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1. SUMMARY

The diffraction-limited resolution of radieo astronomical insStruments
has encouraged the dJdevelopment of interferometric techniques.  The
technique known as 'earth—rotafinn synthesis' has been utilized by numerouns
instruments {notzbly the VLAY, and has proved immensely successful in
providing full-field mapping of celextial radic emission with resclutions
orders of magnitude better than that provided by the largest single antenna.

However, the use of earth-rotation synthesis kas been almost wholly
livited to centimeter wyavelengths. At longer wavelengths, (3 > 1 meter],
the only {nstruments which utilize the technigque (the University of
Maryland's TPT, and Cambridge's 151 WHz array) operate over limited (<5 km)
baselines. There are two reasons why high reselution, low frequency
interferometry “has remained undeveloped., First, the very long baselines
reqiired te -obtain wseful resolutiom imply 2 prohibitive cost in
transmission of the data to a correlator. Second, and more importantly, the
disruptive effects of the ionosphere make calibration of the data very
difficult on baselines longer than ~5 km. Recent harduware and scftware
developments now endble seriots consideration of & high resolution, low
frequeancy instrument. The completed VLA waveguide system contains ampla
mmused bandwidth for transportation of low-frequency astronemical signals
over useful baselines, and new software tachnigques developed to improve the
dynamie range of VLA data should enable calibration of low-frequency data
taken from Yong baselines. It then becomes useful to discuss the technical

and scjentific aspests of a meter-wavelepngth synthesis instrument .



We propose that the NRAQ non;£ruct a low-fragrency synthesis array
utilizing facilities already existing at the VLA site and operated in
cofnjuncticn with the VILA. A usaful array can be constructed for less than 1
million dollars, and would represent an excellent imvestment with regard to
the science that will be returned, The array design and construction present
no Lachnological preblems. We believe that data calibration can be
accomplished using recently developed glgorithms combined with a priori
information on the scurces in the field of wview obLained at higher
frequencias. -

This report cestains recommendations for the design of this proposed
array. 1ln examining wvarious design options, we adopt the following
constraluts:

1) Operation of the low-frequency array should nnt-displace ot
inconvenience the current VLA,

2] Maximum use should ba made of the currently existing hardware
and software at the VLA site, without viclating the First conscraint,

3} The total cost should he keplL within reascnable expectations of
what the NRAQ RE (Research Equipment} budget can provide.

The proposed instrement will be & powerful tool for woerk om & broad
range of astrophysical problems. The desipzn beamwidth of ~ 10" - 20" at 75
MH: will resolve thousands of objects whose structures have never been
studied at frequencies below 100 Miz. Chapter 2 lists examples of the types
of projecrts which will-becume possible with this array.

Since the ionosphere is a turbulent and highly refractive medium, it
strongly affects the propagatiou of low-freguency radic waves. Chapter 3
veviews the expected effects on the data and outlines the method of
calibration we propese. In addition, the problem of non-coplanar baselines

is considered.



The problem of calibration is:;escribed at lemgth in Chapter &. We show
that a general solution to the calibration problem sheuld exist, bazed npon
the fact that the system noise is entirely determined by galactic emission
in the field of view and not by the receivers., We shuw that for waps larger
than ~1° in extent, there should ecxist sufffcient flux density from
background sources to allow calibration on the data, provided an dpproximate
initiat model of the stronger sources i5 provided.

We emphasize that these ¢onclusions are based an certain ddeas
concerning the typical-hehaviour of the ionusphere. Tests are needed to
confirm that the proposed methond of calibration is actuwally practical.
These tests can be made with elements of the 327 M¥Hz system in the 'A'
configuration and would %e completed before any major expenditures are
scheduled to occur, 1{:the calibration is as simple as we anticipate (for a
reasonable fraction af the total observing time), only modest computing
farilities will be regquired. HBecause of these uncerLaintics, a detailed
caleulation of the required data analysis system will be deferced,

The proposed design. is detailed in chapter 5. The proposed design can
be summarized as follows:

1. Continuum capability av or near 75 MEz. Moderately wide-band
antennas are recommended for frequency flexibiliity, both in order te aveid
terrestrial interference and to  allow  bandwidth synthesiz.  Dual
polarization is strongly preferred.

2. A maximmm bandwidth of ~4 MHz {prodably limited by
interference), with fwoe narrower handwidihs svailable. Attention should he
paid to bandpass shaping to minimirze confusion from sources cutside Lhse

Field-of-view.



3. An array cnnsisting_of;;t least 27 banks of antennas which will
be permanently located near 'A' array statioms. In addition, we propose to
place banks with those VLHA stations within ~300 km of the VLA, The
proposed array will operate enly when the 'A' array stations are oucupicd
by existing 25-meter antennas. The effecrive collecting area of each bank
should be hetyeen 100 and 200 sguare melers.  The banks should bhe
equatorizl ]y mounted, and fully steerable. 1t is highly desifablc to build
more than 27 banks, since this will considerzably reduce the severe aliasing
problems that are cxpected.

4. Pre-amplifiers will be located at each bank so the signals can

be conducted to the nearest VLA antenna with no significant less in gsignal~
to-noise. Further gmplification plus freguency and bandwidth selection
will be done at the Vid aantenna. The signals will then be injeéted into the
existing electropics for transmission to the control building,
3. At the control building, the signals will be extracted and
recorded with a VLBA (or similar) recording system. These sigunals will then
be playad back into a special, dedigated cortelator. 4 modest, dual-
channel, narrow-bandwidth veorrelator is propesed. Moltiple fields of view
can be mapped by repeated passes of the date through the cerreclateor.

6. Calibrgtion ard mapping will be done on a VAX, or equivaient
machine, using eurrently existing sclf-calibration alporithms.

7. Presuming Z7 banks with 2 MHz bandwidth and B hour integration
with dual polarization, the expected rms noise at 75 MHz will be about 3
mJy, two arders of magnitude lower then any oiher system at this frequency.

Chapter & contains s rougﬁ estimate of the cost of our 'bare- bones'
design. The array, including the correlator, can be built for =-5700K.

Installation of antennas at VLBA sites to incredse che angular resolution of



the system is estimated to cost ~$1éﬁK. In order to cover its fair share of
the computing costs, We estimate Lhat an additiomal $3GOK should eventually
be budgeted for compuler acquisition.

This will provide an drray which will operatce when Lhe current VLA is
in the 'A" conliguration - approximateiv 3 to 4 months per year. A& full-
time array would cost approximately three times more. We cstimate that
approximately 5 man-vears of techmical laber are requirecd to complete the

array.



2. SCIENTIFIC JUSTIFICATION

The lack of instruments coperating at meter wavelengihs is by 0o means
indicative of the scieptific potential of this wavelength band. Until
recently it has not appeared possible to build a useful iow fregquency
instrument with arcsecond reselution. Now that methoeds Lo calibrate the
dats appear to exist, it is useful teo contemplate the potential science.

In general, the pulential results complement those which can be
obtained by existing or planned instruments at centimeter-wavelengths.
Compact cores and recent activity in galactic and extragalactic sources are
best observed at short wavelengths; extended emission, hales, and
eyolutionary effects are best studied at long wava]ength;. 4t these
frequenecies, synchrotron emission from old electrons is observed, clectrons
whose radiative lifetimes sre usually so long that their energy spectra haye
not been modified by radiative losses.

The fact that long wavelength radiation interacts strongly with
astrophysical plazmas is both & blessing and a curse. [t means, for
exawple, that free-{ree absorption will be ohservable in the wvicinity of
galactic nuclei and io the planes of some edge-on spirals, and that effects
raused by interstellar apd interplanetary scattering should be detectable.
On the olher hand, icnospheric refraction and scintillations: make these
ebservations difficult, and, as we have eommented, have bewen responsibile for
the lack of high-resolution instruments in this wavalength band,

At long wavelengths, we also observe objects that radiate by ccherent
plasma proceses, Objects which possess dense plasmas and radiate by such

processes - pulsars, flare stars, Jupiter, and the Sun - have very steep
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spectra and strong palarizaLiun‘: It is likely that we shall evanrtually
obzerve such radiation from dense axtyagalactic obhjects as well,

No planned or eiisting meter-wavelength instrument opevates with a
beans of lass than ~1'. The number of galactic and extragalactic objecis
which can be usefully resolved increasas dramatically for resolulions less
Lthan ~20". We recall that the Cambridge Cne-Mile Telescope's resolution of

L1

07 usefully mapped hundreds of radie sources, revealing structures

essentially unknown at the time, and that the initial Wesierbork telescope
synthesized a 20" beam: The instrument we propose Will synchesize a 207
beam, or better, enabling preojects that will be in no way inferior to those
which have made the aforementioned instruments famous.

This chapter outlines some Lwypes of projects that we envisage for a
high-resolution, low-frequency array.

2.1 Extragslactizs Ubservations

1. Halas. The study of the large-scale emission fyund in and around
individual galaxies and clusters wof galaxies i=x hest done at  low
fraguencies, since this emission has a sLeep spectrum. As the electrons
respopsible for the emission diffuse wutwards from their place of origin,
they suffer radiation ldsses, and & spectral index gradient occurs, The
resoclution and fregqueney flexihilicty of the propossd array will he
sufficient to study these effectsz. Such studies are necded in order to
confirm the interpretatien that some YX-ray hales sre caused by synchroiron
enissicn. These stuéiea are also fundamental to thecries of cosmic ray
arigin.

2. Radio Galaxies and Quasars. These objects ganerally have low-
brightness regions in which the spectrum of the radiation is sieep, making

low frequencies optimum Ior study of these regions. The radiation lifetimes
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of the electrons in these regions ;rc usually much greater than the radio
source lifetime, %o that observations at low frequencies will ofren rewveal
the source at the tine when it was sctive in these regions. Such studies are
essential in wnderstanding the evelucion of these objeves.

3. Surveys and Serendipitous Discoveries. Most existing radio sky
surveys have been made at low frequencies. TFrom these surveys come both
serendipitous discoveries and the lists of sources used for high resalution
mapping at high fraguencies. Jerendipitous discoverias often provide the
greatest opportunitics fnr advances Iin our understanding of the physics in
astronocmical abjects. An axcellent recent example is the 60 survey
discovery of the extrasrdinary radin jet in NGCe251. The proposed array
will be an excclient survey instrument which can be ‘expected' to uncover
unexpected classes of objects. The array's sensitivity will Ee aufficient
to allew source number counts in a4 frequency range where cosmological tests
have not been attempled.

4. Btudies of soursno Qariability at low frequencies. Some sources show
significant variability at low freguencies, and the  implied brightness

- 12
temperatures often exceed the 'Compton limit' of. ~iU

%. GStrong
variations in 2143+067 have heen reported at B0 MHz, revealing severe
problems if the radiation is by the incoherent synchrotron mechanism.
Recently, there have been suggestions that this low frequency variability is
a result of slow interstellar scintillations, awd not due te intrinsiﬁ
source variability. This could be tftrue for those sources rthat vary
exclusively at leng wavelengths, but not for those that vary coherently from
centimeter to meter wavelengths, If the wariations are cgused hy

interstellar secintillation, their amplitude will wvary as wavelength

squared. Thus, 73 MHz combined withk 327 MHz observativns would guickly
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distingnish between intrinsic and 1nterstellar variastion. ligh resclutien
observations are needed at long wavelengths becagse the compact, variable
source compenent has a low flux density and is uswally buried in surrounding
non- variable emiszion.

5. S5tudiss of the spectra of extragalactic Bbjeccﬁ. The synchrotron
turnaver frequency of compdct objects supplies an estimate of the source
size, The spectra of most galactic nuclei will turn over becanse of HII
absorption, yielding estimates of HIT contents and teomperatures. These
effects can be distingui;hed by their low freguency spectra.

