 14.
Int? .2 80.000000 . =7.54474 239 23 R
Inte 3 112.000000 =~10.546%544 330 &1 .2
TOSMON:

Which table to edit® Slderesl/Dlservation® [OF) '
I‘sort DElete Dlsrlow or $Tor® [D1] DE

Nesae of rroces:.?

INsert DElete Dlsrlaw or $Ver* (D1] _

Tenth Second list: . .
NINUPDAY ---> . : o : i
Halft Second list: '

One Second last!

Eight Second list!

Minute 1l1ist:

.READSIDE --->-

" Mour list:

 Dew list: .
-INsert DElete DIsrlewv or STor? Lhrl) 87
TOSMON:
11.2.2.2 Incomplete (IC) L : : R

Prints out the name of the processies) which cannot be ct;rrpmid within their
given time. Applns to ;obs listed in defered timetables only.
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1.2.2.3 MACSSUG (MB) ] _

Transters comrol to the resident Motorola monitor program MACSBUG Al
TOS and observation activities are stopped Control could be transfered bn:k to
ﬁsmﬂbyhﬁgmufrqﬂrﬁmycmmmhﬂnnmmﬁ
distrbed The P2 commend will set MACSBUG to transparent mode which allows
the user to communicate directly with the host computer. E{gﬁrg( A will laave the
transparent mode and resume normal MACSEUG operstions. For details of
MACSBUG commands. please refer to "MCEB8000 DESIGN MODWLE USERS GUIDE
published by Motorola |

1.22.4 Processor Queus PQ) .- - .
The PQ command tjurs a snap shot of the processor Queue and prmt: it out
The user i1s not allowed to change the processor queve. PQ returns to TOSMON

sutomaticalty. .

1.2.2.8 Priority (PR

The PR command sliows the pribrity 6f the process. regardiess of status. “to
be sdited
Subcommands: p

' CH m.mﬂﬁﬁ;yﬁflpﬂﬂlibymﬁhffﬂﬁ."

another process
ST  Stop Stops the current edit gession and returns to TOSMON -

TOEHON: ER

FRIORITY:

DATAREDU ---> MINUFDAT ---> HaJuPliT === SEMDHORT -=-> RECADMOST ==->
READSIDE ---> COMTDISP ---> TOSWON ---> TEST ===> REFPORT ---
1DLE ===3 , . ,

CHanse or 3Tor? [ST1 M
Frocess to be soved T READ)
Flace 'it infornt of ¥ s

PRIORITY!

. DATAREDU ---> MINUPDAT --=> WAJUPDAT ---> READHDST ---> SENDHOST ~-->

) READSIDE ---> COMTDISP ---> TOSWON ---> TEST =~=> REPORY =3

IDLE -==> . L
CHanss or STarY [8YY _ T
TOSHON: PR
FRIORITY! -
DATAREDU ---> RINUPDAT -=<> MAJUPDAYT --~-> READHOSY ===3- SEMDMOST ==-3
READSIDE --=> CONTDISF ---> TOSNOM ===> TEST ===> REFORTY ===l
IDLE === .

CHante or STor? [8T) ¢
Froceuss to be msoved ? \
Thou shall not chanse the rriorite or status of IDLE.

LR
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[
FRIORITY:
BATAREDU -=-> MINUPDAT =--> WAJUFDAT ---> READHOSTaag--> SENDHOST ---3
READSIDE => CONTDISF ---> TOERON ===2 TEST ===% REPORT —=a>
IDLE ===3 )
‘CHanse or §Tor? [(§T] CM
Frocess to be moved ¥ CONTINUDUS
Mo such srocess!
PRIORITY:
DATAREDU --= MIMUFPDAT ---> HAJUFDAT ---> READHDST ---: SEMDHMOST ----
READSIDE =--> CONTDISP ---> TOSWON ---> TEST ===: REPGRT  =-=-*
IDLE ===

CHanse or STor? {871 CONIDISP
Unkrnown Cosmand!
FRIORITY:

DATAREDU ---. MINUPDAT ---> MAJUPDAT READHDST ---> SENDHOST ----

READSIDE ---> COWTDISP ---> TOSHOM TEST ===> REPORT  --->
IDLE == ‘ :
CHarde or 5Tor® [5T] CH

- Frocess to be woved * CONTD]SP
Flace it infornt of * JDSAQH .
PRIORITY: : : !
DATAREDU ---> MINUFDAT ---> AAJUPRAT ---> READHOST ===> SENDHWOST --->
READSIDE ---> CONTDISP ---> TOSMN ===> TEST ===7 REPDRY -—=l

" IDLE === '
CHanse or S5Tor? [ST1 (H
Process to be wmoved T CONTDISF
Flace 1t infornt of * JEST
PRIORITY:
DATAREDYU ~--> WINUPDAT =---> MAJUPDAT ---> READMOST

SENBMOST --->
>

]

W

J
W

READSIDE ---> TOSHOM ===3> COMTDISF ===3> TEFT REPORT -
IDLE -———3 ) :
CHanrnse or STEP* (8Tl __ . . F

TORNON: ’ .

'11.2.2.6 Process Status (PS)
The PS command prints out a list of all processes snd ther status
SHECQﬂTﬂlﬁdS 7
CH Changes the process status by i,iielu:ivrér'ing the process status with ;-
8 user enterad mask "
SE Sets the process status to the us&f*lﬁt:éf.iﬁ value.

ST Stop Stops the process status mode and returns to TOSMON.

TOSHON? .
PROCESSID: PROCESS STATUS!

DATAREDU ’ 0000 .
HINUPDAT , 00060 .

MAJUFDAT L . 0000 ' : . o

READHOST 0400 . P VP .
SENDHOST c #400 T ’
KEADSIDE 0000

TOSAON . 0400

CONTDISP " 0000

TEST | . 0000

REFORT - * © 0000

IDLE 0400
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A

SELy» CHanse or STor® CH

Process? )

Enter sask in hex for EX-OR: Q3fQ

PROCESSID: PROCESS STAaTUS:

DATAREDY 0000

HRINUPDAT 000Q

PAJUPDAT 0000 '
READHOST _ 0400

SENDHOST 0400

READSIDE - 0000

TOSMON - 0600

CONYDISP : 0400 o
TESY ) . 0000

KEPORY 0000

IDLE 0400

SEt» CManse or STor® QY

Process”®

Thou shall not chanse tho rriority or status of IDLE.

PROCESSID: PROCESS STATUS:

DATAREDU 0000

NINUPDATY 0000

MAJUFDAT 0000

READMOSTY 0400

SENDHOST 0400 :
KEADSIDE 0000 . .
TOSHON 04600

CONTDISP - 0400

TEST ‘ 0000

REPORY 0000

IDLE 04600

SEt» CHense or STor? §1

TOSHON: _ , » R

-

1.2.2.7 RUN RU)
Runs a C program or a subroutine in memory. The program is rnpresentpd by
process desabtor TEST Since no memory protection is available, running of test

programs during serious observation is NOT recommended

11.2.2.8 Semaphore Queue (SQ)

The SQ command prints out the queue of the processes blocked by. 2
umaphorq The user is asked to enter the start address of a semaphore The
systom checks the semaphore queue and prints tho processes out only if they can all
be found in the static queue. An error message will be given otherwise. This
checking preverts incorrect entry of a sémsphoreé address. and eliminites the

possibility of searching through an infinite lm
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11.2.2.9 Time (T !
The Ti command can be used to set the Sidereal and QObservation clock.

