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CHAPTER I 
INTRODUCTION 

The Ohio State U n i v e r s i t y Radio Observatory (OSURO) i s w e l l known 
t o have t h e lon g e s t r u n n i n g d e d i c a t e d microwave o b s e r v i n g SETI 
(Search f o r E x t r a t e r r e s t r i a l I n t e l l i g e n c e ) program i n the w o r l d . 
Pioneered by Robert S. Dixon i n 1973, and c o n t i n u i n g under h i s su­
p e r v i s i o n t o t h i s day, t h e Ohio SETI program has witnessed s e v e r a l 
unusual SETI-type phenomena [1] . I n recent years, t h e OSURO has 
been upgraded t o observe t h e e n t i r e "water h o l e " (1.4 - 1.7 GHz) 
and t o perform r e a l - t i m e data a n a l y s i s t o a l l o w immediate f o l l o w u p 
on SETI-type s t r i k e s . This t h e s i s i s a d e s c r i p t i o n o f t h e system 
which I implemented a t t h e OSURO t o do j u s t t h a t . I t i s i n t e n d e d 
t h a t t h i s t h e s i s be a manual f o r f u t u r e o p e r a t o r s , m a i n t a i n e r s , 
and upgraders of t h e system. 

The system which I implemented a t t h e OSURO, c a l l e d LOBES 
(Low Budget ETI Search) , i s an attempt t o f o l l o w t h e "SETI Zoom 
Techniques" l a i d down by Dixon and Van Horne i n [18] . They sug­
gest t h a t t h e immediate f o l l o w u p of p o s s i b l e ETI s i g n a l s t r i k e s i s 
advantageous over delayed f o l l o w u p because o f t h e spora d i c n a t u r e 
o f ETI s i g n a l s . I f t h e d e t e c t i o n r a t e i s low, t a k i n g t i m e out t o 
more c l o s e l y examine a p a r t i c u l a r phenomenon means t h a t another 
i n t e r e s t i n g phenomenon w i l l p r o b a b l y not be missed. 

C e r t a i n aspects o f the LOBES s t r a t e g y d i f f e r from Dixon and 
Van Home's "SETI Zoom Techniques". An RFI database was not used 
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i n t h i s p r o j e c t ; an attempt was made t o r e j e c t RFI u s i n g a 
switched feed horn system and a p a t t e r n match a l g o r i t h m . The r a t e 
at which t h e LOBES system scans t h e water h o l e i s d i f f e r e n t from 
t h e 10 seconds suggested by Dixon and Van 

Horne. The sampling r a t e slows i n LOBES as t h e d e c l i n a t i o n o f t h e 
OSURO gets f a r t h e r from t h e c e l e s t i a l equator. This a l l o w s t h e 
r e c e i v e r i n t e g r a t i o n t i m e t o increase w i t h o u t d i s t o r t i n g t h e r e ­
ceived s i g n a l s . 

A search s i m i l a r t o LOBES was conducted by Cole and Dixon i n 
1974 a t t h e OSURO [ 8 ] . E i g h t narrow-band channels centered on t h e 
hydrogen emission l i n e were analyzed f o r p o i n t source narrow-band 
r a d i a t o r s . A switched feed r e c e i v e r was used, much i n t h e same 
c o n f i g u r a t i o n as t h e c u r r e n t system. The 8 s t r i p c h a r t t r a c e s 
were analyzed v i s u a l l y f o r t h e switched antenna p a t t e r n . I n 1975, 
a f i f t y channel r e c e i v e r was used t o scan t h e hydrogen emission 
l i n e [27] . An IBM computer was used t o analyze t h e data i n r e a l 
t i m e , f l a g g i n g i n t e r e s t i n g s i g n a l s . Several search a l g o r i t h m s s i ­
multaneously checked f o r pu l s e d or continuous wave s i g n a l s which 
conformed t o th e OSURO1s antenna p a t t e r n . No immediate f o l l o w u p 
was p o s s i b l e w i t h these searches, s i n c e t h e OSURO was not s t e e r -
able i n r i g h t ascension (RA) . I n th e LOBES system, a computer 
looks at th e data f o r an antenna p a t t e r n much as a human would, 
and moves t h e feed horns t o c o n t i n u o u s l y r e - d e t e c t a s i g n a l once 
i t i s found. 