6. Studics of normal spiral galaxics. The resoclution of the proposed
grray will be sufficient to allow wapping of the Tow-freguency, nen-tharmal
emisuion of hundrnds of spiral galaxies. Data concerning any halos of such
pzlaxies are crucidl to problems of cosmic ray accaleration and.storage. In
this rospect, determination of the thickness of the synchrotrom-emitting
layer in wedge-on spirals is particularly important. Observations of
relatively distant spirals may be more regarding than these of large, nearhy
spirals suchk as M31 because the emission from smaller angular diameter
spirals shomld be iess confused by fluctuations In the foreground emission
of our own Galaxy.

2.2 Galactic Ohservations

Freviens low-frequency observations of the galactic plane could not
separate its genersl emission from that of the interesting individoat
couponents located within the plane,  Apain, we emphasize that as thea
resclution of an instrument exceeds ~20", 3 veritable hest of objects ¢an be
studied. These include both cnhurenL and incoherent radiators. Examples of

projects include:



1. Supernova Remnants: Supe:ﬂ;ua remrants throughout the galaxy will
be well-resolved by the proposed array. We expect to observe radiation from
the electrans accelervated by any prezsnrsor shocks ahead of the normally-
abserved supernova shock. Young, filled center SMBEs show spectral index
variations which probably are related to elections aceelerated in the early
stages of the explosion and those accelerated at the shock fzont. We sheuld
be able to distinguish these two populalions.

The VLA waps of Cas 4 display a wealth of detailed structure at & and
A0em. It will cerLain1} be wseful to oktzin high resalution maps at 4 m
wavelength for compariseon with these data. This will disentangle thermal
and non-tpermal emission. One should also search for. any steep-spectrym
compact object in Cas 4, i.e. the compact object. thaw has heen reported with
VI and TIPS observations at decametar wavelcngths‘

2. Pulsars. Fast, highly dispersed pulsars (sugh as the millisecond
pulsar) located aoywhere in the Galaxy would be observaible as compact
continuum sources.

3. Galactic center. The galactic center is quitg sirongly absorbed by
HII at 75 MHz, bat it should atill be easily ohservable with this proposed
system. The compact source at the galactic center wmight well genevate
coherent, long wavelength radiation.

&, HIIl regiens. At these fregquencies, virtually all HI1I regions will
be apLically thick, alleowing a direct measare of their temperature.

5. Flare S5tars. Flare stcar observaticns should prove fruitful. By
analogy with the Sun, we would expect thet the ceniimeter wavelength
emisciun from flare stars is generated by a different wmechanism from the
meter wavalength emission. In this respect, it will be very advantageous to

observe at &4 meter, ! metar, and centimeter wavelenzths simultaneously to



determine te what extent solar anéicgiE5 hald for cther classes of stars.
Thisz will assist our understanding of both stellar and solar radiophysies,

6. Btar Clusters. The wide-field capability achievable by
reprocessing tape recordad data is a distinet advantape. An entire larse
angular diameter closter of stars ¢a2n be observed. zimultanacusly with the
proposed system. TFor example, the entire Evadaes cluster - s¢ important to
tha cosmic distznee scale - could be ebserved aft onee, whereas only one star
can be observed at cne time at 20 cm.

7. BGalactic background emission. Historically, long waveleng:th
ohsarvations of the Galaay have fonud structure down te the limiting
resolution of - each instrument that has been employed. Aszuming that the
interstellar medium is turbuslent, that it is pervaded by strong shocks, and
that it possesses several phases, we might expect that its synchr-otron
radiation would display small-scale structure. If =0, the phyvsical
interpretation of such structure would be of uun;iderablc interest.

Low freguency recombinztion lines might be obzervable via stimulated
amission ot absorption mechanisms. The calculation of these stimulated
effects is based upon many poorly determiped parameters of the lnlerstellar
medinm, but these predictions suggest that the 60-20 MNHz frequency range is
a transition range for recombination lines. The lines are predicted to be
in abzorption below 50 HMHz, and in emission above 100 MHz; their contrast
may be very low in the 75 MHz regiom.

| B. Tnterstellar propagation eflects, The ionized compynent &f the
Galactic plane strongly affects the propagation of radic waves through it.
4s the array will be able to identify large numbers of bhackground radio
sources seen through the plane, it should be possible to find ones that are

behind dense HIL rcgions. BScattering effects in the HII regions will parmit



a detcrmination of the smail-scale turbulence in thcse plasmas . ﬁclativety
¢owl, dense plasmas also cause aporeciabhle absorption if they contain ewven
moderate pumbers of free mlectrons.

9. Exotica. Low frequency, high resclutien observatiors of exotic
objects like 55433 wonld certeinly be revealing, -

2.3 5olar System Dbaervations

The obiects in our own solar syster radiate meter-wavelength radiation
Ly both colerent and incoherent mechauisms. Potential scientific projects
inciude: )

1. The Sun. 0Of the four frequencies available with the Culgoora
radichelicgraph, & MHz produced the most uscful data. This is due te the
wide diversity of intense solar emissions that vecur below 100 Mz, Hauy of
these bursis occur neer the plasma level, and in propegating cut from this
level, the radiation is subject to considerable corenal scattering whieh
probably smears out features less than one or two greminutes in size.  In
mosl cases, we may not add much te the existing lower resclution (3-4
arominute) data. Howewver, the sun occocesionally ejects a4 synchretron-
enitting plasmoid (moving Type IV) source which trawvels many sclar radii
above the plasma level where coronal scattering is negligible, These
ejections ate asscciated with a great variety of important interplanetary
and geophysical phenomena. Tt will be ilmportant both Lo plasma physics and
to solar-terrestrial physivs to study the detailed orightness distributions
of theze plasmoids., Once again, the use of tape recorded data will be
advantageons: moving Type IV sources can be tracked throughout the corona
simply by reprocessing the data to follow their pmovement.

The sun occasionally produces rapidly varving {10 te I00 miflisecond)

bursts., These must originate in small angular dismeter regions or else



scattering would wash out their t;mporal variations. The proposced array
could conceivably be cquipped with a fast modec to observe such phenomena.

2. The Plonets. Most planets emit only thermal radiation, which s
best studied at short wavelengths. However, the radiation belts of Jupiter
subtend an angle of ~4.5 arcolnutes and radiate aynchrotron emissicn. Long
wavelength observations of these belts combined with =hart wavelensth
ebservations will yield the spectrum of the radiatjon bell electrons. Such
spectral observations would he particularly impertant when combined with
Falileo observations. ‘

If the proposed system were equipped with B fast mode of daza
recording, it could also be used to search for electrostatic discharge
radiation from Faturn.

The moon wonld be, at least, amusing to observe with the system. [t
should appear as a large, dark hele in the galac:iic background,
Conceivably, it might be used ax a sidelohe frea (negative) 'beam' with
which to calibrate galactic background intensities.

3. Sclar wWind Turbulence. Observations of the phase and freguency
scattering of monochromatic spacecraft signals show that the inner scale of
the turkulence in the selar wind is £ 5 km. Clark Lake observations of the
scattering of discrete spurces show this scale is »2 km, The propesed array
wpuld bridge the gap and give a definitive measurcment of the scale lengths
and the shape of the turbalent, soclar wind structures. Appreciable
scattering would be expected whenever a3 source is observed within 10 to 15

degreaes of the sun.

In aummary, we balieve There are many astrophysical problems which can

be addressed with a low frequency instrumesnt. BSuch an instrment could be



used for exciting new research in ‘almost all fields of asironomy. Wa are
confident that the scientific rewards in copening up a new freguency tange to

resolutions currently unattainable will he great.



3. PROEBLEMS IN CALIERATION ENU MAPPING AT LOW FREQUENCIES

In this chapter we identify the major problems exprocted to affect data
czlibration, and eutline the propesed svivtion. The non-coplanar basetine
problem is expected Lo be significant in low-frequency synthesis - this
problem and its proposcd sviuticn are detailed.

3.1 Atmpspheric Effects

Refractlion effects in the atmosphere have a strong infleence on radio
astrenomy. The nutabla_effects are 4 net bending of the ray and a change of
the phase due to the altered path length combined with the change in the
index of refractien. If the Earth's atmosphere were horizontally
stratified, intecferometry from the Earth's surface would be relatively
straightforward, and knowledge of the vertical atmospheric préfile wouid be
sufficient to allow a .priori covrections for all atmospheric effecis.
Unfortunately, the atmosphere is not smooth in general, and cffects of small
scale irregularities are important.

The effect of the aettral atmosphere Lo low frequency interferometry is
entirely negligible. The index of refraction in the neuiral atmosphers is
independent of wavelength, =so the effect on interferometer phase is
inversely  proportional te  wavelength. Extrapolating  the phase
perturbations measured at cefitimster wavelengths with the VLA to & meters
shows that the neuwtral atmospheric lrregulzsrities contribute at most a
couple of degrees of phase.

Much more important is the cffect of the icnosphere. The path change
incroduced by the presence of an ionized medium is (in MX¥5 units)

AL = -4.5210 1912 rndl



where n is the electron number denéity, and the integral is along the ray
. . . 17 -2 , .

path. The total alectron content is typically 107 m ©, with fluctustions of

a factor of ten cach way, This gives a typical extra path of -720 meters at

75 MHz. Although the ionosphere is less than 0.01% ionized, thiz is

sufficient to wake its rcfractive cffecus dominant bver those of the neutral

componont at meter wavelengths. Both the smooth and dirregelar components of

the tonuspliere are important, and we discuss cach zeparately.

3.1.1 Effects ¢of tha Smooth Ionosphere

A practiecal definition of the smooth ionosphere 1s that its effects
are, at least in principle, calenlable apd correctable. This lwmplies that
the vertical gradients are inown, so that analytic methods will produce the
desirsd quantities. ln what follows, we assume this to ba true.

The total bending can be calculated relativeiy easily, and will not be
important o low freguency astronony because the only effcet of the angelar
errotr is to necessitate a correction in the antenna pointing., The expected
bending at 75 #Hz is a8 few arcminutcs at most, while the primary beam will be
at least 20 degrees.

More important iz the effect on the interferometer phase. The total
phase introduced by the jonosphere is enormous - typically 1000 radians at
75 MHz at the zenith. Diurnal differences in total iocnized content make
these wvalues change daily by a factor of ~3, with moost of the change
occUring fust before sunrise and alfter sunset. However, the effeect of the
smoath icnosphere on the phase of an interferometer 1= muclh less than the
tatal phase change since this change is nearly the same to both antennas.
In a stratified ionosphere, the largest affect on the interfercmeter phase
is raused by the effective difference in the source elevation betwsen the

two antennas. The resulting difference in phase can ba calculated from the



ionospheric profile. Assuming a uniform oroefite to simplify caleunlations
end to provide recasonable estimates, we expest the interferometer phsse
change Jdue to the smooth ictiosphere on the loagest VLA baseline at 75 bHhHz
will be ~5 tan(Z)scc(Z) radians, where Z is the zenith distance. As this
quantity iz time-yariable, iL may not bhe posszible to exdctly correct the
phase, especially not in teal time. However, the largest part of it, due to
the mean content typical for the time of day, can be rewoved with an
accuracy eslimated by RHinder and Ryle (MNEAS 154, 229, 1971) of about 20%.
Thisz is cartainly nut-snfficicnt to anable gowd napping, and a better
correction methed must be found,

The idonoszphere also causes a strong rotation in the plane of
polarizatrion of an electromagnetic wave. Typically, the plane of linear
polarization is rotated by 1) radians at 75 MHz, with a lz dependence. The
differential effect across & 35 ko interfercmeter apertuze s gquite small
and showld not render polarization measurements impessible. However, the
time-variability of the toral rotation means that If any sources are
linearly polarized ar these wavelengths, circular polarization must be
presented to the currelators to ensure that the system's respanse is hot
time variable.