TOSMOM: T]
Which clock® Sldereal or OBservation® LOD) B
Daw: 44, Hour!: 2, Min! 24, Sec(60): &, Sec(9)! &
CHange or STosr? [ST) CH
Daw = 44 v_ Y
Hour = 2%
Bin = 247 _
Sec(40) = 3 _
Davw: 64, Hour! 2, Min: 26, Sec(60): 33, Sec(B): 1
CHange or STos? (8T _
TOSMON: I} :
. Which clock? SIdereal or OBservetion? £os) _
Dawt: O» Mour: O» Min: 20 Sec(40): 141 Eec(@): ]
CHanse or STor? (ST CH
Daw = 0 v _
“Mour = o°

Min = 287
40
Sec(40) = 2.

Daw: 0+ Hour: 2, Min: 40, . Sec(460): 3, Sec(®)i 7
CHanse or STop? (svy__
TOSHON:



12 APPENDIX IV: SIMULATION SOFTWARE LISTING

This appendix includes the FORTRAN hsting of the noise generator and the
simulstor programs.  These programs were developed under the Michigan Terminal
System MTS) of the University of Alberta and call subroutines from the International
Mathematics and Statistics Liir}y (IMSL).

148
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_PROGRAN RANGEN

FUNCTION: FOR GENERATION OF SAMPLED BAND-LIMITED

GAUSSIAN NOISE SEQUENCES INTERACTIVELY.
COMMANDS AVAILASLE ARE:

GENERATION OF GAUSSIAN NOISE SEQUENCE

LOW-PASS .FILTERING

MILBERT TRANSFORMATION

MERGING OF NOISE STREAMS

NORMAL ISATION OF NOISE SEQUENCE

PRINT A NOISE SEQUENCE

USE: SRUN RANGEN OBU+*IMSLLIB 11=NOISE!
12=NO1SE2 13=NOISES

10 ASSXMNT
UNIT t1, 12, AND 13 CORRESPOND TO FILE
1, 2. AND J RESPECTIVELY
UNIT 19 AND 20 ARE ATTACHED YO THE TERMINAL

1

LIBRARY SUPPORT REQUIRE _ .
. LINTERNATIONAL QATHEMATICS AND STATISTICAL
LIBRARY (I1MSL) :

VERSION 1.3 20 JUNE 1982

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

IF (ABS(X) .LE. .0001) GOTO 80
SINC » (SIN(I.1415926°X))/(3.1418826°X)
NETURN
BO SINC » 1.0
RETURN
£ND

s
R R R L Y T T N Ay AP D L L L L T T T A

- DEFINE cowmunon SUBROUT INE .
SAM. SAMPLE ARRAY DIMENSION LSAM

FCN  FUNCTION ARRAY DIMENSION LFCN

RESULT RESULT ARRAY DIMENSION uts

.................................... rememsccacesncnanas

SUBROUT INE CONVDL(LSAI SAM, chn N:N LRES, RESULT)
OIMENSION nn(Lsnn FCN(LFCN), ltsun(uu) .
00 140 1=1,LRES : e e
 XSAMe0Q.0
DO 180 J=1,LFCN
XSAM = XSAM + FON(LFCN+1-J)*SAM(J+T)
180 CONTINUVE , v
: RESULT(I) = XSaAM . .

-~
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Le N e B s W N N X, Ny ]

LR s N al

100

ana nooo

%

150

O 0 0y 0y

200

OO0 0y

000

co
1000

400

151

CONT INUE S ' )
RETURN _ .
END 3
OEFINE HILBERT TRANSEORN BY FFT - .

SAM INPUT ARRAY DIMENSION LSAM

CSAM COMPLEX ARRAY WORKSPACE DIMENSION LSAM
Zﬁxiﬁu WORKSPACE ARRAY n:nsusxuu LwK

COMPLEX CSAM
DINENSION SAM{LSAM) CSAM{LSAM), IWC(LWK) Wi (LWK)

SET UP CSAM

DO 100 I=1,L5AM
CSAM(1) = CMPLX(5AM(1),0.0)

PERFORM FORWARD TRANSFORM, USUALLY REQUIRED TO EEHMATE
THE. SAMPLE BUT SINCE THE PRESENT SAMPLE 15 REAL. WD NEED

CALL FFTCC(CSAM, LSAM, IWR WK)

CONJUGATION AFTER TRANSFORMATION AS WELL. =~ ~
DO 150 1=1,L5AM A '

CSAM(I) = CONJUG(CSAM(1))
CONTINUE : : . : o
LHSAM=LSAM/ 2 s .
MULTIPLY POS FREQ COMPONENTS BY U AS IM HILBERT TRANS
DEFINED BY BRACEWELL. POSTIVE FREQ STARTS FORM O TO LSAM/2 ..

DO 200 I= 1, LHSAM
CSAM(I) = CcS§ Al(!) (0.0 ,1.0)
CONT INUE

MULTIPLY NEG FREQ COMPONENTS BY -J AS IN HILBERT TRANS

NEG FREQ STARTS FROM LSAM TO LSAM/2 + 1

LHSAM1aLSAM/2 ¢ 2
DO 300 IsLMSAMY1,LSAM , \
CSAM(I) = CSAM(1)*(0.0,-1.0) { '
CONT INUE

PERFORM INVERSE FORUIER TRANSFORM Co-
CALL FETCC(CSAM, LSAM Tw, ﬁ) ; A
WRITE(E, 1aoa)(¢snn(i) I=1,L5AM) -
FORMAT(" {AFTER HILBERT TRANSFORM WITH FFT //; (at15.8))
90 400 I=1,LSAM

SAM(I) = EEAL(CSE!(I)) ’ . . -
RETURN
END

;

Sl hy st



121
122
123
124
128
126
137
120
129
130
131
132
133
134
135

137 .
138 -

139
140
1414
142
143
144
149
146
147
148
149

150 -

154
152
183
154
153
156
137
1868
189

161
162

163

164
168
166
167
168
169
170

17¢

172
173
174
178

" 478
177,

178
179
180

00 0000

o0 (g NeNq]

- 100 FORMAT('ENTER THE FILE YOU WANT RESULTS TO.BE STORED. ',

a0 0onne0o0oo

100 FORMAT("ENTER THE SOURCE FILE YOU WANT TO READ FORM. *,

200

ettt b K WS U

D(F\NE SUBROUTINE READFILE. READF READS IN A FILE OF

LENGTH LONG INTO AN THE ARRAY SANPLE

DIMENSION SAMPLE(LENGTH)
WRITE(20, 100)

C ° ANSWER 1,2 OR 3 ONLY . ")
READ( 19,200)IFILE

FORMAT(I1)

“IFILE = IFILE+10
FIND(IFILE'1000)

READ(IFILE) (SAMPLE(I).I=1, LENGTH)
RETURN

END

Rl ettt T Ny Py Py VU S S S U

DEFINE WRITEFILE. WRITEF IS THE COMPLEMENT OF READF

Rl e i PO U S G S S S P,

SUBROUTINE WRITEF(LENGTH, SAMPLE)

............. B it S U S P

i

DIMENSION SAMPLE(LENGTH)
WRITE(20, 100)

C ' ANSWER 1,2 OR 3 ONLY')
READ( 19,200)IFILE

200 FORMAT(I )

1040

200

IFILE = 10 + IFILE
FIND(IFILE' 1000)
WRITE(IFILE)(SAMPLE(I),I=1, LENGTH)
WRITE(20, 1040)

FORMAT(/. 'DONE’ . /)

RETURN

END

DEFINE VARMEN. VARMEN CALCULATES THE VARIANCE AND .

OF A NOISE SEQUENCE.

SAMPLE THE INPUT NOISE SAMPLE DINENS!ON LENGTH -

AREAN THE RETRUNED MEAN
VAR THE RETURNED VARIANCE

D et T T g g S VS

SUBROUT INE VARN(N(L!WTH SAMPLE  AMEAN,VAR)

R e i Py Uy S D -

DIMENSION SAMPLE(LENGTH)

SUM=0

VAR=0 .