I n t h e f o l l o w i n g chapters, a summary o f microwave SETI 
s t r a t e g i e s and data a n a l y s i s techniques i s gi v e n . A d e s c r i p t i o n 
of t h e OSURO r e c e i v i n g equipment and computer system used i s th e n 
presented, f o l l o w e d by the t h e o r y o f t h e LOBES techniques. The 
procedures used and r e s u l t s found are then discussed. F i n a l l y , a 



l i s t o f recommendations f o r f u t u r e work i s suggested. 
My i n t e n t was not t o do a sky survey; i t was t o make t h i s 

phase o f t h e Ohio SETI program o p e r a t i o n a l . For t h a t reason, a 
l i q u i d cooled r e c e i v e r f r o n t end was not used f o r t h i s p r o j e c t and 
t h e antenna d e c l i n a t i o n was not s y s t e m a t i c a l l y changed. 

Even w i t h t h e Low Noise A m p l i f i e r s (LNAs) a t ambient tempera­
t u r e , t h e system managed t o d e t e c t broadband c e l e s t i a l r a d i o 
sources and t e r r e s t r i a l s a t e l l i t e s . 



CHAPTER I I 
S E T I SIGNAL SEARCH STRATEGIES 

SETI has been a p u r s u i t o f dozens o f research teams f o r t h e past 
30 years. Extensive c o n c e n t r a t i o n has been c e n t e r e d on d e t e c t i n g 
s i g n a l s i n t h e microwave r e g i o n . I n p a r t i c u l a r , t h e 1-10 GHz mi­
crowave band i s w i d e l y agreed t o be a l i k e l y p l a c e t o f i n d u l t r a -
narrowband beacons or pulses [ 2 , 3 , 4 ] . Thanks t o modern computer 
technology, r e c e i v i n g equipment can now be made t o r e c e i v e m i l ­
l i o n s of channels, each a f r a c t i o n o f a Hertz i n bandwidth. 
However, t h e r e i s a t r a d e o f f i n data p r o c e s s i n g : t h e more chan­
n e l s t h e r e are t o analyze, t h e longer i t takes t o f o l l o w up on 
p o s s i b l e s t r i k e s . With SETI, i t i s i m p o r t a n t t o reobserve i n t e r ­
e s t i n g phenomena as q u i c k l y as p o s s i b l e . 

There are, o f course, o t h e r SETI s t r a t e g i e s which do not i n ­
v o l v e microwave techniques. Astronomers have looked i n t h e i n ­
f r a r e d band f o r h o t t e r t h a n normal, n o n - v i s i b l e l i g h t e m i t t i n g ob­
j e c t s , which c o u l d be t h e byproduct o f l a r g e a s t r o e n g i n e e r i n g p r o ­
j e c t s [5, 6] . Also n o t a b l e i s t h e search f o r o p t i c a l - f r e q u e n c y 
beacons. These search techniques w i l l not be discussed here. 

2.1 D a t a G a t h e r i n g T e c h n i q u e s 

A l a r g e number of f a c t o r s f i g u r e i n t o g a t h e r i n g data f o r a n a l y s i s 
of SETI s i g n a l s . Antenna a p e r t u r e , r e c e i v e r s e n s i t i v i t y , and 
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ob s e r v i n g t i m e are t h r e e major ones. Large t e l e s c o p e s d e d i c a t e d 
t o SETI w i t h s t a t e of t h e a r t r e c e i v i n g equipment are r a r e . 

Once ob s e r v i n g times have been o b t a i n e d , two types of data 
g a t h e r i n g techniques have been w i d e l y used: t h e a l l sky survey 
and t h e t a r g e t e d search [ 4 , 7 ] . For those simply l o o k i n g f o r mi­
crowave beacons anywhere i n t h e sky, a sky survey i s p r e f e r r e d . 
Others know where they want t o search, such as n e i g h b o r i n g s t a r s , 
nearby g a l a x i e s , or p a r t i c u l a r s t a r t y p e s . The t a r g e t e d search i s 
used by these researchers. Knowing from where t h e s i g n a l i s ex­
pected a l l o w s a researcher t o in c r e a s e t h e s e n s i t i v i t y and band­
w i d t h o f t h e search. Since most r a d i o telescopes can t r a c k a 
p o i n t i n space f o r many hours, t h e o b j e c t o f i n t e r e s t can be ana­
l y z e d f o r a l o n g t i m e . A f t e r a c e r t a i n amount o f t i m e , or i f no 
s i g n a l i s d e t e c t e d , t h e t e l e s c o p e may be p o i n t e d t o another c a n d i ­
date . 