Circular polarization is also necessary if we wish to couple VLEA 'out-
stations' some hundreds of kilemeters away inte the system. Owver such
haselines, differential Faraday rotation could be many radians.

The apparent cﬁange in baseline length caused by Jdifferential
refraction is negligible at these {requencies and baseline lepgths.

3.1.2 The Effects of the Irregular lomesphere

As iz the case in the mneutral atmesphere, the ionosphere shows

irregularities on many scales, both in time and space. 4And as in the case
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for the nemtral aimosphera ac nenéimcter wavelangths, the effects of the
irregularities on an interferometer are of paramount importance. Although
the irrmrgularities change the total electran column density by less than 1%,
this is encugh to csuse phese irregularivies of many radians te appear on
meter wAvelength inlterferometers, -

The effect af irregularities in the ioncaphere upon the radiation field
as measured on the Earth is coomonly looked at from a diffraction viewpolnt.
Considerable work done in the 19505 showed that the irregularities act as a
thir phass-changing screen. If the phase changes are less than ~1 radianm,
then the =spatisl baselines on the ground is cthe ‘same as that of the
irregularities themselves. At the frequencies of interest for the proposed
array, this condition is usuwally mer. The correlation scale upen the
ground is impovtant because it determines Lhe type of calibratian which must
be used, If the scale is smaller than the “orerferometer scale, antenna
based calibration will be necessary. Irregulartities are known to exist on
scales ag small as 1 km, so it Is czlear that if ¢e are to chserve during
these conditiens in the 'A' configuration, antannz based ecalibration is
necessary. Lven if we are to restrict observazions tu conditians in which
the irregularities are of 5 - 20 ke scale, antennas-based calibratien is
still requirved.

The typical scale sixe of icnospheric irregularities generates twwe
different scales of interest Lo low-frequency observations. The first is
the angular scale, as seep from the ground, over which g parcicular anLenna
catibration will be valid. This angle will be called the isoplanatic angle.
It iz of especial imporrapce becawse it will ultimately limit both the map
size and the angle over which ecalibration of an antenna can be gecomplished.

The seccond scale is the tewmporal scale uvver which changes occur to the



autenna phase. This scale can be caiculated from the isoplanatic angle, the
height of Lhe ionesphere, and the velecity of the irregularity.

We can classify the ionsspheric spatial irregularitiss irto thice
scales, The largest scale is ~1000 km, and moves with wvelonities ~500
misec. Mot only is this sgale rather rare {exisging cnly diring magnetic
storms), but it is of no real signilicance te interferomeiry becanse the
angular scgle seen from the ground is about 450, and the corresponding
temporal scale is over 30 minutes. This combination of scales makes regular
calibration straighforward.

The next smallest, and the most common, scale ecours between 40 and
160 km, with speeds of 100 to 200 m S-l. The corresponding dangular and
temporal sciles are 3 to 20 degrees, and 20 minutes. This scale will
restrict normal celibracion (especially at the small endi as strong,
unconfused calibrators are typically 10 degrees apart. The time scale of 20
pminutes presents no problem provided the phase excusions are moderate,  As
putlited below, and expanded upon in chapter 4, we believe we can esdsily
zalibrate this scale by using the sowrces available within Lhe ~5% window
alone.

The smallest =cale s that set by scintillations. This phenomenon
produces rapid {~30scc) amplitude and phase fluctuations, and is assnciated
with small scale (~1-5 km) fluctuations In the ionixzed number density near
400 kg height in the ionosphere. [t is primarily a night-time phenomenon,
and is nost common .at both high and low magnetic latitudes. 1t is
especially notable ar frequencies below 40 MHz, and is not expected o be a
dominant phenomenon at the frequencies we are considering. MNevertheless, it
is usaful to conteaplate wheibear we could calibrate the array during such

activity. The angular scale is less than 1 degres, =g there are very f{ey



strong background sources availablé'fur calibration. However, a; we shall
show in the next chapter , there remains encugh flux density cven in chis
gmall a region to believe that calibration can be done, providing a suitable
model of the region is available.

Nata concevning the stahility of the ianusphére ovraer spatial sizes of
tens of kilometers and temperal scales of tens of seconds to minutes is, at
best, *ragmentary. There cxistls extensive literature concerning the
gepgraphic and tempural varictions of meximum density, but very little about
scale size variations. The srzale sires are not well correlated with
ionosgheric depsities; in fact, it is well kogwn that scintillativns reacn a
diurnal maximum near loczal wmidonight, when the density ‘iz approaching
winimum, and they may alsv veach a secondary maximum neat local noon, when
the density approaches wmaximum. Seasonal and selar cyele variations of
srale sizes are got wall documented. Scintiligtion activity is known to be
intense in iLhe aturceral rone and in the region of the eguakorial electrojer,
but at mid-latitudes it appedrs certain that the ipnssphere will he stzble
cnough to permit operation during some fraction of the time. Seasonal or
solar cycle variations in the operating vonditions may well exist, but we do
noct expect them to he of dominiant importduce.

In the 1970-73 pericd, a series of YLBI experiments at 74 MHz vielded
fringe patterns Lhat were normelly stable to about 0.5 radians over
baselines of 30 to 2000 km, and time scales of ~100 sec. Thic agrees with
experience at Cambridge and Westerbork, Recent 81 MHz long-baseline
interferametry by Martas et al. (BN 205, 825, 153E3) on haselines up to 1006
km have shown good resulrs, .Using 100 sec integration, they sufferad
decogrelation due to scintillation of less than 4% under normal conditions.

Only occasionally was there complate 1nss of eorrelation, 2nd this they



ascribe to abnormal ionospheric ccnaitions. Nn the ather hand, some Jodrell
Bank data at 408 MHz shows phase deviations of 10 to 20 degrees for scurces
separated by conly 20 to 3D arcminutes. QOoty akservacions at 327 Miz
commonty show scintillations, althowgh it is prokable vLhat this phenomenon
is associated with the equatorial electrejec, znd wi ll nct be a problem at
cur latitude. It is imperative that we vbtain morc 327 MHx dsta over 20-30
km baselines in order to predict the performance of a 7S MHz system,
Limited observations (a few houwrs) with a 20 km baseline at 327 Mz at the
¥La have shown phase vafiations of 10 to 50 degrees with timescales of 10 Lo
50 minutesz. XNa evidance was found for time scales less than 7 minutes.

Witatever the distributien of scale =izes iz, our pisoned mode of
observing will be tn throw away data which is corrupted sufficicntly badly
a5 to render czlibration difTficult or impossible. The hest way Lo determine
the quality of Jdata is Lo observe atrong sources lying within the antcenna
beam. We plan to tape-record the zntenna signals, so that those days of
very good observing conditions can be fully processed while thoss corrsupted
by turbulent ionospheriec conditions can be purged. The anly really
affective way to remove lonospheric effacts is to observe simaltancously on
two or more freguencies sutficiently widely spaced to give significently
different interforemeter phases. This, however, is only cifective if the
visibility phase is unchanged over the frequency range, a condition unlikely
to occur in practice except for strong, isclated peint scvurces. A much
hettaer reason to gontemplate two-{reguency oksarvations is that this will
allow bandwidth synthesis - an effective doubling of the infarmation. We
will discuss this puint in more detail in Chapter 5.

The calibration problem as a whole is the same as for the current VLA,

We expect the antenna phases to vary by radians over scales of a few



kilemeters, with temporal scales uf:minutcs. Because the angulaflscale of
irregularities is of order, and often [ess than, the mean separation between
unconfused calibrators, woe believe self-celibration techniques must he
employed, using as signal the flux density lying within the isoplarmaric

repion.

3.2 An Uutline of Calibration

For the reasens detgiled in Chapter 3.1, we must employ self-
calibration in mapping at low frequencies with high resolutions. We can
discern two cases:

1) A strong scurce dowinates the total (lux density {rom within the
lsvplanatic patch. In this case self-calibration ean recover the antenna
gains in exactly the manuer used now for data taken with the cwurrent VLA,
All that is reguired {s a reaspnaocle initial modal. If tha str&hg source is
nnresclved, the initial model is simply a point seurce, Tf the strong
source isx waell reselved, & medel wade from anocher low frequency {(say, 327
Mizy, zhouid sufflce as an initial pguess., In. either case, calibratiom
should be relatively straightforward.

2} In the absence of a strong source, we feel that self-cal can still
provide the calibration parameters if the total flux density from the
background sources located within the isoplanatic parch exceeds the system
noise, This will normally be the case. Provided adeguate signalfnoise {s
available, a reascnable model of the hrighver hackground sources lying
within the isoplanatic pateh will serve as a slightly more complex example
of calibration on an extended source. Again, we fcel that a 327 !fHz map will
provide the model if no ocher information is svailable.

The important guestion is what constitutes an adeguate =ignal-te-noise

ratio [S/N) for self calibration to succeed. The signal is the modelled



flux density, while the noise oriéiﬁates koth [rom Lhe thermal fiucLuations
and from the effrcts of unmodelled background sources. The imporiant
parameter is the 5/ on a single bascline, since this is the raw data seen by
any calibratien algorithm. As the noise fluctustions are random to each
baseline (whether <they are dwe to  Lhermal neize, or fto  background
confusion), the net S/N available for any one antenna gain solution will he
¥N times better Lhan on any single baseline, where N is the number of
atitennas available for Lhe solution. We expect tou use the longer spacings
preferantially for solu%ians, %o that N will be about 16 to 25, Thus, the
net $/N will be ~& times better than that available on a single baseline., We
alse believe that a net /W of ~3 shouid be sufficient for calibratien to
succeed; certainly 10 will be wore than adeguate. Thus, the haseline-based
5/ soould be at least one, and preferably ~3.

An observing scendrio is then as follews: The region of interest is
tracked for a full & hours. The agtenna signals are vecorded on tape. The
correlater will moniter the phases of the strongest one or two sources in
the primary anteans besam, Lf these data indicace the icnosphare {s in too
disruptive a state to expect useful data, the data will be purged. If che
data are nocsidered acceptable, correlaticn for the field of interest will
be done, with calibration done on a computer o©f the VAX class using
algorithms similar to those now in common use. The model will! be provided by
a map »f the region at a nearby frequency {most likely 327 YMHx). If the data
is of very good 5tabiiity, furrher processing of the recorded signals will
be done for pther interesting fields of view.

Further analysis of the SNR probiem is presented in Chapter 4.



3.3 Tha NGn—EnDlﬂnﬂfHBascline Problem

Use of the 2-dimcnsional FYT for map making implicivrly assumes there is
& two-dimensionel relation between the visibiiily measurements and the sky
brightness. Thiz is not exactly true. The phase measured by a phase-
tracking interfercmeter iz {snbject to the apprcximatien that the field of
view 5 much less than a radian):

g = 2ﬂ(u£+vm—wﬂzfzjfh

and s thus a function of the three baseline components, u, v, and w, the
source coprdinates with.fnspecL to the phase tracking center, B and w, and
8, the angniar displacement from the phase "tracking center. The
interferometer meazures the visibilities in a three-dimensional volume and
not, as is commonly assumed, in a Z-dimensional plane. Nole that the effect
iz guadratic in angular displacement, so that lﬁw'frequency.observations
with their large primasy beamsizes are more likely to be affected. For E-W
interferometrrs, a convenient transfocsmaticon exists which allows a 2-0 grid
to be used. This convenient solotion cannet be utilized for the VLA,

The effect of the w Larm cas be calcuelated for 75 MHz by assuming the
paximum delay will be about 20 km. The error term ﬂwﬁzfl reaches | radian ac
an angular displacenment 8 = 30'. This will.often be smaller than the
angular field of view 3s limited by icnospheric effects, and greatly less
than the primary beam field of view. If the simple 2-dimensional transform
is to be used without complications from sources outside ~30", cthe signals
frem these svurces must be suppressed. The obvious way to do this is by
utilisation of the bandwidth ard time-averaging efifects. An angular £{eld of
307 corresponds to a bandwidth of about 1 MHz, and time averaging of three
minutes. Both of these ara quite practical, seo it appears that the coplanar

baseline problem can be avoided by limiting mapping fields of view of less



than 1°. This carresponds to map planes of £ 1024 5 1024 cells.