DO 200 U=1,LENGTH

SAMPSANPLE (V)

SUM= SUM+ SANP

VAR=VAR*SANP * SAMP

CONT INUE

ALENG = LENGTH ~

152



181
182
183
104
189
186
187
188
189
190
19t
192
193
194
198

197
198
199
200
201
202

204
205
206
207
208
209
210
211
212
213
214
218
21¢
- 217
218
219
220
221
222
223
224
228
226
227
228
220
230
231
232
133
234

© 237

238
238
240

o0 onood

co
c1ooo

ANEAN®SUM/ AL ENG

VAR=VAR/ALENG

WRITE(6, 1000)AMEAN, VAR

FORMAT(///.' MEAN =’ E18 .7, " VARIANCE =’ E15.7)
RETURN

END

DEFINNE ANMLS. ANMLS NORMALISE A NOISE SEQUENCE TO
UNIT VARIANCE . ’
SAM THE INPUT SAMPLE DIMENSIONED LSAM

i e SR

e e el e T ey UV

OIMENSION SAM(LSAM)

CALL VARMEN(LSAM,SAM, AMEAN, VAR)
STOEVA = SQRT(VAR)

00 100 I'=1, LSAM

100 Sam(1 )'SAH 1)/STDEVA

c_-----'_-.....----_--------_---------------_------ ..........
c
c MAIN PROGRAM
C N valh
L e et R L L P Ry A S
‘DOUBLE PRECISION oszzb
COMPLEX CSAM
REAL M N
O IMENS 10N SAMPLE (8500) . SAM1(8500) . CSAM(8500) . xvx(asoo)
C wWK(8S00),SINCA(S00)
DATA G.F M. N.M.P. S/‘G’.'F’,’I','N’.’H','P'.'S /
c )
c SET UP TERMINAL GOIMUNICATION LOGICAL UNITS
c :
CALL FTNCMD('ASSIGN 19=*MSOURCE*‘_ 18)
CALL FTNCMD( ‘ASSIGN 20=*MSINK®*‘ _17) -
WRITE(20, 1000}
1000 roautv(/ ‘LOV PASSED FILTER NOISE GENERATION PROGRAM. '

RETURN
END

c./. MANIPULATES THREE FILES 1,2 AND 3.°
C./.’INPUT THE LENGTH OF NOISE SME’ '

C’ WANTED'./,’PUT IN A DECIMAL PT FOR THE STUPID FORMAT') .

READ (19, 1’00)AL

1800 FORMAT(G15,S

LENGTH = A
WRITE(20, 1080)LENGTH

1050 FORMAT(/, 'LENGTH OF OPERATION =’ ,16)

" 1010

2000
1020

vnlte(zo.' 0)

FORMAT(//, ' COMMAND SELECTION:'.//,’ G = GENERATE WHITE WXSS

153

C,/. ' F = LOVPASS FILTERING',/,’ M = MERGING 2 MISE SEOUENCE‘

C./. ' N » NORMALISE A NOISE uwmcc

C/.' H = HILBERT TRANSFORM',/.’ P = Pﬂ!NT'./.‘ S = STOP')

CONT INUE -
WRITE(20, 1020)
FORMAT ( 'COMMAND? ')

)*‘-«~\

)
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241
242

1510

READ( 19, 1510)CMD {
FORMAT (A1)
GOTO 2100

242
244
248
248
247
248
249
250

IF (CWD .£Q. G)

IF (CwmD
IF (CmD
IF (CwD
IF (CmD
IF (CwD
1F (CwD
WRITE(20.

EQ. B)
.EQ. M)
.€Q. M)
Q. P)
EQ. N)

.EQ. $)
1030)

Q0TO
GOTO
ae0T0
Q0T0
Q070
Q0T0

2200
2300
2400
2800
2600
9999

231

2s2

283.

234 c
2ss c
256 c
2387

258

259

260

261t

262

263

264

263

268

287

268

2¢9

270

271

272

273 . €
274 C
278 Cc
27¢
277
278
279
280
281
282
283
284
288
286
287
288
289
200
291
292
293
204
298 C

297 C
298
299

1030

2100
1100
1600

1108

2110
2120

2200

. 1200

210

c

16 10

1220

2210

> 208 c

FORMAT (" INVALID COMMAND ')
WRITE(20, 1010)
GOTO 2000

GNERATION SECTION

WRITE(20, 1100)

FORMAT(’ ENTER DSEED’)
READ( 19, 1600)SEED
FORMAT(G1S.5)

DSEED=SEED

WRITE(20, 1108)

FORMAT(’ WANT 1) GGNWML OR
READ( 19, 1605 ) IRSEL
FORMAT(I1)

IF (IRSEL .EQ. 2) GOTO 2110
CALL GONML (DSEED, LENGTH, SAMPLE)
GOTO 2120

CALL QONPM(DSEED., LENGTM, SAMPLE)
CONT INUE

CALL WRITEF(LENGTH, SAMPLE)

@OTO 2000

2) GGNPM ? ANS 1 OR 2°)

LOW PASS FILTERING SECTION .

WRITE(20. 1200)

FORMAT(‘ LOW PASS FILTERING')

CALL REAOF(LENGTH,SAMPLE)

WRITE(20, 1210)

FORMAT(‘ ENTER THE WIOTH OF SINC FUNCTION',//.
‘PUT IN A DECIMAL PT’)

READ( 19, 16 10)ALSINC

FORMAT(G15.5)

LSINC=ALSINC

WRITE(20, 1220)

FORMAT(’ ENTER TME SCALE OF SINC FUNCTION. 2. 4. 8. OR 1§.°)

READ( 18, 1610) SCALE
NSINC=LSINC/2 ‘

MS INC 12MS INC+ 1

00 2210 11 ,MSINC!

Al=]

SINCA(MSINC+I) = SINC((AI-1.)/SCALE)
SINCA(MSINC+2-1) = SINCA(MSINC+I)

CONT INUE ; -

CALL CONVOLUTION. SUBROUTINE e

CALL CONVOL (LENGTH+LSINC, SAMPLE ,LSINC, SINCA . LENGTH, snwv
CALL ANMLS(LENGTH, SAM1) ioos
CALL WRITEF(LENGTH, SAMY) , -

154



310
LRR
212
313

- 314

318
AL
3
318
319
320
331
322
323
324
338
326
7
age
329
330
bR A
332
333
334
338
¥
3237
338
b
340
kL))
243
343
344
245
346
347
.48
249
%0
B
382
83

288
. 356
%7
58
EL 1
380

ey 0%

c
c
¢’

c
c
c

[ Xn X wl

QDTO 2000 -

NOISE SEQUENCE MERGING SECTION

2200 WRITE(20. 1300)

1300 FORMAT(' MERGE TwWO NOISE SOURCE TOGETHER WITH A SMIFT',

C ' AMD WEIGHMT'

C ./. ENTER NOISE SOURCE 1, UNSHIFTED, UNITY WEIGHT')

CALL READF(LENGTH. SAMPLE)
WRITE(20, 1305)

130% FORMAT(’ ENTER NOISE SOURCE 2, SHIFTED AND WEIGHTED.'

CALL READF(LENGTH, 5AM{)
WRITE(20.1310)

13&&3 FORMAT(‘ ENTER THE ND OF SHIFTS IN SOURCE 2 WITH DECIMAL PT.