A lthough t a r g e t e d searches look a t t h e most l i k e l y candidates 
f o r ETI s i g n a l s , they s t i l l cover a v e r y s m a l l percentage o f t h e 
sky. ETI s i g n a l s c o u l d conceivably be coming from any p a r t of t h e 
sky. Dixon [7] has s t a t e d t h a t a t a range o f 1000 l i g h t years, 
t h e r e are a t l e a s t 4 G-type s t a r s i n t h e OSURO beam, when i t i s 
p o i n t e d t o any p a r t o f t h e sky. There a l s o might be s u p e r c i v i -
l i z a t i o n s which have c o n s t r u c t e d beacons which outshine c l o s e r , 
weaker beacons. For these reasons, sky surveys are p r e s e n t l y a 
l e s s s e n s i t i v e , but necessary f a c e t o f SETI. 

Thanks t o advances i n m i c r o c h i p design and manufacture, many 
modern microwave r e c e i v e r s have been designed w i t h t h e a b i l i t y t o 
r e c e i v e m i l l i o n s of channels a f r a c t i o n o f a Hertz i n bandwidth. 
Modern computer technology has g r e a t l y i n c r e a s e d computing speed, 
a l l o w i n g F o u r i e r a n a l y s i s techniques and i n t e r f e r o m e t r y t o j o i n 
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het e r o d y n i n g as ways t o gather narrow-band microwave data. 

2.1.1 H e t e r o d y n e d I n p u t 

When t h e Ohio SETI program went on t h e a i r i n 1973, 8 he t e r o d y n i n g 
r e c e i v e r s were used t o search f o r SETI beacons [ 8 ] . L a t e r , f i f t y 
10 kHz bandwidth h e t e r o d y n i n g r e c e i v e r s were employed. These 
searches looked f o r beacons close t o t h e hydrogen emission l i n e 
(1420 MHz) . The r e c e i v e r s were swept i n a way t h a t would remove 
any doppler s h i f t caused by t h e ea r t h ' s motion r e l a t i v e t o t h e 
g a l a c t i c c e n t e r of r e s t . 

A problem w i t h square-law r e c e i v e r s i s t h a t t h e phase o f t h e 
s i g n a l i s destroyed when t h e s i g n a l passes th r o u g h t h e square-law 
d e t e c t o r . I f t h e s i g n a l i s t r a n s m i t t e d u s i n g phase modulation, 
a l l o f the s i g n a l i n f o r m a t i o n , except t h e c a r r i e r frequency, i s 
l o s t [ 7 ] . 

2.1.2 F o u r i e r D e c o m p o s i t i o n 

Modern h i g h speed computer a r c h i t e c t u r e s have made p o s s i b l e t h e 
simultaneous r e c e p t i o n of m i l l i o n s o f narrow-band channels. Since 
F o u r i e r methods use t h e sampled waveform, phase i n f o r m a t i o n r e ­
mains i n t a c t . This a l l o w s t h e d e t e c t i o n o f more types o f s i g n a l s 
than square-law techniques. 

Current F o u r i e r a n a l y s i s systems i n c l u d e NASA's MCSA, UC 
Berkeley's SERENDIP, and Harvard's META. Most o f these have t h e 
c a p a b i l i t y o f r e s o l v i n g channels down t o one Hertz or l e s s . 

The MCSA (M u l t i c h a n n e l Spectrum Analyzer) developed by NASA 
res o l v e s an 8-256 MHz band i n t o 1024, 32, or 1 Hz bandwidth 
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channels [ 9 ] . Each of the two NCSAs r e c e i v e a r i g h t c i r c u l a r and 
l e f t c i r c u l a r p o l a r i z e d v e r s i o n o f t h e i n p u t t o t h e antenna. 
Computer programs are w r i t t e n t o i d e n t i f y CW beacons and pu l s e s . 
U n l i k e o t h e r p r o j e c t s , however, t h e NASA MCSAs do not r e c e i v e a 
swept IF t o remove doppler s h i f t s . I n s t e a d , computer a l g o r i t h m s 
s h i f t consecutive s p e c t r a r e l a t i v e t o each o t h e r t o d i s c o v e r l i n ­
e a r l y changing frequencies [ 1 0 ] . 