Bhould we wish to svnthesize larger fields of view, (presuming the
isoplanatiz region allows this), there are two aocepted mathods which can
deal with the problem. Thev are: )

1) 1se of 3-D tramsforms. Boarry Olark has outlined the procedure in
the Synthesis Mapping Workshop. The final map is eaxtracted from a curved
surface in the three-dimenzional map. The resnlt can eonly be cleaned with
great difficully as the effecctive heam changes over the map.

2} Use of mosalcs. A number of small maps are made c¢overing the
tetal field of view. Tor each small map, the 2-D transform is wvalid. The
maps are simultanaously cleaned using che Clark formulatiom of CLEAN. The
Fouriar transform of the comporents are subtrvacted from the ungridded data,
allowing the maps to be cleaned to the edpes, and the effscts of sidelobes

of any one =source To he removed from all seh-fields. Thiz method i=

implemerted in the AIPS task MY, and is generally very stfective.



4, BENSITIVITY, CONFUSION ANI NOISE

Radic telescopa parameters al meter wavelengrhs are very different
from those commenly encountered at cenfimeter wavelenzths, I this chapter
we descrihe the contributions to the system sensitivity and noise. Detailed
caiculations are given im the Appendices. Bince =self-calibration 1w
essenlial to the gperation of the proposed array, these calculations are
necessary o delinedate the conditious undar which colibration can succeed.

These cvonditions are then ceeded to set the syslem design.

4.1 System Temperatlure

At meter wavelengths, the backgrovnd sky temperature is dominated by
the ewisszion from our own galaxy. Low resclution obszervations have shown
that :the sky temperature at galacric latitudes |bf3=-lUo is HEGK at 408 Mz,
With a flux density spectral index of a, the sky témperature at a lower
fregquency can be expressed as
Tsk}* = ?.U(aua;uﬁjy"

= 20747
wheye F = LDEEUH is a normalised {requency parameter and Yy is Lhe freguency
in MHz. 4t 75 MHz, the sky temperature is 2100K, using o = 9.75. Since
typical receiver temperatures are much less tham this, it is clear that the
system teeperaturs will be dominated by che contributien Irom the average
galactic background. This situation is inm contrast to that normally
encountered in radio astronomy where the svsiem temperature, and hence the
sensitivity, are set by the receiver noise.

As we can then assume the noise is set by the sky background, it is

straightforward to calculate the thermal! noise per bascline. This is shown

in Appendix A to be:
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L eneadta 21 L-172
a. = S0F Ae (Bﬁh)

In this expressinn,

]
]

the rms noise por baseline i Jy.

.
1]

LO8 [y

M

w, = the fregquency in HHz,

s
|

= the bandwidth in MH=z,

y|
Ae = the antenna effective collecting area
t = the integration time in secands,

In terms of the ancenna main beawm solid angle, the tharmal noise per

baseline is, using »° = heﬂﬂr

_ 3 -1r2
a, = 0k QM(BHt) ;

The solid asngle, @ iz in steradisns, and the ather symbols are dafined

M:I
above .

4.2 Confusion Neise and Signal

At low  frequencies, an Iimporzant sourse of neiss can be the
interfarometer rasponse Lo background scurces (ying cutside the fiecld of
view. The wvery large numder of background sources involved allows an
analysiz: by raadem-walk techniques. lHere we give Lhe essentlal resulis of
this analveis. The derails are relegated to Appendices A and B.

The analysis s considershly complicated by the practical quastien of
separating 'signal' from 'neise’. In keeping with our requirement that
calibration must be done on the sources within the isoplanatie region, wa
have defined a2s 'signal' the N sources of greatest flux denszity lying within
this region., These N sonrces contribute & fraction, f, of tha total flux
density available within this region. The effects of all other asources
within this regiom, plus all sources lying gutside it, are cconsidered

"noise’. The analysis of Appendix A {5 summarized ip Table 1:
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Table 1.

Flux Denzity (in Jv) Available for Celibration at 75 HH=

_ £ Fmod ) Fmin N
1.0 9.58Jy L003aly 167
.15 7.3 L1z 10.2
.50 4.9 91 2.0
.25 2.5 4.0 0.25
.10 1.0 14.2 .04

lr Appendix A it is shown that at 75 HEz we should cxpect Lhe total
source flnx density per square degree te be 9.8 Jy. In the Table, the first
column represents f, the fraction of this teoral which we [ntend to use far
calibrarion. This fractien is ouluiplied by 9.8 to give the-actual total
flux density used far modeling shown in the second column. The flux density
of the weakest sovrce needad for modeling is given dn the third column, and
the fourth column gives the number of sources per square degree which must
be modeled.

In comparing the first and third rows, it is noteworthy that we need
only tc model two sources per squars degree in order to obtain hLialf the
total flux density. This gives us reason to believe that a simple model,
comprising only a4 few sources and half of the available flux density, would
provide the nasded signal for calibrac:on.

The calculation ;f "confusion neise' follows from the same analysis.
There are two contributions: the first arises from unmodelied sources in the
fiald of view, the second from all sources rumbling through Lhe sidelobes,
The analysis of Appendix A shows that if we model 50% of the flux in the
field of wiew, use syvare bandpasses and hox-car time-averaging, the rms

noise due to the passage of backgronnd scurces is:



_ - _’-1;2
g, = &6F [vﬂﬂnu} .

In deriving this ratic, we hawve assumed thart the field-of-view iz equal to
or less than the isoplanatic patch size. The ratie of thermal to confusion
noise Is D.?EFZUHIIEEEE. At 75 HHz, this ratic becomes approximately EDDIEE.
and is less then one for praectical bank sizes. This indicates that thermal
noise due to the galactic background emission will deominate. However, the
ratie is only slightly less than gne, meaning that some attention shauld be
paid to bandpass shapes, and perhaps to non-box-car averaging as a means of
rejecting confusien noise.

4.3 Signal/Noise Ratio

IL is now straightlorward ta calculate the sigunal-noise ratioc., The
signal is assumed Lo come from the strongest of the available sources
totalling a fraction f of the toval flex density, and the noise is the
thermal noise diue to the palactic kavkground (this presumes thalt some degree
of dezsign has gone into the bandoasses). Tt is assumed that we are far frcm
the galactic plane. (In the galactic plane, the scurce and confusion
sffacts and statistics may be different and the thermal noise fevel will
certainly be higher. This case has not been treated in delail.) ‘Fha result
is:

SNR = 100£(B,t) ' P/, .
Here, § is the field of view usad for modelling, while EH is the bank main
Lesm solid angle. The field of view will ke set by the bandwidth and time-
averaging effects, Assuming thils is egqual Lo or less than the isoplanatic
solid angle, the SNR becomas:
372

_ - -3
SMR = 2.3x10 IﬁeﬂisovH



The fleld of view Hiso iz Lhe anglé’aver which the phase perturpation dus to
the icnesphers is much less than a radian, or the mapping (ield of view,
whichever is smaller.

This expressicn can be inverted to calculate the required bhank drea
sufficient to allow calibration. The minimum sizeé, For 50% modeling, and
ZNR of ~1 at 7% MHz is about 75 mz, for angular scales of ~1%, & safer leval
is signal-to-neise of thres, for which banks of approximately 200 m2 wiil ke
required. Relaxing the angular scale constralut to larger angles will
certainly zllow calibrﬁtion with smaller banks; #mowever, it must ba
considerad useful to plan a margin of error, and for this reason, we prefer

- . . . 2
to utilize bank effective collecting areas of more than 153 m



5. ASPECTS OF ARRAY DESIGN

The previcus two chapters dealt with the cxpecied problems atiending
observing at meler wavelengihs over loug baselines. We concluded that the
data can ke calibrated by emploving xelf-callibratinn algerithes with model
informatien of the ficld of intercst. This =strategy places various
consbraints on system design, most particularly on the bandpass shapes, bank
size, and puober of hanks. In this chapter we will discuss the proposed
array dexign, )

This chapter is divided ipnto two main parts. The first deals with the
glohai zystem parameters such #s irequency, handwidth, polarization and
antenna placement whose selection are influenced largely by astronemical
constraints. The secoad presents the component design constraints which we
feel AIe set hy the global parameters, This latter discusszion starts with
the antennas and essentially follows the signal pach through to the
coevrelator and <ata processing. We attempt to identify petential probiems
of each companent, but will not identify conplete solutions. This chaplrer
is intended mainly to be a nolebook in which expected problems and passible
solutions are briefly mentioned. We fecl that it will represent an adequate

start to actual engineering of the various components.

5.1 Global Paranelers

5.1.1 Freguenuy

The preferred frequency of cperation lies bhetwyecn 30 and 180 MHz. The
low-frequency system currently being installed on the VU4 will operate near
330 MHz, o contemplation of 4 [requency above ~200 Mz appears unnecessary.
Below 50 MHz, a combinatlen of decreasing resclution and increasing

ianospheric preblems seems to  reduce the scisntific and technical



viability. We initially zet a freqﬁﬁﬁcy near 75 MHz as the primary design
frequency.

The regsons for opecation in the 7% MHz range are as follows:

1) 1t represants a step from 227 Miiz similar to the ratio between L, O,
and U bands. -

23 The new 151MHz telascope is in operation at Cambridge {(althomgh with
only 4 & km haseline}.

3) Radiu astronomy has no provected band in the U.8. between 75 and 337
MHz, while there exists én ecxelusive band between 73,0 te 74.6 MHz.

4 necessary precursor to any final sclection of band is a complete RFI
monicoring program over the band from 0 MHz to 200 MHz. This should be
started as soon as possible. Therve has been preliminary menitoring between
68 MHz and 200 MHz=. This shows that there is litLlle va;iatiah in the RFT
spectrunm from day to day, and typical results ave shown in.Flgs. 1, 2 and 3.
Freliminavy conclusions are:

1) Between &8 and 38 MHz, the KFI spectrum is dominated by
talevisipon. Hetwean the chaunel allocations, considerable interference-
free regions are available - with bandwidths up to 4 HHz. The region
betwaen 6% and 72.5 MHx is especiaily slear, while the region near the
allocated radio astronomy band contains mederate level signals., Tt appears
that initial chservations might be centered rear 70 Miz. Guod filters will
be neefed to reject the nearcby television signals.

23 The regién belwen 88 and 175 MH2 is heavily used by M radio
and commumications. The ooly relacively interference-free region secms to
be from 113 to 1106 HME=.

3% above 170 Milz, the situation improvas &8s the prasence of the

television bands discourages competing commmnicaticn. There appears to be



~&4 MHz available near 173 Miz, plusﬂothar 2 %o 5 Mz bandwidths av;ilahle at
higher frequencies.

The RFI will neot improwve in the future, but unless unfortunate
deve lopmants ‘occur in the vicinity of the VLA (high power transmitters, high
voltage power lines, ete.}, the RFI specirum shawid not significantly
datericrate. IL is extremely iwportant that the system be easily tunable
over a range of at least 20 MHz. This capability will alleow beét future use
of interference-frae bands, and the possible uvse of handwidth synthesis.