READ( 19, 1350)SHIFT

1350 FORMAT(G1S 5)
ISHIFT=SHIFT
WRITE(20,1320)

1320 FORMAT(’ ENTER THE WEIGHT OF SOURCE 2°)
READ( 19. 1350)WEIGHT ' R
1COPY= LENGTH-ISHIFT
00 22310 I=1, 1COPY

2310 SAMPLE(I) = SAMPLE(I) + SAMI(T+ISHIFT)*WEIGHT
CALL ANMLS(LENGTH, SAMPLE)

CALL WRITEF(LENGTH, SAMPLE)
QOTO 2000

HILBERT TRANSFORM SECTION

2400 WRITE(20, 1400) 7
1400 FORMAT( ' HMILBERT TRANSFORM. ', //.

CALL READF(LENGTH, SAMPLE)

CALL HTFFT(LENGTH, SAMPLE CSAM, S000, WK wi)
CALL WRITEF(LENGTH,SAMPLE)

QOTO 2000 :

PRINT SECTION
2500 WRITE({20. 1450)

1450 FORMAT(//. PRINTS THE NUMBERS IN A NOISE SEQUENCE .

C'SELECT THE FILE YOU WANT TO PRINT. )
CALL READF{LENGTH, SAMPLE)
WRITE(20,1453)

1455 FORMAT(/ENTER THE START PT. PUT IN A DECIMAL PT.

READ( 19, 1950)START
1950 FORMAT(G15.5)

ISTART=S5TART

WRITE(20, 1480)

1460 FORMAT(/'ENTER THE END PT. PUT IN A DECIMAL PT.

* READ( 19, 19%0)ENDP
1EMDP = ENDP

)

C ‘PERFORAMS HILBERT THANSFBE-ATIBN ON A NOISE SAMPLE BY F?T

il/fi

WRITE(G, 147TOMH START, TENDP , (SAMELE(I), I=ISTART, IENDP) -

1470 FORMAT( ‘,//, *SECTION OF NOISE FROM SAMPLE '
€’ TOD SAMPLE’ 1%.///.(8G15.7))
QOT0 2000
NORMALISE SECTION

2600 WRITE(20, 1700)

R

) .

L

L
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%1 7 1700 FORMAT(’ NORMALISE A SEQUENCE OF nm NUMBER ‘)

2 CALL READF(LENGTH, SANPLE)
%) CALL AMMLS{LENGTH, SAMPLE)
364 CALL WRITEF(LEMGTH, SAMBLE)
%S GOTO 2000

%6 ¢

»7 [ o STOP

%8 c

%0 9999 STOP

avo END

END OF FILE . .

'
n
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PROGRAM SIMUL

FUNCTION: TO SIMULATE A DIGITAL CROSSCORRELATOR

AND COMPARE DIFFERENT MEANS OF QUADRATURE

CHANMEL QENERATION.
IO ASSIGNMENT

UNIT 19,20 « TERMINAL., UNIT € = PRINTER OUTPUY

UNIT 10 = QUTPUT DATA FILE FOR GRAPH PLOTTIW

UNIT 11 « NOISEA, 12 = NOISES., 13 = SIGNALA

UNIT 14 = SIGNALB, 15 = SIGNALB HILBERT TRANSFORMED

LIBRARY SUPPORT REQUIRED:

INTERNATIONAL MATMEMATICAL AND STATISTICAL L!IRA’B

VERSION 2.2 20 JUNE 1982.

---------------------_---------------_--------------—-_-

FUNCTION TO QUANTISE AN ARRAY INTO 3 LEVELS
SAMPLE INPUT NOISE SAMPLE DIMENSION tSAM
QLEVY, OQLEV2 DECISION LEVELS

WTPUY 3 LEVEL ARRAY OVERWRITES SAMPLE

-----------------—-_---------_---------_---_—--.------

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

OIMENSION SAMPLE(LSAM)
00 170 I=1,4SAM
IF (SAMPLE(I) .GE. OLEV1) SAMPLE(I)~t.0

IF (SAMPLE(I).LT.OLEVY _ANO. SAMPLE(1) GT. OLEV2) smPLt(!)-o 0.

- IF (SAMPLE(]) .LE. ouvz) SAMPLE(I)s-1. O

170

CONT INUE
RETURN

ettt S it Uy S

CORSS CORRELATION ROUTINE .

SAM1, SAM2, INPUT NOISE SANPLES DIMENSTIONED LSAM
xR COIHELATOR ACCUMULATORS DIMENSIONED

it it Sl el St X S - -

'sunounu: xco«(t.sau SAMY, SANZ, LXR., XR)

220
210

DIMENS 10N SA.'(LSAH), SAM2(LSAM) - XR(LXR)
LRUN = LSAM-LXR

INITIALISE XR

00 210 I=f,LXR

SUM=0.0

DO 220 U=t LRUN

SUM = SUp+ SAMT(I+J)*SAMI(LXRS 1- xw)
CONTINUE

XR(1)= Sum

CONT INUE

187



101
102
103
104
108

107
108
100
110

- 119

t12
113

114

118
116
17
119
119
120

c

00 06000 O

06 Nnaon

1000

v'sp

140

100
1000

110
1010

120
200

Ul!T!(c tooo)(xn(x) I=1,LXR)

FORMAT( ‘1, ClOSSCOQI!LA?lON' I/ (SF1s. 1))
RETURN

END

CONVOLUTION ROUTINE

SAM INPUT NOISE SAMPLE DINENSION LSAM

FCN FUNCTION TO BE CONVOLVED WITH DIMENSION LFCN
RESULY RESULT!NG ARRAY DIMENSION LEES

DIMENSION SAM(LSAM), FCN(LFCN), RESULT(LRES)
00 140 I=1 LRES

XSAM=0 O

DO 1850 JU=1,LFCN

XSAM = XSAM + FCN(LFCN+1-J)*SAM(J+I)

CONT INUE

RESULT(I) = xXSAM

CONT INUE

RETURN

END

e e it T S U

SUBROUTINE PLOT. PLOTS GRAPH ON A LINE F!!H‘I‘EE
GRAPH' GRAPH2 GRAPHS TD BE PLOTTED, DI‘ENEIBH LEEAPH

----------~-----.----------_-----;;—,

DIMENSION A(200). GRAPH{(LGRAPH), GRAPH2(LGRAPH)
DATA STAR, CROSS. DOT, aLANx/'a',-xv,* LY
LA= 121

ALA = LA

AMAX =-1_ OE30

AMIN = | 0£30

DO 100 1=1,LGRAPH

IF (AMAX LT, GRAPH1(1)) AﬂAx-GQAPHi(!)

IF (AMIN .GT. GRAPHI(I)) AMIN=GRAFM1(])

IF (AMAX LY. GRAPH2(I)) AMAX=GRAPHZ(I)

IF (AMIN .GT. GRAPH2(I)) AMIN=GRAPH2(I)

CONT INVE

WRITE(6, 1000)AMIN, AMAX - :
FORMAT(‘ MIN=’ Et3 7, ' L e

DO 110 Is=1,LA
A(1)=DOT
WRITE(S.1010)(A(I) 1=, LA)
FORMAT( 9’ ,200A1)

RANGE = AMAX-AMIN e

IXAXIS® ¢ . ,
IF((AMAX*AMIN) ..GT. 0) QOT0 120
IXAXISe (-AMIN/RANGE)*(ALA-1) +1.8
CONT INUE

00 200 I=1{, LA

A(1)= BLANK

¥



121
122
123
124
129
126
127
128
129
130
129

133
134
13%
124
127
128
139
140
141
142
143
144
145
146
147
148
149

180

T8
152
183
154
188
186
157
188
129
180
161

162

163
184

108
166

187
168
169
AT70
171

172 -

173
174

176
177
178
179

180"

210

30 00 0 Y

(a N 2]

ﬁ

co
€ 1000

nonao

100
11!3

Oy Oy

IvY = §
I1v2 = ¢

DO 210 1=4, LGRAPH -

A(IV1)= BLANK .