The SERENDIP (Search f o r E x t r a t e r r e s t r i a l Radio Emission from 
Nearby Developed I n t e l l i g e n t P o p u l a t i o n s ) I I SETI p r o j e c t i s a 
system designed t o look f o r ETI s i g n a l s on t h e same te l e s c o p e 
where non-SETI work i s bei n g conducted [11,12,13]. This unusual 
tec h n i q u e p r o v i d e s t h e advantage o f a random search p a t t e r n , since 
ETI s i g n a l s can come from anywhere i n t h e c e l e s t i a l sphere. A 
disadvantage, however, i s t h a t f o l l o w i n g up on an ETI s i g n a l 
s t r i k e i s d i f f i c u l t , s i n c e moving t h e antenna would p r o b a b l y i n ­
t e r f e r e w i t h t h e non SETI researcher's work. The SERENDIP I I sys­
tem has a t o t a l bandwidth o f 1.2 MHz, w i t h a channel w i d t h o f 1 
Hz. Since t h e observed frequency band i s determined by a non-SETI 
researcher, t h e "magic f r e q u e n c i e s " i n t h e water hole are not a l ­
ways observable. This random frequency s e l e c t i o n , l i k e t h e random 
antenna beam d i r e c t i o n , adds t h e advantage o f u n c e r t a i n t y i n de­
t e c t i n g t h e unknown s i g n a l ; s i n ce t h e frequency o f t h e ETI s i g n a l 
i s unknown, i t i s conceivable t h a t t h e s i g n a l c o u l d be a t any f r e ­
quency . 

The META system i s an expansion o f P r o j e c t S e n t i n e l , spear­
headed by Paul Horowitz a t Harvard U n i v e r s i t y [ 1 4 , 1 5 ] . The META 
and S e n t i n e l systems r e s o l v e bandwidths down t o a f r a c t i o n o f a 
Hertz . A swept l o c a l o s c i l l a t o r compensates f o r a v a r i e t y o f se­
l e c t e d centers o f r e s t . Both t a r g e t e d and sky survey searches 
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have been conducted u s i n g these u l t r a n a r r o w b a n d approaches. 
S e n t i n e l ' s t o t a l bandwidth i s t o o narrow t o observe s i g n a l s w i t h 
an acceptable doppler s h i f t . S i x t y thousand 0.015 Hz bandwidth 
channels are a l l t h a t S e n t i n e l can observe, r e s u l t i n g i n one kHz 
t o t a l bandwidth, so t h e frequency sweeping has t o be p r e c i s e . 
META covers 400 kHz w i t h 0.05 Hz bandwidth channels. Thanks t o 
the swept l o c a l o s c i l l a t o r and t h e narrow bandwidths o f t h e chan­
n e l s , n e a r l y a l l t e r r e s t r i a l i n t e r f e r e n c e has been r e j e c t e d by 
these systems. 

2.1.3 I n t e r f e r o m e t r y 

Modern computing powers have made i t p o s s i b l e t o combine t h e o u t ­
p u t s of s e v e r a l r a d i o telescopes t o increase c o l l e c t i n g area and 
s p a t i a l r e s o l u t i o n . One such system i s t h e VLA (Very Large 
Array) . The VLA uses 27 te l e s c o p e s , each 25 meters i n diameter, 
as an i n t e r f e r o m e t e r . 