3.1.2 Bandwidth

It seams likely that interference will restrict the bandwidths te 5 MHe
oI less, probably 1 te 2 MHz. As discussed in Chapter 3, these bandwidths
correspond with the largest sky area that can be mapped without serious
distortion by 2-dimensicnal transiorms, and still allow calibration based
on the s+tronger scources lying within the region limited Wy the bandwideh
effect.

Az discussed in chapter 4.2, it will be usaful to use bandpass shapes
which will limi¢ the inclusion of background sources passing through the
sidelecbeas. This requires bandpass shapes with smocth cdges like an
exponential. Since such functions contain extensive skizis, our
susceptibality tu interferesnce will clearly increase. Ideally, we would
like to have both interference rejacticon and rejection of scurces outside
the mapping area. 4 scemingly reasonsble compromise would use an optimum
shape ({rom Lhe point-of view of background supressicn) doswn te the ~-20db
level, then have the skirts fall off sharply for interference relection.

Clearly, a choice of bandwidths will be useful, as the interference
spectrum is highly variable. A suggested range of bandwidths are 4, 2, and

1 MH=.



5.1.3 PalafiggEégg

Cirvular polarization must be presented te *he correlators due to the
expected temporal chanpe in the ionospheric Faraday rotaltion of any linsarly
polarized signal. The typical ioncspheric Faraday rotation at /3 MHz is ~10
radians, with variations of factors aof two or mere frem night to day.
However, this does not mean that linegr polarizaticn capability must be
rejected. As the horizontal gradients in total electron content are less
than ~1% eover scales of tens of kilooeters or more, we anticipadte
differential Faraday rotacion acress Lhe array of less than 0.1 radians.
Linear polarization mapping with the V0LA-based L;.I&nk,s alene is feasible,
provided that the total rotation can be removed. However, over the longer
baselines, from the VL4 to Pietown cr Lus Alamos, the differential Faraday
rotation is expected to be large,

we do not regard lineac polarizatiocn capability as a high prioricy,
simply Decawse there is currently no evidence for linearly polarized
synehrotron emission at these lew {requencies. It would be bafter Lo wait
and see if the 330 MHz system demonstrates the presence of significant
lirear polarization from radio sources beﬁnrc inciuding the capahility intn
the 75 MH= system. On the other hand, no design step should be taken which
will later exclude the possibility of full polarization mapping, since it
could be eatremely interssting.

45 we have mentioned 1in Chapter 2, radistion from coherently-emitting,
compact sources becomes important at long wavelengths.  Sueh radiaction is
often circularly polavized. Interaction of long wavelepgth radiation with
astrophysical plasmas can also result in difterential absorption of one of
the circelar modes, apnd resultant circular polarization. 1t therefore seems

imperative that we should reguire a dual circular polarizaction capability.



5.1.4 -y Doverage

We have previously noted that the neoise leve!l produced by a correlator
al these frequencies is tourally dominated by the background sky, net by the
receiver poise, This situation means that maps made at these froequencies
can greatly soffer from the effsacts of incomplete~u-v govarage. There are
two distinct, but related, affects. The first is the well-kunown phenomenon
of aligsing, in which emission actually lying outside the map plape appears
inside. Al{asing is caused by the use of fast Fourier transforms, and it
AppeArs unresascnable :o-ex?ect use of any other algorithm. Use of good
convolution algorittums cam  reduce aliasing -considerably, but  the
clifectiveness of Lhese algorithms depands on the completeness of the u-v
coverage. The second effect 1 the presence of sidelobes in the map from
sources Iying ouiside of it. This iz a fundmental  effect which is
independent of the methad of transformatioen. The only solution is to lower
the sidelobte levels o©f the synthesirzed beam, which means f£illing the
aperture plane as densely as pogsible.

The current placement of antennas in the VLA ledves considerable empty
regions in the outer parts of the u-v plane. This is not a problem when
sbserving in a high-frequency snvironment where the roise is dominated by
the receivers, but 1t 15 an undesirable situation for the proposed array.
We recognize two ways of correcting this coverage problem:

1} HMore anteunas. An approximately linear filling of antannas aiong
the amms of the current array would give superior filling of rthe it-v plane.

2) Bandwidth synthesis. Here, observing is carried ont at iwo or more
fraguencies separated by ~10%.

The superier snlutiom is to add more antennas and locate them in places

chosen to oplimize coverage. However, as the antepna costs are likely to



34

dominate the total cost,  this éalutimn may be unfeasable. Thus, we
initially choose te adopt bandwidth synthesis as the prefesrred method of
increasing u-v eoverage, bot uote that adding more antemnas in the fuiure is
desirable. The array design shcould sllow botl: wide frequency coverage and
inciusien of more than one bank per current VLA antenna.

it is of the greatest advaulege to increasze the resclution bayond the
~25" given by the 35 km aperture at 75 HHz. To do this means placement of
antennas at distances of 70 kw or more. With the advent of the VLEA, sites
chosen for their optjmai connection to the VLA are being considered. We
ferl that it is wery important to add low-treguency capabilily to these
sites. Tn particwliar, the Pigtown sirc will double the resclution of the 75
MHz array faor northern declinations. Uszse of the Los Alamos site would
provide angular resciution of better than 10 arcseconds. -

5.2 Design Parametcrs

5.2.1 Ancenna Nesign

5.2.1.1 Primary dloment

By primary zlercent we mean the bgsic antenna used for the array. We
cannot use  the 25m anteanas  for  tko  Yeasona, Firstly, {and mostL
importautly), wuse of these antennas would violate our first design
constraint - not to interfere with tha corrently existing arrvay. Secondly,
their use would require a feed design similar to the 327 MH: system but
scaled up to the woavelength of ~4 meters. This requires 4 feed of shous 3.6
melers digmeter. If moﬁuLed to the side of the subreflecter, the resulting
bear cfiset would be about 20 degrees, with unacceprable beam ellipticicy
and coma sidelobe. To avoid these problems, either the subreflector would
have to be removed (one man-day per antennal, or the low frequancy feed
would have to be mounted directly under the subreflecrtor, oplocking it

entirely. These solutieons dre not acceptahle.



The remaining cheice is to céastrunt new antennds near thé existing
stations. These could coomprise groups of low freguency antennas phased
together to form a basie unit. These proups, called banks, will be
discussed in chepter 5.2.1.2. The antenna elements should have the
following charzeteristics: l

1) They must be small encugh to be steerghle, eithar individually or in
Eroups.

2] They should have good ferward gain and back-to-fromt ratio. The
laLtryr reguirement is— necessary Lo prevent ground reflections from
interfering with the primary response,

3) They mast have approximate circular power patterns with tha ioner
few dagraes being the mest igportant.

43 They should have low enst and sase of construction in view of the
large pumber required.

Tle simplast antenna is the common, commercially-available Yagi. Since
it is linearly polarized, two elements at right angles are needed for
circular polarization. Icos wajor drawback ix that 1t has narrow bandwidin -
normally sbout 6% of the gperating frequency. This is barely adequate to
obtair the bandwidths we desire, and would preclude adjusting frequencics
easily to react to changing interference envircoments. The narrow bandwidth
of the Yag: can be gircusmvented if we utilise leog-pericdic antemmas - Lhese
are somewhat similar in construction Teo the Yagi, but Lave leowar forward
gain. & prartical solution eonld be to use log-periodic anltennas designed to
have broad radiating regions and relatively narrow bandwidth; 60 te 90 MHz -
for example. The gain of such an element sbould approach that of a Yagi.

Another option may be Lo use helical elements. These have a number of

significant advantages = they are naturaliy circularly polarized, have Zigh
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forward gailn (depending on the number of turns), amd have an enermous
bandwidth, about twice the central freguency. This means that if we
construct halical antennas centered at 75 Mz, we will be able to cover the
entire range from 60 Mz to 180 MHz, enabling multi-frequency operation with
its significant advantages. The ma‘o drawback seen at this tixe to helical
antennas is that they sre more difficult Lo build and swpport than the Yagi
ot leg-perindic sntenras and, For deal circular pelarization, counter-wound
helices would be needed. They arc not easily available commericially.

Further study may.shnw that the simplest way to obrain tho required
collecting area is with some type of reflector element, f.e. crude, [(limsy
dishes somewhar similar te the Culgoora antennas. Cne of the principal
advantages of this choice is that the active sleoment cculd &e made guite
siaply.

5.2.1.2 Bank Uesign

In Chapter 4 we arpued that calibratvion of the array can be acheived by
using the stronger sources within the target field, and in Appendix A have
shovn that the reguired bank direcctivity is approuximately

D = 28NR/ (63172

J
where } ix rhe shserving wavelength in meters, @ is the observing field of
view in radians, aud SNE is the signal-to-neise on i basetine necessary for
calibration. Our view is that the minimum SNRE mist be ~1. At 75 MH=, with 2
one degree (ield of view, ihe minimum reguired gain is ~18dk. A ouch safer
level tor calibration is with ¥R = 3, for whick the gain is ~23db.

This rather high forward gain can be achieved with sume fypes of single
antenras. For helical anteuna;, 18dB gain will be attained with a 23 turn

antenna of piteh angle 12.5% and 1% cireumference. This weans a length of

5, or 20 meters at 73 Mlz. This is rather long, and it is probably more



practical to use a bank of four smailer elemsnts phased togelher. In this
case, each ¢lemant needs a forward gain of 12dB, which can be supplied by a
5-turn helical antenna. The corvesponding length is 1.2% or 5 meters. The
array will have to he mounted on a flat ground plane of 2.3 wavelengths |10
gicters) on a side. Since the frequency is low, the'ground plane naed not be
sonlid.

A single Yagi or log-periodic element cannot achieve 18dB gain, so if
this is the chosen elemant, a hank of atk least four must be used.

The bank must he fully steerable, and preferably equatorially mounted,
so that cenfusing sources in sidelobes are obscrved with constant amplituda.
The drive mechanism need not be espacially rugged as we do net envisagas
rapid motion of the bgnk. If the banks arc equaterially mounted, ithe right
asvension drive is the only one which needs Lo track cont inuﬂual-y.

It is ¢learly desirable to have a bank beam which minimizes levels. At
75 MHz, Lhe =equired physical size of the ground plane Will restrict the
number of =leoments to no mere than 4 or 5 so that little opportunity to shape
Lhe combined response exists. At z higher freguency, the number of elements
could be increasaed to 9 or even 16 while still maintaining uhe same physical
size. This would allew fceding Lhe component elements with different
welghtings and 3o obtain a ouch {mproved beamshape.

An zlternative design woild have the component ¢lements on their own
mounts. This is5 an inferior sltervnative as ecach would have to be phased
individually. Furihermore, the changing separation as the seource iz iracked
will modulate the primary response dus to changing mutual impedences as well
as the nsuval foreshortening efiocts.

Assumlng that this propesal receives wide support and is implemented,

cur next task will be *o seriously atrack the guestion of the antenma
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eloment and bank design. Qur requifcments catt be stdted simply; we nesd to
obtain ~100 to 200 m2 of equatorially mounted, reascnably wide-bard, dual-
circular polarization ¢ollecting area at the lowest possible cost.
5.2.2 Pre-Anplifiers

The calgelations of signsel-te-noise ratios ngEn in chapter 4 assumes
no other source of noise axcept the backgreund sky. A poszible significant
noise source is cable losses hetween the banks and the amplifiers.  To
provent significant deterioration of the signal, we require a relatively
low-noise amplifier located with each bank. Gogd wide-band, low noise
amplifiers are mow available off-the-szhelf, =o the acquis:tion of thess
amplifiers should not Ea a problem. It is essertial to use amplificrs with
good  intermeodulatieon characteristics sinee some of the low-freguency
ipterference is extremely strong. The signals must be condﬁcted te the
nearcst antennd via a huried coaxial cabla. To prevent copher interference,
the cable should be encesed. Alsa important are good filters to reject out-
of -band interfeyonce.