A(IY2)" BLANK

A{1IXAXIS) = DOT . -
IVY = [(QGRAPHI(1) - AMIN)*(ALA-1))/NANGE +1 % o
A(IY1) = STAR ~
1v2 = ({(QRAPH2(I}) - AiIH)*(ALAii))’!lHBE +1.5

A{lv2) = CROSS

LWRITE = MAXO(IXAXIS.IV1,1V¥2)
WRITE(&, 1010)Y(A(J) . U=1 LWRITE)
CONT INUE

SAMPLE INPUT NOISE SEQUENCE pxninsiau LENGTH
AME AN RETURNED MEAN VALUE
VAE EETUENEE! \M!,IM:E

n!uzus!nu SAMPLE (LENGTH) . A -
SUN=0 . s - J
VAR=O - i o T

DD 200 J=1,LENGTM

SAMP=SAMPLE(J)

SUM= SLM+ SAMP

VAR=VAR+SAMP * SAMP

CONT INUE

ALENG = LENGTH

AME AN=SUM/AL ENG

VAR=VAR/ALENG .

WRITE(E, 1000)AMEAN, vgu

FORMAT(///.‘ MEAN =‘ E18.7,°’ VARIANCE =’ E15.7)

RE TURN °

END

FI.HETIBH SIPE(!) .

IF(ABS(X) .LE. 1E-5) GOTO 100 : C
PIX = 3. 14159265358 * X . :
SIMC = ( SIN(EIX) ) f PIX s

anyTo 110 .

SINC = 1

RETURN .

!m : = * PN R

EFIHE EﬁSE FI.IG:TIEI TI'E HlL!EﬁT TIAHSFBﬁ oF Sl!ﬁ
COSC FUNCTION (HILBERT TRANSFORM OF SINC)



181
182
183
184
188
186
187
188
189
190
191
192
193
194
195
196
197

199
201
202
203

20%

206 .

207
208
200
210
FAR
212
213
214
213
21¢
217
218
219
220
221
222
223
224
229
226
227
228
229
230
231

232

293
224
a8
23¢

237

238
239
240

0O 06000

U~ SRS

TEMPTY= _SAMEX-LF+1

L]

C [y
\ FUNCTION cnsa(x)
c R .
IF (ABS(X) .LE. 1E-%) @OTO 100
Pix = 3. 1:155::;5: = x
CosSC = ( CDS(FIX) 1.0) / PIX -
e0T0 110
100 CO0SC = O
110 RETURN
END
TIME DOMAIN IHIEEPDLIT!EH Fuﬁ:Tiﬁn ns(r) = IHVE!SE F T,
OF SOX RAISED cusxne FUHCTIEN
FUNCT!ON u1¢T)
‘WY o= sxuctf) + Z*SINC(2*T) -SINC(2*(T+1))
c 40 S*SINC(T+1.) -SINC(2%(T-1)) +0.5*SINC(T-1}
Wt = wWe/3.
RETURN
END
=
f =
(o] S e e eeeessccs s c s s s sssssm—msmms==s--ttzzram=sscs===
c H1(X) HILBERT TRANSF OF . INTEEFBLATIQN Funcfxan wv(T)
C- ...... e e E e s E AR S e R R R T RS == EE s E e -
FUNCTION Hv(f)
c ..............
H1 = COSC(T) + 2*COSC{2°T) -COSC{2+(T+1.))
c 40 .8*COSC(T+1.) -cOSC(2%(T=9.)) +0.5+COSC(T-1 )
HY = H1/3. ‘
RETURN -
END .
c R s Eh e e e T T
c EXTENDED cnuanurlaR PRODUCE & RESULT a;rn THE SAME
C. AS THE INPUT SAMPLE )
c SAM INPUT MOISE SAMPLE DIMENSION LSAMEX
c RESULT OQUTPUT RESULTS DIMENSION LSAMEX -
c FA THE FUNCTION TO BE CONVOLVED WITH, DIM 'F
c THE INPUY SAMPLE CONTAINS ONLY LSAMEX - 2°LF USEFL
.¢ SAMPLES untn :ursgxua THE ' ROUTING .
c --------------- P R S sk m E E E E s R E R mE E E EE E o E E e o E = =
SUBROUT INE EXTEGH(LSAHEX SAM LF FA, !ESULT)
R e .
C = _ - o
OINENSION SAM(LSAMEX) FA(LF) RESULT(LSAMEX)
C :
c PAD THE SAMPLE UP WITH ZERDS AT BOTH ENDS .
c - .
LSAM = LSAMEX - 2*LF -
00 300 ‘Q',;Li‘i . . - F]
Js LSAMEX-LF+1-T
200 SAM(J) = SAM(J-LF) .
00 210 I=1 LF : . / .
210 SAM(1)=0.0 , - : /

160



241
242
243
144

245 -

248
247
248
249
250
251
2%2
2153
254
K]

237
%8
259
260
261
262
162
264
268
266
247
288
269
270
271
272
173
274
278
27¢
277
278
279
280
81
282

183

‘284
285
286
287
288

290
i 3
2192
3
294
w8
29¢
7

299

L2 Ry Wyl

(2 X2 Nyl

co
€

La R N e Ra N NaWalyl

[» T

L1 X2 s

a0 NONOOO

o -

220

310

040

100

3

DO i:ﬁ I=TEMPTY LSAMEX
SAR(I)=0.0
CALL CONVOLUTION ROUTINE TO PERFORM M. T.

COMVOL (L SAMEX , SAN.LF,FA, LSABEX-LF RESULT)

2]

OPY RESULT BACK TO SAM AND PAD UP WITM ZERODS

DO 300 I=1,L5AN

- SAM(I) = RESULT(I+LF/2)

LSAMY » LSAM1

DO 310 I= LSAMT, LSAMEX
SAM(I)=0.0

WRITE(E, 1040) (SAM(]I) . I=1 LSAM)

FORMAT( ' 1AFTER HILEEBT TRANSFORM WITH CoONY ', //,(5F1%.7))
HE uRM

SuaEDuTINE HTCnN HILEEET TEAHSFGEI BY CDNVBLUTIEN

SAM NOISE INPUT SAMPLE DIMENSION LSAMEX
RESULT OUTPUT SEQUENCE CIMENSION LSAMEX
FA WORK SPACE DIMENSIONED LF.

LSAMEX 15 THE EXTENDED LENGTH OF THE SAMPLE IE
LSA!EK = LSA! + 2%LF

DI!EHS!UH SA!(LSAHEX) FA(LF) IESULT(LB!HEX)
AMIF = LF/34+1
DO 100 I= 1,LF

Al=1

FA(I)= MHY1((AI- A!iF)/l o)
CONTINUE

CALL EXTCON TO PERFORM CONVOLUTION WITH EXTENDED LENGTH

CALL EXTCON(LSAMEX, SAM.LF FA, RESULT)
SCALE = 3./16.

DO 200 I=1 LSAMEX

SAM(TI) = SAﬁ(I)‘SEALE

CONT INUE

PE!FEEH HILBEET TllNSFDR‘I BY FFT

SAM INPUT SAMPLES TO BE TRANSFORMED DIM LSAM
Cs5am COMPLEX WORKSPACE DIM LSAM

IWK WK WORKSPACE DIMENSION LW

__aﬁ_g---,___x-_é-‘,;gi_‘-gii—gai_--—;giiﬁ,-gaiiggah-'-;gis,

SQIEDUT!HE HTFFT(LSA- SAm, cs;n L, Iwk, wx)

CWL EX CSAM

-DIMENSION SAM(LSAM), CSAM{LSAM) !UE(LUR) HR(LIR)

4



N

310
311
312
313
14

NS

316
317
318
319

320 .