The VLA has been conducting c e l e s t i a l r a d i o o b s e r v a t i o n s 
since 1980. The a r r a y geometry a l l o w s v e r y p r e c i s e l o c a t i o n f i n d ­
i n g c a p a b i l i t i e s and increased a p e r t u r e . The inc r e a s e d a p e r t u r e 
comes from t h e many antennas used. The inc r e a s e d r e s o l u t i o n comes 
from i n t e r f e r o m e t r i c a n a l y s i s of t h e data. The r e s o l u t i o n p o s s i ­
b l e w i t h such an a r r a y i s much b e t t e r than any s i n g l e antenna r e ­
c e i v i n g alone [16] . Normal h i g h r e s o l u t i o n o b s e r v a t i o n s of t h e 
VLA, however, are not as e f f e c t i v e f o r SETI s i g n a l s e a r c h i n g . 
This i s because t h e VLA must observe t h e same p o i n t i n t h e sky f o r 
hours t o gather data, and then r e j e c t s , or f i l t e r s o ut, any anoma­
lous data. This data would be t h a t corresponding t o u l t r a n a r r o w ­
band r a d i o s i g n a l s . 
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Dr. J i l l T a r t e r has proposed a p a r a s i t i c SETI o b s e r v i n g p r o ­
gram c a l l e d PIPELINE, which would operate a t t h e VLA as r a d i o as­
tronomers conduct t h e sky-mapping program c u r r e n t l y i n o p e r a t i o n 
[ 1 7 ] . This SETI system would use t h e ou t p u t o f t h e astronomers' 
spectrometers - not i t s own d e d i c a t e d spectrometer as i n t h e 
SERENDIP I I system. I t i s u n l i k e l y t h a t t h e bandwidths as­
tronomers use w i l l be l e s s than a few kHz, t h e r e f o r e t h e s e n s i t i v ­
i t y of t h i s search would be low compared t o a d e d i c a t e d f a c i l i t y . 

An i n n o v a t i v e s y n t h e t i c a p e r t u r e system i s under development 
at t h e Ohio State U n i v e r s i t y . The Argus p r o j e c t , or " r a d i o cam­
era", would use an a r r a y o f h e l i c a l antennas which would be capa­
b l e o f d e t e r m i n i n g t h e d i r e c t i o n and frequency o f a l l p o i n t source 
c e l e s t i a l o b j e c t s s i m u l t a n e o u s l y . The Argus p r o j e c t conceived a t 
OSU would be t h e most complete sky survey o f a l l t i m e . Data from 
hundreds o f s t a t i o n a r y h e l i c e s set up i n a 2-dimensional a r r a y 
would be sampled and analyzed. Since t h e e n t i r e sky v i s i b l e from 
the Argus l a t i t u d e can be analyzed a l l a t once, i t i s p o s s i b l e 
t h a t an ETI s i g n a l - and o t h e r i n t e r e s t i n g a s t r o n o m i c a l phenomenon 
- may be found immediately a f t e r Argus begins o p e r a t i o n [18] . A 
p r o t o t y p e r a d i o camera was b u i l t and s u c c e s s f u l l y operated at t h e 
Ohio State U n i v e r s i t y [ 1 9 ] . I t d e t e c t e d r a d i o s i g n a l s emanating 
from t h e h o r i z o n , and c o u l d gather data f o r a l l 360 degrees s i m u l ­
t a n e o u s l y . There are l i m i t a t i o n s i n t h i s approach, a major one i s 
t h a t each h e l i x r e q u i r e s a r e c e i v e r . The amount o f data t o be 
processed by Argus would be enormous, so c e n t r a l , high-speed p r o ­
cessing of data p r o b a b l y would be used. 
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2.2 D a t a A n a l y s i s T e c h n i q u e s 

A major b o t t l e n e c k i n most SETI systems i s t h e data a n a l y s i s p r o ­
cess. I n most cases i t i s imp o r t a n t t o q u i c k l y weed out RFI 
(Radio Frequency I n t e r f e r e n c e ) and t o determine whether a " s t r i k e " 
has occurred. A most d e s i r a b l e c o n d i t i o n i s t h e o n - l i n e process­
i n g o f data. Since ETI s i g n a l s can be presumed t o be t r a n s i t o r y 
i n n a t u r e , the d e t e c t e d s i g n a l may not be presen t soon a f t e r de­
t e c t i o n . On-line p r o c e s s i n g o f data c o n s i d e r a b l y shortens t h e 
delay i n f o l l o w u p . However, when m i l l i o n s o f channels are t o be 
analyzed, t h e computing needs o f t h e data a n a l y s i s can become as­
t r o n o m i c a l . 

The f o l l o w i n g s e c t i o n s are a b r i e f review o f some SETI data 
a n a l y s i s techniques used i n past and p r e s e n t systems. 