5:2.3 Signal Transputt

The wvhrapest wey by far to trznsport the signals is through the current
waveguide systen, There appedr to be two ways to do this., The first is to
mike uge of one of the spare waveguide channels. This would allow the low-
frequency array to run at all times, independent of the positions of the 25-
m aAntennzs. However, this is also an expensive option, as hew waveguide
couplers and an indcpendently ¢operating slectronics system would need to be
constructed. 4 much cheaper option is to use the current antenmas, and
piggy-back the signals upon the waveguide channel used by thdat antenna. The

disadvantage of this technique is that the lew-frequency array will only



gperate when antennas physicall§: cceupy  the 'AT  array sﬁatiﬂns -
gpproximately 174 of the toral time. We do not regard this to be 4 severc
lighility at the pressut time, 2s enough dala can be taken in this interwval
to kKeep the post-processing system busy. Furthermeore, in vieg of the vastly
increasad cost {a factor te 2 to 3) necded to provide full-time observing,
it seems wise to adopt the minimum approach.

The simplest arrangement wouzld be to conduct the amplified signals te
the nearest antemna where the signal will be mixed to a convenient frequency
for transport wia ths w;vaguide Lo tha correlator. Each waveguide channel
containg appraoximately 2 GHz bandwidth, and less than half of char is
currently occupied., There appests to be plenty of room for narrow handwidth
signals. The total bandwidth of this array iz less .than I0 Miz -
representing only 4% of the current waveguide power levels. ‘Each antenna
contding 1700 and 1800 Miiz lecal wuscillater sigpals, and one possibility is
to use these to convert the low fregquecey signals' to ilntermediate
frequencies ready for tramnsport through the wave-guide system.

It does not seem feasible to consider trensporting the entire useable
bandwidth provided by the banks, since this will both considerably [ncrease
the power in the waveguide, and will contain large a2pnd time-varizble
interference. Presuming the final 4 MHz bandwidths only will ke inserted Lo
the waveguicde, the frequency and bandwidth selection mest be done at the
antennas. This will be done by first up-converting to an IF in the 200 to
300 MHz rapge with A variable frequency local escillator. All images are
Lhus placed well outside the antenna 2nd preamplified bandpass. Fixed
frequency local oscillators will convert the signals to the frequency
appropriate for insertion into the currently epcratitg slectronics. The
first local woscillator frequency will thus determine the ubserving

frequency.



The point for inclusien of éhe low-frequency signals infﬂ the VLA
system cccurs well after the existing Walsh function generator. It is
impartant to prevent offsets causing correlation errors, so the Walsh
function switching must be applied to the low- freguency signaals. If more
than onc bank is to be passead through one antenda, both can use the same
Walsh functions, and Lheir products will be ignored hy Lhe cosrelater.

An atiractive alternative is to digitize the signals at the antenna and
traniport the bit stream through the waveguide system., A digital systcom
shoinld be immune to cnrrﬁlator cffsets, thus removing the need for applying
tha Walsh functicns. Sinee the bandwidths are relatvively narrow, this
process may be practical.

Upon  receipt of the =signals at  the control building, final
arplification, bandpass shaping, and frequency conversion wauld pe done,
and the niguals would be ready for recording ov, after insertion of phase
shifts and delays, correlation.

5.2.5 Control Syslem

Since the curvent ¥LA on-line (Modoomp) computer system will soon be
upgreded to a sysitem with considerably greazer capecity, and since any
separate compubter rtuniing the low freguency array would have to comnunicate
through the Modcomps, it is preferakle that the new Modcemps handle the low-
fraguency array as wazil as the current VLA, The lead incresse due to the
low-freguency svstem Is wery small and +this extra load should be easily
handled.

4 limited amount of conctrol information must be passed to  rhe
individual banks. This would include the tracking and slewing information.
There is sufficient spare caﬁacjty vuilt inte the current system To handie

the lead., If frequency and bandwidth selection are required at the antenna



fas isx likely), this must alsc he ddﬁé using the spare capacity. ALC levels
must be returned from the antennas.

The low frequewncy drray will not require complex control. Tt is a
vastly simpler system than the current VLA, and the only contemplated mede
of observing uses long sessions. The electronics will renquire little on-
line moniLoring.

Curyrent plans for uparading the Modeomps include the impaet of this
Hyslem.

3.2.4 Data Recording

The adwenl of wide-bandwidih recording systewms, notably the Mark TTI
VLBI system, allows an extremely flexible obsevvation mode for the proposed
array. n this mode, the data are recorded en tape rdther than dircctly
correlated. The advantages of this approach ave considarabla. The groatest
one is that the entire field seen by the bank can be synthesizad by repeated
passes of the recordad data threugh Lhe correlator, adjusting the phase and
dalay cracking »n each pass. Thus, when the observing conditions are good,
waxlmum use of Lthe Jdava can be made. Furthermore, a quick check of data
gqualily car be performed by pllasiug Lo the strongest source in the primary
heram on the first pass. T¥ Lhe phase behaviour is poor, the enlire zun can be
purged, and new data taken. In this way, only good data will be saved.

This mode alse will grealtly reduce the computer lead., Since data will
be kept from good oh=erving days conly, the isoplanatic patch sirzes will be
large, allowing larger maps {hence, fewer maps), and far simpler self-
calibration. Only the brightest scurces will be needed for the model.

5.2.7 Correlator
Because we strongly advecate near-complete independence of this system

frem the current VLA, we believe that a separate, dedicated correlstor



should be built. There is no justifiéation for removing half the carrelator
capability of the curreut system for a continuum system of less than & MHHz
bandwidth, especislly since the cost of a new, dedicated correlator is low.

The simplest correlator is a single frequency, 27-antenna system which
eorrelates a single pelarization only. However, we have argued in 3.1.3
that polarization capability is impertant. locluding all four pelartization
correiations, the resulting correlator s 0.01 of the current VLA
correlater, and would probably he built for less than $50K.

We have argued in Sec 5.3 that it is desirable teo use more than 27
stations in order to obtain better u-v coverage. Takivg, fov simplicity, 34
sLlabions we will require a eorrelator & times larger tham the one menticned
in the previous paragraph, making it equal to .04 ¥LA correlater units. Ray
Eacoffiar's astimate for such a cerrclator is $50K. to $75E. The use of so
mdny elemanis may be precluded by cost, but an expansion to thix size should
e kept in mind. Tt appears that a dedicated correlator sufflicient for this
array «an be constructed for 550-100K.  Although saperior for numerous
redsons, 4 spectral-line vorrelator grastly escalstes the total cost, and is
not justified at thiz time. As & tempordry measure, the current VLA
correlater is prohably idle encugh of the-time te-allew initial testing af
the low-freguency system.

5.3 Nata Processing

We expect Lhat regular calibration of the data is unnecessary, so thare
seems to be no need te utilize the Dec-10 in the datsg flow. We believe vhat
the data should be written straight onto tape folluwing corvrelation. The
data rate will be set by the timescale over which antenna phases change by a
significant fraction uf a radian, or by the time in which wisibilities of

sources within the useful field of view change by a significant fracticn of



a radian, whicheyaer is shorcer. This timascals is likely Lo be Qt least 1
minute, and perhaps as leng as three, depending on the field of view. These
slow data rates loply mudest database sizes.

The dats will be calibrated on the posi-processing syslben, which we
will assume te bhe a VAX (altheugh any other comparable machine will daY. A
medel of the target region will be supplied, and calibration attempted. It
is difficult to antieipate the amoun: of cemsuter power required for this
ogperation, since it depends on wmany ill-defined or iwcomplately known
facters. In particular, the {ield of view and the gain change time-scale
are particulariy important. We have argued in Chapter 4 thal Lhe field of
view ran be liwmited to ~1 degree by combining pandwidth and time-averaging
cffects. The viability of this will have to be tested. In setting limits
for an accaptable time- scale, we must have some idea of the distribution of
Lime-scales. TIf 10-min timescales are commor, then we will have no guwalms
about throwing away data with S5-minute timescale, and the ealibration
problem is simple. 1f however, the typical timescales are less than a
winute, than calibration becones very much wore Jdifficult and will require
greatiy increased computer power. Tn fact, we have litlle Lo no ider of the
typical Lime-scales although, on Lhe basis of arguments prasented in Chapter
3, we expect minutes. The only real way to answer this important guestion
is to Lake tesl data, and we expect Lo use the 327 MHx system to help us in
thi=s.

Aassuming that the antennas are in operation abtout 25% of the time, and
presuming that wo shall keep data whose time-scales are greater than sbout 1
minute, (which may be about 50% of the ilotal data), we do nol anticipate a
heavy compuler load. Ap extremecly rough estimate iz 1/2VAX, including an

array processor. We shall only discover the real impact after enough data



iy taken to set the usuable and usnal time-scales, interfsarence environment,
isoplanatic patch sxize, corresponding map size, and number of iteraticns

required fur calibration te convoTge.
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6. CO5T, TIME, AND MANPOWER REQUIREMENTS

The current EE budget of the VLA ix heavily committed throuvgh 1955, In
1984-1985 the mijor items are the 330 XMz system, water vapor radiomsbers,
the synehronous computer upgrade, and various items for data processing aud
storage. These items cannot he displaced or deferred. In 1986 it may be
possible to commit significant respurces to the 75 Miz project.

Axsuming that this propesal recieves sufficient support from the user
commirity that a decision is made for it to proceed, we would propose the
following tentative schedules

June - SeplL 19R&.
Study and finalize the antenna «lement and bank desizn. Monitor RFI spectrum.
Uectober - December 1584,
Study lonospheric stability using lomg VLA baselinaes at 337 Mz, Monitor RFI
apectrom.
Summer 1985,
Buiid prototype antennas and a simple interfercometer ai 735 HH=z,
Winter 1985,
Test prototype interferometer. Set up contractual drrangements for antenna
construction and installation.
Spring - Sumwer 19806,
Antenna construction. MNatziled design of electronics and data recording
system.
Fall - Winter 1986.
Elactronics construction. Initial data recordiog and testing. Software

deve lopment .
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1385, :
Tnitial operation of 27 clement system. Software devlepment and testing.
Completetion of system al the VLA site. Construction of antennas at nearby
VIEA sivas and integration with VIBA system.
Cost Estimate
1964 Paper studies al anteuna design
RFT Monitoring 310K

327 Mz tests

1965 Prototype inlerferometer and tests ) S20K
1584 77 entennas at 519K cach 527K
78 seta of electrunics Lo he {nsntalled 224K

in Zi-peter anteonas at 33K each

1987 Dual-chaunel correlator (inel. back-end electronics) 100K
VLBA tape recording syvstom S08K

Subtotal 5650K

1968 VAX-type computer {cne-halfl) $300K
Antennas at VIBA smites $100K

Grand Torai $1090K
The manpower requirements are modest. We roughly estimate that ~3

technical man-years' labor will be required.
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APPENDIY A.
SIGHAL AND KOISE IN LOW-FREQUENCY RADTO INTERFEROMETRY

In this appendiz we describe in detail the caleulations required Lo
estimate Lhe noise which arises in lek-frequency observation: with an
inLterferometer., The noise has twe origins, the familiar fluctuations due to
receiver and sky noise, and fluctuations due to passage of Dbackground
sources lhrovgh the interfercmeter Tringe pattern. We describe these two
souryes separately.