321
322
323
324
328

- 326

327
328
329
330
331
332
333
334

.339%

336
337
338
339
340
341
342
343
344
343
346
347
348
349
350
ast
382
383

Iss
358
387
ase
339
?60

006 o606 on

o0

100

130

OO0 O

)
200

000

(s N Kol

C 1000

400

00 NDOOOOOOOO

SET UP CSAM

DO 100 I=1,LSAM
CSAM(]I) = CMPLX(SAM(1).0.0)

PERFORM FORUARD TRANSFORN, USUALLY REQUIRED YO COMJUGATE
THE SAMPLE BUT SINCE THE PRESENT SAMPLE 1S REAL, NO NEED

CALL FFTCC(CSAM, LSAM, 1wk, )nt)
CONJUGATION AFTER nunsromnﬂxou AS WELL

DO 180 I=1 LSAM
CSAM(1) = CONUG(CSAM(1))
CONT INUE
LHSAMeLSAM/2 -

MULTIPLY POS FREQ COMPONENTS BY U AS IN HILBERT TRANS
DEFINED IN BRACEWELL. POSTIVE FREQ COMP STARTS FROM
O TO LSAmM/2

DO 200 I= 1, LHSAM

CSAM(1) = CSAM(I)*(0.0 .1.0)

CONT INUE

MULTIPLY NEG FREQ COMPONENTS BY -y AS IN HILBERT TRANS
NEG FREQ COMPONENT STARTS FORM LSAM TO LSAM/2 +t
LHSAM 1= SAM/2 + 2

DO 300 I=LHSAM1 LSAM

CSAM(I) = CSAM(I)*(0.0,-1.0)

CONT INUE

PERFORM INVERSE FORUIER TRANSFORM

CALL FFTCC(CSAM, LSAM, TwK wWK)

WRITE(6,1000) (CSAM(I), I=1 LSAM)

FORMAT( ' 1AFTER HILBERT TRANSFORM WITM FFT' ///.(4F1%.S))
ALSAM = LSAM . . .

SCALE = 1.0/ALSAM !

00 400 I=1, LSAM

SAM(I) = REAL(CSA-( 1)) o SCALS
RETURN
END

. o

xmmpounon ROUT INE . PERFORM INTERPOLATIONN BY .
CONVOLVING THE SAMPLE WITH THE TIME DOMAIN xmmpounou
FUNCTION
SAN. . INPUT SAMPLED FUNCTION DIMENSION L SAMEX .

NON SAMPLE POSITIONS ARE ALL ZEROS.
FARRAY INTERPOLATION FUNCTION DIMENSION LF
RESULT OUTPUT ARRAY DIMENSION LSAMEX

LR X T TR T L R Rk L X Ty gy - - —— - - - -

SWIOUT!NE AINTER(LSAMEX,SAM,LF FARRAY ,RESULT)

..... e e cemee e meecmeec et e e m e m——.—————————

DIMENSION SAM(LSAMEX),FARRAY(LF) RESULT(LSAMEX)
AMIF = LF/2 +1
DO 100 I=1,LF . ‘
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-

E )
362
L
4

367
369
370
371
372
a7a
ata
375
a7¢
77
378
a7re
380
as
as2
383
384
ans
386
7
ass
389
aso
a9
392
393
a4
398
398
g7
Ige
399

401
402
403

408
408
407

400
410
411
412
413

412

418
418
417
418
419
420

100

0 Y

200

N0 0

L3 0y ]

100

o0y O e

(20 2]

100
1000

(2N Re RN W]

Al=1 '
FARRAY(I) = WI((AI-AMIF)/8.0)

CALL EXTCON TO PERFORM CONVOLUTION WITH EXTENDED LENGTH
TO PRESERVE THE LENGTH OF SAMPLES

CALL EXTCON(LSAMEX SAM . LF FARRAY RESULT)

SCALE = 3./16 .

DO 200 I=1,LSAMEX

SAM(]1) SAM({1) * SCALE -

Pﬂﬂl.lLlSl-TiDN EBUTIHE HJEHAL!EE THE IﬂISE SEQ‘UENCE TD
UNIT VARIANCE .

SAM INFUT H:HSE SEGJENCE EIHEHSIMEE! LSAM
SMHDUTIHE AP«-LS(LSA- SA!)

DIMENSION SAM(LSAM)

CALL VARMEN(LSAM,SAM_ AMEAN. VAR)
STOEVA = SQRT(VAR)

DO 100 I=1_L5AM
SAM(I)=SAM(I)/STDEVA

RETURN

READ YES NO. READS A YES On MO AHSUEI “rowm T™HE fznn!nAL
REJECTS INPUTS OTHER THAN YES OR ND. ]
ANS VALUE TO BE astunnED ’ S

REAL N
DATA N, Y/'N’ Y/
READ( 19, 1000) ANS
FORMAT(A1) .

IF (ANS . EQ. N) GOTOD 200
IF (ANS . EQ. Y) GOTO 200

WRITE(20, 1010)

FORMAT( "INVALID ANSWER, Y OR N OMLY')

GOTO 100 ‘
READYN = ANS '

RETURN

END

LAGRANGE FUNCTION AL

X1 VECTOR OF X POSITIONS DIMENSIONED N

1 THE ITH LAGRANGE FUNCTION

X THE FUNCITON ARGUEMENT ]
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‘ . ~
! .
| 4
g
421 runcnou AL(XI ,N.1.X)
422 €  e-veeescecccececaao.d
423 ¢ ueamcc FUNCTION AL
424 OIMENSION XI(N)
428 PROD = 1.0
428 DO 1000 U=t N
427 IF(y .80. 1) @OTO 1100 . . ' ,
428 PROD = PROO * (X - XI1(u)).
429 1100 CONTINUE
430 1000 CONTINUE
431 AL = PROO
432 v RETURN
43) END . .
434 :
438 : : *
‘3‘ L ecoccccvcwea kX ey iy, v mcoemecscccn - oo -e- C e
437 c LAGRANGE INTERPOLATION rwcnou FOR VAN VLECK conascnon T
438 c THE YI‘'S ARE DECLEARED AS DATA ELEMENTS ’
439 [ e R
440 FUNCTION ALAGR(X)
441 C ceemceecememenaa-
442 REAL*4 Y(9) /0.3020.0.404%,0.8090,0.6155,0.72%2.0 8394,
4493 c 0.9923,1.06%,1.2510/
444 REAL*4 XI(®) /0.3, 0.4, 0.8, 0.6, 0.7, 0.8, 0.9.0.94,1.0/
448 1IF (X /GT. 0.3) GOTO 1000
446 ALAGR = X
47 QOTO 9999
448 1000 SUM = 0.0
449 Ny
450 00 1200 1 « 1.9
481 SUM = SUM + AL(XI ,N.I X)/AL(XI.N.I,XI(1)) * v(I)
482 1200 CONTINUE -
453 - ALAGR = SUM . .
454 9999 RETURN 3
48% © END
456" 2 et s pommommmea-a LR
487 c VAN VLECK CORRECTION FUNCTION.
458 C . PERPE S VAN VLECK CORRECTION FOR THE CORRELATION FCN .
459 c LENGTH THE NUMBER OF SAMPLES CORRELATED
4680 i - R THE CORRELATION rucmxon DIMENSIONED LARC
461 I e e e T T R r . -—evoe-
482 SUBROUT I NE connec(umm.unc.n) R
463 [ e TR TR
464 DIMENSION R(LARC) » -
‘4€S c .
488 ALENG = LENGTH
. 487 - ALARC = LARC i
468 - CORPK = (ALENG - ALARC) * 0.3866 _ o
469 VO 1000 1 = {,LARC ]
470 TEMP = ABS(R(I)/CORPK) . G
411 . IF (TEWP .LT. 0.3) GOTO 1100 ‘ . !
472 WRITE(20,300)TEMP o .
473 S00 FORMAT(  TEMP = ‘. G1S.8) )
474 R(I) =« R(1) * nnvnuon(n-b) : ,
78 - 1& CONT INUE - i L ety C e
b ] 1 CONT FNUE - S .
4717 RETURN : ‘
478 END ’ . -
479 . .