2.2.1 S t r i p C h a r t R e c o r d 

Before computers were easy t o use i n data a n a l y s i s , s t r i p c h a r t 
r e c o r d e r s p l o t t e d t h e output o f r e c e i v e r s . Cole [8] v i s u a l l y 
looked f o r a r e p r o d u c t i o n o f t h e OSURO antenna p a t t e r n i n s t r i p 
c h a r t records taken o f 8 narrow-band channels c e n t e r e d on t h e hy­
drogen emission l i n e . Since he was conduc t i n g a sky survey u s i n g 
t h e switched feed horns o f the OSURO, a c o n s t a n t l y r a d i a t i n g nar­
row-band c e l e s t i a l p o i n t source would c r e a t e t h e unique switched 
antenna p a t t e r n i n one channel as i t d r i f t e d t h r o u g h t h e switched 
beams. This data a n a l y s i s technique i s cumbersome because o f t h e 
tim e needed t o decipher t h e r e c o r d kept on hundreds o f yards of 
paper. The technique becomes i n c r e a s i n g l y d i f f i c u l t as more chan­
n e l s are analyzed. Cole's p r o c e s s i n g was not done o n - l i n e . 
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Several hours were needed t o analyze t h e day's r e c o r d . Some ti m e 
delay c o u l d be t o l e r a t e d , however, because a t t h a t time (1973) t h e 
OSURO was o n l y a me r i d i a n t r a n s i t i n s t r u m e n t . Immediate f o l l o w u p 
would mean on l y as soon as t h e next day. 

2.2.2 F r e q u e n c y S w e e p i n g 

Much d i s c u s s i o n has r e v o l v e d around how or i f ETI's would a d j u s t 
t h e i r beacons i n order t o make t h e i r f r e q u e n c i e s appear consta n t 
t o t h e r e c e i v i n g c i v i l i z a t i o n . The conclu s i o n s drawn are t h a t we 
a l s o must a d j u s t our r e c e i v i n g frequency, since ETI's do not know 
the p a r t i c u l a r s o f t h e r e c e i v e r ' s v e l o c i t y or l o c a t i o n . Any ve­
l o c i t y d i f f e r e n c e between t h e t r a n s m i t t e r and r e c e i v e r w i l l cause 
a constant frequency s i g n a l t o d r i f t i n frequency. A s i g n a l of 
t h i s s o r t i s s a i d t o " c h i r p " or "sweep". A r e c e i v i n g c i v i l i z a t i o n 
can i n c r e a s e t h e i r r e c e i v e r ' s i n t e g r a t i o n t i m e by sweeping t h e i r 
r e c e i v e r i n such a way as t o remove t h e sweep caused by doppler 
s h i f t . This r e c e i v e r sweep al l o w s t h e s i g n a l t o be r e c e i v e d i n 
one channel f o r a longer t i m e than i f t h e s i g n a l had "swept 
t h r o u g h " i n a s h o r t e r p e r i o d o f t i m e . The problem i s knowing i n 
what way t o sweep. 

Some have p o s t u l a t e d t h a t a t r a n s m i t t i n g c i v i l i z a t i o n would 
analyze t h e l i g h t from t h e t a r g e t s o l a r system's sun t o determine 
t h a t sun's v e l o c i t y r e l a t i v e t o t h e t r a n s m i t t e r . The beacon's 
frequency would then be a d j u s t e d such t h a t i t appears constant t o 
an observer w i t h t h e same v e l o c i t y as t h e t a r g e t sun. I f t h e r e ­
c e i v e r i s i n motion w i t h respect t o t h e t a r g e t sun, t h e r e c e i v i n g 
c i v i l i z a t i o n must sweep i t s r e c e i v e r s t o remove o r b i t a l e f f e c t s . 
This would o n l y work f o r " t a r g e t e d t r a n s m i s s i o n s " . Others b e l i e v e 



t h a t beacons and r e c e i v e r s should be swept such t h a t t h e t r a n s m i t ­
t e d and r e c e i v e d f r e q u e n c i e s are a t r e s t w i t h respect t o t h e 
g a l a c t i c c e n t e r o f r e s t or th e 2.7 degree K background r a d i a t i o n . 
These s t r a t e g i e s n e c e s s i t a t e constant c a l c u l a t i o n s o f antenna beam 
d i r e c t i o n and th e motion of th e t r a n s m i t t e r / r e c e i v e r w i t h respect 
t o t h e chosen r e f e r e n c e frame i n order t o sweep p r o p e r l y . 