A=1., Thermal KNoixe

We have shown in Chapter 4 that the total system temperdture of a low-
Irequency radis telescepe is dominated by the (galactic) sky background.
Under this condition, Napier and Crane (Clhiapter 3 of, the Synthesis Mapping

Workshop) show that the expression for the cos cutpul fluctuations becomes:

o = sT;(ZBlefz.

Here ST is the total flux density sean by the antemma, t and B are Lhe

integration time and bardwidth respeetively. Assuming a smoolh background

emissien, ihe total flux deasity seen by the antanna is:
b = Zklﬁky;hﬁ.
where ﬁe iz the effective anlennad Ared. Thé sky femperature away f{rom the
, : R, 2 _
galactic plane can be approximated by 1sky = I0F , Where F, the normalized

frequency parameter Is ﬁﬂ&;uq, wilhh v vhe fraduéncy in MHz. Combining

M
these cquations, the rms noise o Janskys {s found to be:
24z, -1 -1/2
= 4Nk .
o AE (BHt}
This assumes 2 perfect analog correlator. In practice, a digital corralator
will almost certainly be used. If we assume & Lthree-level system like the

current VLA correlator, the noiss eslimate must be raised by approximately

20%. We thus estimave the rms noise on a single correlator to he:



o 1/2

o= SDF2+

1. 5 =
c ﬁe (BHt)

In terms of the antenna main beam solid angle, ﬂH' the noise is:
s, = 908"q, (8,) 2

At f5 MHz with 1 minute averaging and 100 m2 bank area, Lhe tus neise is

approximalely 6.6 Jy,

These expressions describe the outpul fluctuations duem tn a swmuoobh
uncorrelated background source. The fact that the system temperature is
dominated by the background sky indicates that the influence of discrets
sgurces may na important in the determination of system parameters. There
gre two effects Lo consider: 1) The summed flux depnsity from Lhe saurces
within the antenna beam will contribute to the system tepperature, and 23
The paszage of these sources Lhrough the interferometer fringe pattern will
create an affective noise which may be larger than the thermal noise.
Evaluation of both these quantities requires knowledpge of the background

difterential source count, n{s).

4.2 The Differential Number Count

Wa aave used the n;nrmalised, differential number eoint given by Pearsom
(MKRAS 171, 4753 (1275)), taken from the 408 MHz 50 counts, the Melongo HCL
survey, and the wiule-sky source compilation. The count, shown in Fig., 4-1,
is normalized by an Euclidean number count of 750 sources/steradian above 1
Jy at 404 MH=z.

For conversion to 8 simpie analytic furm, we have broken the count inte
threr regions, with boundaries at 0.8 Jy snd 10 Jy. These zcgions are
dencted T, TI, and I[I, in order of decreasing flux densizy. The power law
indices are (with respect to the Euclidean count), -0.7 in region I, 0.0 in

region IT, and ©.7 in region TIT. The approximations are excellent in



vegions 11 and III, bul there ave significant deviations in regioh 1. This
erroy is of significance only when evaluating Lhe second moment. To copnvertl
the 408 MHz count for use at any fragquency, we assume that all scurces have
the same spectral index, =. This should be an excellent aporoxipation tor
frequencics lower toan 408 Mz, as there arc few flal spectram sources with
apprecisble flux density in this rangae, and the dispersicn in Lhe spectral
index amongst staep-spectrum objects is small.

The resulting differential number eount, n(S), is:

e

Region I: n(%) = ?EUDFE"E“E 3.2 1675 <g<50FT
Region 11: n{§) = 150070 %5"Z-3 0. 8F*<g<10F"
Region 1II: n(8) = 1750F %g™1-3 .001F" <8< . 8F"

where 8 is the flux density in Jy at the desired frequency, and F = éﬁﬂfuﬂ
with Vy being the frequency in Miz,

We have selected a flux density of 50F" ag the upper limit to the
nquer count as the few souvces gbove Lhis level will net affect the results
in any impertant way. There are only 16 such sources .in Lhe 20 catalogune;
almost all are of aufficiént size that they will be resolved out to the
baselines of Lhe proposed array,

The 50 counts are valid only to .01 Jy at 408 Mllz, but the lower limit
of .001Jy has heen selectled since recent number count experiments done at
1400 MH: with the VLA indicate that this extrapelatien is walid., This
extension has little effect on any important result.

The approximations given sbeve are shown superposed on the number count
in Fig. A-1.

4.2.1 Zercoth Moment (Integral Number Count)

The integral number count is found by inlegrating the differvential

wount over the relevant range. We calculate the guantity <N> = the mean



number of sources/steradian with flux density greater than 5. Within the
three ranges given akove, the resalis aze:

3. 8u, -2.2

1. <N> = 3450F° %5 - 0.63
IT. N = 10107 7% L o
T1I. af> = 20000 89570 oy

The total number of sources/steradian withiu the three ranges asre 21.5,

c 5 .
1400, and 5.53x107, respectively. The vtolal number of sources per steradian

c
over the given nupber covmt is 5.54x107.

h.2.2 First Moment (Total Tlux Density per Steradian)

The mean flux density per steradian in sources shove flux density 3 Is
given by <&» = JS5n(5)dS8 integrated over ihe ronge from 5 to 50, The

results are given below in Lhe threa vanges.

1. <Br = 6330F2‘2m5-1‘2 - sapT
IT1. wEk 30305-1--5'33_()-5 _ 6:0F“
117, = = 1122,317-“ - Sﬁi’aUFG'BuSD'z'

At the range bonndaries, there are 340F° Jy/ster above LOFT, 2780K"

Jyfster above 0.6F% Jy o and 9000F™ Jy/ster to the bottom of Lthe known nurber

counts. Although only J004% of all sources lie in region T, they contribute

3.7% of the total flux demaity. Similarxly, the 0.25% of all somrces

residing 1n regiom I contvibure 31% of the total flux deusity. At 75 HMH=,

we find thare 15 9.5 Jy per square degree.

d.2.3 Second Moment (Mean Square Flux Density)

The mean square flux density {52> due o sources with flux density
greater than 5 is given hy ISEn[S]dS integrated over the range 5 to 50F%.
The results are given below in che three ranges.

I. <g%s = 2 55x10°75 295702 |y 30x109F%®



11, 8% = 1.62x10°Fe% - s040F1 3%g0-3

ITI.  <8% = 1.47x10"F%® - 147087 %1 2,
The resulrs of this calculaticn are strongly dependent wpen the upper
limit. The result of increasing this limit of integration to 100F% would

be ta asd 222082 to cach range above, We believe that die to the size of

these few souxces, their contribution can ba naglected.

o . . 4 2o 2

Ihe total mean square flux density is 1.47xI0F {(Jyister)” so the
r-m.s. level is 12 1 7% Jyfster. Most of this originates from regions T and

IL.

A.3 Background Sgurce Contributicn Lo System Temparature

The total flux denszity in hackground sources within a beam pattern

B{E,m} is ST = fSn(S8)d5JBd@. (Using the preceding calculations, the

integration gives ST

anteuna beam. This flux density corrcsponds to an antenna Lemperature of

Tbs = l,BFz*m K. Thus, the contribution te the .total system femparalure hy

is the alt sky integral of the

_ = i
= YnOng RE Jv, where EB

discrete sources is less than 10% of the background continuum contribution

and can be ignored,

A.4 {onfusion Signal

We have outlined in Chapter 3 our propascd method of calibration. This
is to utilize the strongest background sources in the undistorted ficld of
view as calibrators and, nusing selfcalibration toechnigues, determine the
antenna gains. Tu enable calculation of the signal and noise available ta
thisz technique, we must put the mumhaer count and itz moments inte more
usafnl form.

The total flux depsily from backgronnd sources in a solid angle U is

easily found from integrating the number count to be 9000F"Q. A valuable



function s the nember of scurces/steradian, counting down, which
cantribucte 4 fraction £ of the total available flux density. Thiz function

can he found to ba:

Region 1: N(£) = 6570¢f + .00¢4) /% - 0 a3 f<. 037

Region L1: N(f) = 26400(f + .068)° - 10 L037<£<0.31
-4

Region I1I: N(E) = 2040(1.247 - £) C>0,51

The three regicns correspond Lo Lhe three different power law approximations
t0o the differential numbar count.

The flux density Ef at which this fraction is cbtained is easily found

tey hae
SCE) = 0, 746F0(f + 00647 > ° £<.037
SCEY.= 0.1153F%(f + .069) 2 L037<E<0. 31
. ] 3 ’
S5(fy=1.1F (1.247 - I} £>0.31

The Table in Chapter 4 is taken from these expressions.

A5 LCenfusion Hoisze

Providing that an interferpmeter baseline is vary much larger than the
antenna size . the affect of background sources on the interferometer cutpul
can be viewed 4x a two-dimensional random walk problem. The analysis is
presented in Appendix I, where it is shown that the mean giquare fluctuations
abpont the mean are given by:

ﬁcz = 0.5[£5%n(5)as] (7B2AR]
where B is the antenna power pattern. To evaluate this contribution, we
require the sscond moment of the number count and the squared beam incagral.

A.53.1 Evaluaticn af Lhe Secand Moment

Evaluation of the second moment of the number count is complicated by
the necessity of selecting reasonable limits to the integratiens. The

cholce of an integraticn range is made on what one considers as sigral and



what ix noise. Onr suggested calibfégion procedure uses as signal‘the [lux
density from background (and target) sources within tha smallaest
Isoplanatic, undisterted region. We thus adopt the following practical
definition: we use as signal the N sources of higheat flux density
(rapresaenting a fraction £ of the total flux density) within the awvailable
solid angle . This angle will pgenerally ke set by the combination aof
bandwidth and time-averaging effects, and as we discuss later, should be
less or equal to the isvplanacie field of view. The confusion noise is then
evaluated from the unmodeled sources lying within £ plus a8 contribulion from
all sources lying vutside Lhis arca. For this integration, we have chosen an
upper flux density limit of 50" as discussed in See. A.2 2nd A.2.3. The
resulting secotd moment wp te this limit is l,h?xlﬂanu.

Evaluation of the noise from sources below flug density S(I} regquires
integration over a different range than given in A 2.3, When integrated

only up to that {lux density level ahove which a fraction £ of the total flux

densily is obtained, the second moment becomes:

I, 32000F°%[1 - 1.26(£ + .0064)17%] f<.037
20 -1 .

1. 1010F¥%[(f + .069) 1 = 1.55] A37ef 31

1. 1637F°%(1.247-6)% - 2x107%) £>.31

It appears that a reasonable geal is to rcdel half the [lux density in
the modeling region, as this requires prior knowledge of the flux densities
and peositions of conly the strongest 1.2% of the igtegral number count,
corresponding Lo @ source demsity of ~2 per square degree. For f bhatween
8.21 and ~0.R, the seccnd moment from soureces boelow the corresponding flux
density level can be well approximated by:

5% = 1637F%%(1.247-5)°.



The confusion level can ithen be expféssed as
n: = FEE[TE:SDJ'SBEdS} + aED[l.Ea?—f}ﬁJ'mBEdft].

The subscript 's' under the {irst inlegral sign signifiss integration over
the unmodaied solid angle. while 'm' indicates integration over the muodeled
tegion. From this expression it is clear that the noeisa from sounrces iving
outside the modeling region will dominate the total comfusion noize unless
the antemna beam shape and the efiects of bandwidth and time-averaging can
reduce this contributicon to less Lhan a few percemt of the noise from

vimedeled sources within the modeling region.

4.5.2 Fvaleation of the Beam lotegral

It remains now to calculate the integral of the sgquared beam response
for the field of view, and cutside It. We empliasize here that the beam is
that appropriate Lo a basaeline, and iz not the bynLhasizeJ beam of the
array.