480



481
482
483
484

486
487
488
489
490
491
492
493
494
. 498

497
498
499

501
$02
502

507
508

$10
%19
512
813
Ste
515
8¢
817
518
519
820
821
522
823
524
528
826
827
528
829
8520
831
832
833
834
. 538
Lk
537
830
539
' %40

- . '

(s NaNel
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COMPLEX CSAM

REAL N -

DIMENSION RXIP1(8300), RXIP2(8S00), SIG1(8500), SIG2(8300),
C SIG2HT(8500), WK2(1000), TITLE{®0), COR(600), .

C ARC(600)., R(600). R1(600).CSAM(S8300), IWK({ 1000) . WK { 1000)
DATA N.Y/'N', ‘V'/ _ ,

L ——

SEY UP WRITE FILES WITH MTS CALLS

CALL FTNCMO( 'ASSIGN 19=*MSOURCE™*’, 19)
CALL FTNCMD{ ‘ASSIGN 20«*MSINK®‘_17)

““DEFINE LENGTHS OF ARRAYS FOR CALLING VARIDUS ROUTNES
LIw = 600
READ IN PARAMETERS INTERACTIVELY .

WRITE(6, 1103)
1103 FORMAT(  1DIGITAL" CROSS CORRELATOR SIMULATION VERSION 2.0 VAA
WRITE(20,1113) .
1113 FORMAT( ' INPUT THE STRING OF CHARACTERS FOR-TITLE. 80 CHAR ')
READ( 19, 1114)TITLE .
1114 FORMAT(100A 1)
WRITE(20, 1115)TITLE
WRITE(G, 1116)TITLE
1118 FORMAT( 1’ L 100A1)
1116 FORMAT(' ' 100A 1)
2300 wnxvz(zo 1100}
'C’ ODD ONLY' ./, PUT IN A DECIMAL PY. PLEASE’) —
READ( 19, 1101)ALARC ‘
LARC gk ARC
1101 FORMAT(G15.8) o
WRITE(20, 1102)LARC _ ‘
WRITE(6. 1102)LARC )
1102 FORMAT(//,'NO OF CORRELATOR CHANNELS=' 18.//) .
WRITE(2C,1104) >

. 1104 FORMAT( 'LENGTH OF RUN?'./,'PUT IN A DECIMAL PT.’)

READ( 19, 1101)ALENG

LENGTH=ALENG _ Y .

WRITE(20, 11OS)LENGTH * .

WRITE(6. 1105)LENGTH i
1108 FORMAT('LENGTH OF RUN =’ . 18.//)

WRITE(20,1110) )
1110 FORMAT(‘'S/N RATIO? PUT IN A DECIMAL PT PLEASE.’)

READ( 19, 1101)SN

WRITE(20,1911)SN

WRITE(S,1111)SN

1141 FORMAT('S/N RATIO «,615.5.//) : - . - .xm_uhnf;ﬁ;

WRITE(20, ¥106)
1106 FORMAT( ' WANTY ouanr:sutxen# Y OR N’}
Q=READYN(Q)
WRITE(20,1107)0
WRLIFE(E, 1107)0Q



sS4 1107 FORMAT( ' OUAN1ISATXON = ' A1)
842 WRITE(20, 1108)
543 . 1108 FORMAT( 'WANT NUU!R!CAL VALUES OF GRAPH PRINT OUT? ¥ OR N’)
S44 ANUM=READYN( ANUM)
548 WRITE(20, 1109)
846 1100 FORMAT( ‘WANT CORRELATION OF JUST RECEIVER NDISE? ¥ OR N°)
‘847 CN=READYN(CN)
548 C
849 c READ IN THE CORRELATOR INPUT RANDOM NUMBERS
380 c
881 FIND( 11’ 1000)
$%2 READ(11)(RXIPI(I),1=1 LENGTH)
553 FIND( 12 1000)
554 READ( 12)(RXIP2(1),I=1 LENGTH) , '
11 ] IF (CN .EQ. N) QOTO 2000 :
556 c R
587 c CORRELATION OF RECEIVER NOISE ALONE
558 c .
ss9 CALL XCOR(LENGTH RXIP{ ,RXIP2.LARC. R) ‘
560 F (ANUM _EQ. N) GOTO 2120
56 1 ogg:ggzrc(s 1000)(R(1),1=1,LARC)
562 1 MAT(’ 1CROSS CDRRELATION OF RECEIVER NOISE'.//.
363 C(SF15.7))
s64 2120 CONTINUE
11 ] WRITE(6. t1115)TITLE
$66 WRITE(6.1011)
567 1011 FORMAT(' CORRELATION OF RECEIVER ~oxss )
568 WRITE(6,1012)LARC ,LENGTH SN, Q
569 1012 FORMAT(’NO OF CORRELATOR CH =, 14, - LENGTH OF RUN =
570 c 15, S/N RATIO = ' ,G13.5,° QUANTISATION = * A%,
571 c - +=REAL *=QUAD’)
s72 CALL PLOT(LARC.R.R)
373 WRITE(1O)(R(I).I=1 LARC)
. 874 2000 CONTINUE
573 c ‘
876 c INJECT SIGNAL INTO RECEIVER NOJSE .
877 c. SN 1S SIGNAL TO NOISE RATIO .
578 I .
579 WRITE(20,1021)
380 1021 FORMAT( ‘D0 YOU WANT TO GO AHEAD? IT COSYS YOU $*$- )
. 581 GOON = READYN(GOON) 3
582 IF (GOON .EQ. N) GOTO 2400 . .
583 c
504 c READ IN THE SIGNALS TO BE CORRELATED
585 c
586 ) FIND( 13’ 1000)
887 READ(13)(SIG1(1),1=1 LENGTH)
368 FIND( 14’ 1000)
589 READ( 14)(S162(1),I=1 LENGTH)
590 FIND( 18’ 1000) R
891 READ( 13)(SIG2HT(1) I, LENGTH) . 5
892 00 300 1=1,LENGTH . :
393 RXIPI(I) = RXIPI(1) + sxc'(1)°sn<
504 . AXIP2(1) = RXIPA(I) + $1G2(1)*SN
595 300 CONTINUE . k
596 CALL ANMLS(LENGTM RXIP1) ‘
597 CALL ANMLS(LENGTH RXIP2)
598 IF (Q .EQ. N) GOTO 2100
399 CALL QTNI(LENGTH,RXIP1,0.6,-0.6)