A more recent frequency sweeping te c h n i q u e i s used by NASA i n 
t h e i r MCSA p r o j e c t . No sweeping o f t h e r e c e i v e r i s i n v o l v e d . 
I n s t e a d , consecutive channel samplings ( c a l l e d spectra) are saved 
i n computer memory. I f t h e i n p u t s i g n a l were d r i f t i n g i n a l i n e a r 
way, t h e sp e c t r a may be skewed such t h a t t h e d r i f t i n g s i g n a l i s 
added up ( i n t e g r a t e d ) and i s det e c t e d . This technique has an ad­
vantage over o t h e r frequency sweeping techniques i n t h a t fewer as­
sumptions are made of the s i g n a l ' s sweep r a t e [ 1 0 ] . I t i s d i s a d ­
vantageous, however, i f t h e s i g n a l sweeps t h r o u g h the channel i n a 
time s h o r t e r t h a n t h e channel's i n t e g r a t i o n t i m e . I n t h i s case, 
t h e s i g n a l might not be d e t e c t a b l e . The NASA engineers thus de­
ci d e d t o ig n o r e t h e s i g n a l s which sweep f a s t e r than one channel 
w i d t h per i n t e g r a t i o n i n t e r v a l . 

As r e c e i v e r s have become more narrow-band, frequency sweeping 
has become much more of a problem. NASA's MCSA data a n a l y s i s 
technique i s an i n t e r e s t i n g way around t h e frequency sweep prob­
lem, however i t i s c o m p u t a t i o n a l l y i n t e n s i v e . 

The need t o sweep seems i n h e r e n t because doppler s h i f t s con­
s t a n t l y a f f e c t t h e frequency spectrum o f t h e s i g n a l . A d e t e c t i o n 
methodology which can i n t r i n s i c a l l y bypass t h e need t o sweep seems 
d e s i r a b l e . Such a method has been proposed by Dixon and K l e i n . 
They suggest t h a t incoming s i g n a l s can be decomposed not w i t h a 
F o u r i e r Transform (FT), but w i t h a Karhunen-Loeve Transform (KLT) 



13 

[ 2 4 ] . The FT t r a n s f o r m s a (band l i m i t e d ) t i m e - v a r y i n g s i g n a l i n t o 
t h e space spanned by a l l freq u e n c i e s - t h e frequency spectrum. 
The KLT uses t h e data i t s e l f t o d e s c r i b e t h e b e s t orthonormal 
space f o r t h e data. I f t h e data i s not s i n u s o i d a l , such as a s i ­
nusoid v a r y i n g i n frequency over t i m e , i t would be smeared or d i s ­
t o r t e d by t h e FT, and would thus be l e s s l i k e l y d e t e c t e d . The 
KLT, however, would determine t h a t something i m p o r t a n t had been 
d e t e c t e d and would r e f e r e n c e RFI f i l e s t o determine i f t h e s i g n a l 
were i n t e r f e r e n c e or n o t . Since t h e r e are DFT c h i p s which can 
p e r f o r m F o u r i e r Transforms, i t i s conceivable t h a t t h e r e might 
someday be a DKLT c h i p . 



CHAPTER I I I 
INSTRUMENTATION 

The OSURO i s w e l l known f o r i t s sky survey and SETI work. The r e ­
c e i v i n g equipment used f o r t h i s p r o j e c t was i n s t a l l e d i n 1983. A 
movable feed system was implemented by me as p a r t o f my p a r t - t i m e 
employment a t the OSURO. I n f o r m a t i o n on th e r e c e i v i n g equipment 
and PDP computer system was documented by B o l i n g e r [20] . 
I n f o r m a t i o n on the r e s t o f th e i n s t r u m e n t a t i o n used i n t h e LOBES 
p r o j e c t has been documented i n an OSURO i n t e r n a l r e p o r t [21] . 
Fi g u r e 3.1 shows t h e b a s i c l a y o u t o f t h e i n s t r u m e n t a t i o n used. 