It iz clearly undesirable for the field of view set by Lhe corhination
of bandwidth and time averaging to be larger thav the isoplanatic size, for
in this case, seurces which csnnot be modeled will contribute to the
confusion noise. We thereflore must have the mapping field of view egual -0
nr smaller rthan the ilsoplansaiie field of view. The mapping [ield of view is
set by bandwidth and time averzging, as the influence of the bank beam is
minoer unless it is of comparable angular extent, a condition unlikely to be
met in practice. At the norih pole, the effects of bandwidih snd time
averaging dre equivalenl and orthogenal, At other declinations the
situation iz mors complicated, but we will nevertheless presume the effects
remain orthogonal in crder to obisin =simple expressions for ths beam
integrals. The procedure is then to obtain functional relationships for the

wo effects and multiply them Lo obtain the effective beawm.



In crxder to compare the cunLréHutianﬁ to the total noise froﬁ thermal
and confusion effects, we will assume & worst case for cowfusion
suppressien - a square bandpass, and simple boxear Lime averaging. We
define the main beam to be that regien lving within the first zero crossings
of the resultant shy patitern. Tn this case, we show in Appendix C that the
squared integrals for the main beam and sidelobes are:

ImBEdﬂ = 2.5/(v, B 1),

Isﬂgdﬂ = G,Sﬁf(uMBHt},
ln these caleulations, a paselire of 200 km *as been chosen, singe this
reprasents the ‘typical’ haseline we intend Lo use for calibratien.
Clearly, the sheorter haselines will contain considerably more confusion,
and it will probably prove necessary teo ignore dats taken on shourter than
~10 km bazselines for the calibration prucess. Tnserting thegu values, we
find, for the confusion noise:

o = 45F“{uﬁﬂhtj'”3[:+[1.zz.?-f}f']”z_
Tne confusien noise i[5 dominated by Lthe contribution from the sidelokes, and
Is only weakly depending upen the fraction of the total Ilux density heing
modeled. For £ = 0.5, a reasonable value, the confiusion noise becomes

o_ = 65&‘“(uHBMtJ'”2.

The ratio of thermal to confusion ncise ecan now be calculated to be:

zu .3
H

At 75 MHz, this ratio bacomes 192!&3, and indicates that the thermal neoise

ctfﬁc = . J3F EEE

due to the galactic background will deminate providing bank dreas are leass

than ~2{0 mz, as is most likely. Tmproving the filter shape to reject

confnsion will make this ratic larger.



4.4 Signal/Neise Ratios

Within the undistorted field, the flux densitly availaple for
calibration is DOCOEFTQ. Fresuming the ficld of vicw is set by the bandwith
and time-averaging, the integral ovar the main beaam is ﬁ,Eﬂf(vMBHt}, a
result which is not strongly dependent upon the detailed bondpass shape. As
the thermal noisa dominates, the resulting signal-to-neise ratio becomes

SNR = 160£¢B. )% n
M Mo

4/ ya

In this expreszion, ¥ is the solid angle of the modelled area, & is the

med y]
bank beam solid angle. This expression can be cast inle different forms:

_ . 172
SNE - EfDngd{bMt} R

wheze I is the bank directivity, and
3 2

SNR = 1.1x10 fﬁevm Rmad

1/2
Bt .
(B,t)
where ﬂe is ithe bank effective cellecting area. By watching the bandwidtch
and timec averaging fileld of view to the isoplanatic size, and presuming

square filters and koxcar time averaging, the f{ollowing forms can be

derived:
e 18 -1/
= A
oMt IHU"mOd UH ’
sug = eon, 22
iso
and SNE = #0228 A 400,
M isa e

Chapter & draws from Lhess expressions.
P



AOPENDIX B
THE CALCULATION OF CONFUSICN NOISE

This appendix calocuiates the rms noise in a complex corvelator due Lo
the pazsage of a large number of backgrownd scurces through rthe
interferomweter fringe prttevn. We assume That the intcrferometer consists
of two identicsl banks, each with an element beam E({f,m}, which are
canneclad with a perfect compler corrclater.  The responze of  the
interferomater to a source of speciral flux density 5 {5 then N
SB(L,mlexp(if), where the phase 8 {a a function of the baseline jength and
orientation and of the source displacement from the phasc tracking cenler.
In the complex plane, Lhe response can be considered a vector g of length
S5B(2,m), and angle 8. The net responsc over all scurces visible to the
interferometer at any given Lime is R = Esi.

The total number of sources contributing to this sum iz very large, and
their pogitions with respect to the interferometer are oonntantly changing.
Further, in the case we area interested in, the baseline length is vascily
greatar than the element size, which means that the effactive field of vicw
contains a large number of f{ringes, or cycles in phase. Under these
conditions, we can consider the net interfercmeLer respoanse to be 2 random
variable, as it is the sum aof a very large number of vectors with constantly
and differently changing phases and amplitudes. We can regard each
conlributing response to have a randem phasa, so that the net response can
be treated as a random walk in two dimensions. The avergge and mean square
respenses ¢an then bhe calenlated by application of the powerful techniques
which have been daveleped for the random walk process [see, for example, 5.
Chandrasckhar, Rev. Med. Phys., 15, 1, {1943), and reprinted in 'Selected
Papers on Noise and Random Processes', (1954) ,N. Wax, ed., Tover

Publications).
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To find the mean and mocan squﬁru response, we need to determine pN(Ej,
Lite probability distribution function of R. N here and clscwhere deaotes
the total numher of sources contributing te the sum response. Eecognizing
Lhe problem #s a two-dimenziomal ramlom wa'k problea, we must evaluate the
integral
pg(K) = (2m) “exp(-ig RIA (p)dp
where
A (p) = [Ip(s dexp(ips )ds ],
N*- i i i
and p(gij iz the probability density function tor the source of apparent
Flux density s;- We Jdssume dzimethal symmetry (1.e., sources have oo
preferred phasea), so p[gi] = p[si]f{Eﬂsi], p{sij iz the p.d.f. of response s
with no regard to angle (phase) for Lhe apparent flux density s, .

The expression for &, heocomes, after changing to polar coordinates and

N
intecgrating over the polar angle,
. N
A =1{J L) , 1
H{P) { P[SLJ D{Psljdsi*
where JD[K] ix Lhe Bessel function of arder zercoc.
Te make further progress, we now assume that N, the numbar of sourcaes
is large. In doing =5, the Hessel funcrion can then be expanded to second

order, 50 the expression for AN bacomnas:

4,(2) = [fpfﬁi]ﬂl—pzﬁi:fﬁ +..00ds )
= 11-pPesPopn + N,
whare {52} = Ip{si}sizdsi is the second moment. In the limit of lazge N, we
have
AN[EJ = &xp(-Hp2<52>I4].

The p.d.f of the resultant vector K is then

py(R) = (mN<s2>) " Lexpl-s*/ (N<sT>) | .



This distribution is Uaussian, with. .:.7_.-1:-.1‘:‘.: mean and dispersion
g = |N<sZ> 2112,
The most probable value of B can easily be shown to be K= o.
the dispersion cap be related Lo Lhe differential cuwber count by
evaluating the mean square flux density, '1523' = Iszpﬁs}ds. Becavze the
cotrelator secs not the true flux dansity 5, but rather the [lux density s =
BS as weighted by the antenna beam, the mean sguare flux density heocobes,
es2> = [ipl8)s°B2dsdn.
The p.d.f iz related to tha number count by
pi{3} = n(8)/N
so the resulting dispersion hacowes
o = [{/5°B°n(5)dsdny2] 2.
Eince tiae integration over angle is independent of that pveT the number
count (meaning that scurces have no preferecd place in the sky), we finally
E=t
6% = [/5°n(S)ds] [fB7dRl/2
Diract application of Campbell's Theorem (given in 'Mathematical
Anaiysis of Handom Noise', 5. 0. Rice, reprinted in 'Selected Papers on
Noise and Stochastic Processes') gives the same result when applied to a cos

or sin correlator.  Evidently, confosion noise is tha =ame te either a

simple or complex correlator.
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AT’PEi’\.!.FlT‘.'r{ o
INTEGRATING OVER THE INTERFEROM=TER RESPONZE

Realislic integrals over the interfarnomecer response save Important in
crder to ealculate the cffects of confusion noisce, and to judge whetler
encugh signal exists to allow calibration. This appendex shows the methods
used ta estimate Lhe integrals

fE(E, myd and
FRS (8, myag.

TL i% convenient to use (L,m) (direction ecosine) coordinates as these
are Lhe 'natural’ coordinates for the interfercometer. We orient cthe
coordinates sa that B varies in the direction of the baseline vector, i.e, [k
= cos(B*s,1B|), whare B is the baseline vector, and s Is the uait vector

towards the piese center. In these coordinates, the element of solid angle

dit is
dil = dedm/n
) _ oy 2 X152 . . .
where 0 = cos(i] = (1-47-m") . The arca of integration is the circular
plane bounded by 12+m2 = 1. This implicitly assumes we Are obsarving at the

zenith, and that there is no radiglion from the lower hemisphers.

Tu= beam is considersd Lo be the product of two functiens. The first
iz the bani bean with a typical angular extent of 15 or 20 degrces FWHE. The
swecond function is that deseribing ihe bandwidih and time-avearaging
effects. These are of much smaller size, typically 1 to 5 degrees. We
assume the bandpass is square of cotal width B HEz, and that the tiwe
averaging is alse rectangular with width t. Then the effects on the sky
when observing the norch pole are:

a) Handyideh. B(R) = sin[ﬂlijfﬂll &, = wlLfe



b) Time. B(m) = :-:fn'[:i;.zm),fﬂzm I!:2 = mwth/Y
Here, L is the baseline length, % the wavelength, and w iIs the angunlar
rotatien rate of the Earth, ?.ETxID-S Iz, Although we have made the
approximation that ocbservations are made at § = HGD, the resulting
expressions should suffice for other declinations,

Thesa functions have their firsl zeros st |2 = e/BL, |m| = X\fwcl.
Nete that hoth C! and GE are amch larger than one, typically 104 or more, for
bandwidLlis of 1 Mllz and averaging times of ~1 minute.

We now approximate the bank baam by cos(Z}. This is convenient since
it will allow cancelation of the projection facter in the unit selid angle.
The approximation is a rough one, but is cerraioly an underestimates of the
influence of the bank beam wpon the integration-ever Lhe sidelobes of the
bandwidth/time rezponse. Hence the resnlting .cuntributions vfF Lha
sidelobes will be overestimated [n Lhis approximation.

With Lhe praceding appreximations, the two integrals to be evaluated
become:

a) JB(r)def(m:dm
and b) S8 (eydes B2 (m)dm.
The {ormal limits of the integraticns are -1 to 1, but in view of the rapid

convergence of the integrals due to the laree valuas of Gl amd G, extending

5
the intepgration to infinity causes negligible erreor. (This means chat
ncdrly all of the contribution to the integrals oeccurs within a few cycles
of the sinc and s1nc2 function f{ram the =zenith). Evaluation of the
intagrals gives:

ﬂsz1E2
for both,



In order to estimate the r:.c:ntrii}-ution of the sidelobes versus that from
the main beam, we must perform the integrations over these arcas separately.
Defining the main beam as that region within the first zero-crossing of the
sine funciion, Lhe inlegrations give:

a) Eeaw integral:
13 Main beam: 13.7'1!{:1{:2‘
bl Beam squared integral:
1} Main beam: 4‘3.IIII",-’L11E2
2] &idelphes: l.EQfG]GE,
({The sidelobe beam Lntegral is not nesded).

The function GIC can easily be copverted into more useful units.

2
Expressing frequency and bandwidth in Mz, baseline lengths in kilometers,

. L e e _ 3 Z
and time in seconds gives C1C2 = §.08x10 BH“MT’k L.
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