600 CALL OYN3(»L!NGTH.RXIP2.0.C.;O.C)



601 2100 CONTIWUE
602 CALL XCOR(LENGTH RXIF2 RXIP1 _LARC, ARC)
€03 IF (0 .EQ. N) GOTO 2105
S04 CALL CORREC(LENGTH,LARC.ARC)
. 808 c CALL CDRREC TO PERFORM VAN VLECK :nn:scfxuu
d-e0s 2108 CONT INUE
07 1F (AMUM _EQ. W) GOTO 2130
08 WRITE(6,1010)(ARC(I),1=1 LARC)
08 1010 FORMAT( ' 1REAL CHAMNEL CORRELATOR OUTPUT'.//.(%F1%.7))
€10 2130 CONTINUE
811 - ,  WRITE(10)(ARC(I).I=1 LARC) e b
€12 c
613 c REREAD FILE TO ERESTABLISH RXIFZ2
€14 c
618 FIND(12'10D0)
€16 READ(12)(RXIP2(I), I=1 LENGTH)
€17 DO 400 I=1,LENGTH
[ 31 ] 400 RXIP2(I) = RXIP2(I) + SIGIHT(I)}*SN
e19 CALL ANMLS(LENGTH, RXIPZ)
820 1F (0 .EQ. N) GOTO 2110
21 CALL OTNI({LENGTH RXIP2,0.6,-0.6)
622 2110 CONTINUE- .
€23 GALL XCOR(LENGTH,.RXIPZ _RXIP1 LARC.R1)
€24 IF (O .EQ. N) GOTD 211%
.28 CALL CORREC(LENGTH, LARC, R1)
&y c CALL CORREC TO PERFORM VAN VLECK CORRECTION
€27 . ¢ . 2113 CONTINUE
e28 IF (A?Uﬂ .EQ N) GOTD 2170
€29 WRITE 1020) (R1(1).1=1,LARC)
630 1020 FORMAT( ' 1CORRELATOR OP QUAD CHANNEL ' .//.(5Fi5.7))
€31 2170 CONTINUE
$32 WRITE(G, 1146)TITLE
€33 WRITE(&, 1080)
. 634 1080 FORMAT(’ CORRELATDR OUTPUT')
+ g3 WRITE(G, 1042)LARC LENGTH. SN, Q
€36 CALL PLOT(LARC, R1, ARC)
€37 WRITE(10}(R1(1),1I=1 LARC)
838 c CALL ANMLS(LARC.ARC)
829 c - '
€40 c PERFORM HILBERT TRANSFORM ON THE EGEEELATIQN UTPUY
641 C
642 WRITE(20, 1081)
843 1081 FORMAT('DO YOU WANT HILBERT TRANSFORM OF Gﬂ!ﬁELATIGH .
C44 € * FUNCTION BY FFT7 Y OR N’)
645 GOON = READYN{GOON)
648 1F (GDON .EQ. N) GOTO 2178
847 DO 100 I=1,LARC
48 100 R1(1) = &RC(I)
49 ' CALL HTFFT(LARC-1 . R1,CSAM . LIWK, [WK, WwK)
§850 c . DO 110 I=1, LARC
51 € 110 R1(1) = -RI(I)
€52 c CALL AMMLUS(LARC RY)
53 1F ( ANUM _EG. N) GOTOD 2180
a4 WRITE(E. 1001)(R1(1).1=1,LARC)
(1.1 1081 FORMAT( ‘' {HILBERT TRANSFORM OF REAL CHANNEL BY FFT’ lli
17 [+ (sris 7))
es7 2180 ¢ INUE
1317 TE(&,1118)TITLE
.59 iilTE(G 1080)
80 1080 FORMAT(’ HILBERT TRANSFORM OF REAL CHANNEL BY FFT')

-



&67
s68

670
671
672
673
74
78
€78
77

€78
&€79.

- &81
L2 Fi
683
a4
11 1]
&8¢

687.

sas
(1.1
680
691
692
(1)
694
693

719

a0 o600

c
c

1210 FORMAT( ‘ENTER THE NO OF Eﬂ!ﬂELATﬂﬁ CHAMMELS IN REAL LIFE
) C ‘CORRELATOR SIMULATION.

(2 X2 Nsl

WRITE(8)1012)LARC, LENGTH,SN.O
CALL FLOT(LARC, ;1 ARC)

2175 COMTIMUE

WRITE(10)(R1(1) . [=1,LARC)
WRITE(20, 1093)

1093 FORMAT( ‘DO YOU WANT MILBERT TRANSFORM OF CORRELATION® .

200

10

L]

1092 FORMAT( -

1070

2190

1220
4
800D

1225

c

FUNCTION BY cmuﬂam Y OR N')

GOON = READYN(GOON)

IF (GODM . EGQ . N) GDTE 2190
DO 200 I=1, LARC
ﬂv(l)-nlc(l)

CALL HTCON((LARC-1)+3 R1
DO 210 I=1,LARC

RI(1) = =RI(I)

IF (amum £0. NT GOTO.2180
WRITE(G6, . 1092)(RI1(I) . I=1, .LARC)

c //7.(5F1%.7))
2160 CONTINUE

WRITE(E,  111S)TITLE
WRITE(&, 1070)

LARC-1 WK WwK2)

1HILBERT TEAHSFBBH OF REAL CHANNEL BY CﬂHVﬁLUT!ﬂN

FBENAT(‘ HILBERT TRANSFORM OF REAL CHAHNEL BY CONVOLUTION')

WRITE(&, 1012)LARC  LENGTH, 5N.0O
CALL PLOT(LARC.R1,ARC)

CONT INUE

WRITE(IO)(RI(I) . I=1,LARC)
WRITE(20, 1210)

READ( 19, 11@!)ALCGE
LEBE-ALEE‘H
WRITE(20, 1220)LCOR

'LPEVEN DNLY .

FORMAT(/,'NO OF t:nnﬂsumn CHANNELS TO BE SIMULATED =

LCOREX # 4*LCOR - 3
DO B850 I=1.LCOREX
COQr(I1) = 0.0

00 BOO I=1 LCOREX. 4

COR{I) = ARC{(LARC-LCOREX)/2 + 1)

WRITE(E, 1115)TITLE
WRITE(6, 1229)
FORMAT( '
LTHOTR=LENGTH/ 4
WRITE(6,1012)LCOR LTHOTR,SN,Q
CALL PLOT(LCOREX,COR,COR)

DO 800 I=1,LCOREX

R{I) =COR(1)

CALL INTERPOLATION ROUTINE

CALL AINTER{I*LCOREX. R, LCOREX WK WK2)

00 €00 I=1,LCOREX
Ri(1)= cor(1)

CALL MTCON FOR HILEERT TRANSFOWNATION AND INTERPOLATION

CALL HTCON(2*LCOREX, R1,.LCOREX, Wi, WK 2)

CALL ANBLS(LCOREX . R)
CALL ANMLS(LCOREX.R1Y)

. DO 1223 1=1, LCOREX

R(1) = R(I) * 4.

] vml"1

#

PUT IN A OECIMAL BT

SAMPLES POINTS AVAILABLE IN REAL LIFE CORRELATOR')

&z

168



T21
722
723
724
728
T72¢
727
728
729
730
731
732
733
734
738
736.
737
738
739
740
741
742
743
744
745
746
v 747
748
749
END OF FILE

RI(I) = R1(I) * 4.
1223 CONTINUE
WRITE(10)(R(1), 11, LCOREX)
IF (ANUM _EQ. N) GOTO 2200
WRITE(G,1221)(R(1), 1= LCOREXNT : -
1221 FORMAT( ' 1REAL CHANNEL OUTPUT .\ RESULT OF ns AL LIFE CORRELATOR'
C .’ SIMULATION',// (SF15.7))
WRITE(S, '222)(n(1) I=1, LCOREX)
1222 FORMAT(‘1QUAD CHANNEL DUTPUT. RESULT OF REAL LIFE CORRELATOR®
C .’ SIMULATION',// (SF1%.7))
2200 CONTINUE
WRITE(G,111S)TITLE
WRITE(S, 1230)
1230 FORMAT(' RESULY OF INTERPOLATION WITH EVERY FORTH SAMPLE-
C°, AS IN REAL LIFE CORRELATOR')
WRITE(6,1012)LCOR,LTHOTR SN, O
GALL PLOT(LCOREX.R1.R)
WRITE(10)(R1(1) . I=1 LCOREX)
2400 WRITE(20, 1300)
130Q FORMAT('DO YOU WANT AMODTHER RUN WITHM BlFFEEENT S/N OB 07°)
QOON=READYN(GOON)
IF (GOON .EQ. Y) GOTO 2500
vaxrs(:o 1310) .
1310 “ORMAT(°'DO YOU WANT ANOTHER RUN WITH DIFFERRENT NO OF CHANNELS
C/. FOR REAL LIFE CORRELATOR? Y DR N')
GOON=READYN( GOON) )
IF (GOON .EQ Y ) QOYD 2180 -
9999 STOP
END

€