3 .1 A n t e n n a 

The OSURO i s a 53 m Kraus-type r a d i o t e l e s c o p e , l o c a t e d i n 
Delaware, Ohio. The antenna c o n s i s t s o f a f i x e d p a r a b o l i c r e f l e c ­
t o r , a t i l t a b l e f l a t r e f l e c t o r , and a 3.82-acre aluminum ground 
plane between the r e f l e c t o r s . P l a t e I i s an a e r i a l view o f t h e 
OSURO. 

The antenna h a l f power beam w i d t h (HPBW) i s 40 minutes o f arc 
i n d e c l i n a t i o n and 8 minutes o f arc i n RA at 1415 MHz. The spac­
i n g between t h e dual feed horns c r e a t e two beams p o i n t e d a t t h e 
same d e c l i n a t i o n , separated by 37 minutes o f arc i n RA. 

The feed horns are on the ground plane, 128 m from t h e base 
of t h e parabola. T h e i r l o c a t i o n p r o v i d e s s h i e l d i n g o f RFI 
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PLATE I The OSURO antenna. The p a r a b o l i c 
r e f l e c t o r i s 110 by 21 m and t h e f l a t r e f l e c t o r 
i s 104 by 31 m. 
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from t h e n o r t h and south by the r e f l e c t o r s and from below by th e 
ground plane. They r e c e i v e v e r t i c a l l y p o l a r i z e d r a d i a t i o n i n t h e 
1.4 - 1.7 GHz range observed. 

3. 2 The R e c e i v e r S y s t e m 

The r e c e i v e r system i s s i m i l a r t o t h e Switched or Dicke r e c e i v e r 
as d e s c r i b e d by T i u r i and Raisanen i n Kraus' Radio Astronomy [ 3 ] . 
However, whereas a Dicke r e c e i v e r c o n s t a n t l y compares antenna tem­
p e r a t u r e t o a refe r e n c e noise source, t h e OSURO r e c e i v e r compares 
two antenna temperatures generated by t h e dual feed horns. The 
s w i t c h i n g r a t e i s 7 9 Hz. As d e s c r i b e d by Dixon and Van Horne 
[ 1 8 ] , t h e water h o l e i s analyzed by t h e OSURO's r e c e i v e r system. 

A bank o f f i f t y 100 kHz bandwidth and t w e l v e 10 kHz bandwidth 
superheterodyne r e c e i v e r s p r o v i d e RF d e t e c t i o n . The r e c e i v e r s 
square-law d e t e c t i n p a r a l l e l a 30 MHz IF s i g n a l . The f i r s t l o c a l 
o s c i l l a t o r i s generated by a Hewlett Packard 5105A Frequency 
Sy n t h e s i z e r , whose frequency i s computer programmable. The bank 
of f i f t y r e c e i v e r s i s "hopped" a t 5 MHz i n t e r v a l s , c o v e r i n g t h e 
water h o l e i n 60 hops, pro d u c i n g a 3000 channel spectrum o f the 
water h o l e . The output o f t h e r e c e i v e r s go t o m u l t i p l i e r s , a l s o 
c a l l e d p h a s e - s e n s i t i v e d e t e c t o r s , which d e t e c t imbalances o f r e ­
c e i v e d power i n phase w i t h t h e Dicke s w i t c h . The outpu t o f t h e 
p h a s e - s e n s i t i v e d e t e c t o r s go t o A/D i n p u t s o f a PDP-11/23 comput­
er. The PDP A/D converts t h e DC component o f the o u t p u t o f t h e 
p h a s e - s e n s i t i v e d e t e c t o r s and t r a n s f e r s t h e data t o an NCR mi c r o ­
computer f o r a n a l y s i s . A bl o c k diagram o f t h e r e c e i v e r system i s 
shown i n F i g u r e 3.2. D e t a i l e d i n f o r m a t i o n on t h e r e c e i v i n g equip­
ment a t the OSURO can be found i n [ 2 0 ] . 
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A n e g a t i v e v o l t a g e from a p h a s e - s e n s i t i v e d e t e c t o r i m p l i e s 
g r e a t e r power i n t h e west (leading) horn than i n t h e east ( t r a i l ­
ing) horn f o r t h a t channel, and a p o s i t i v e o u t p u t i m p l i e s more 
power i n the east than t h e west. I t must be s t r e s s e d t h a t t h e 
d i f f e r e n c e between t h e horns i s b e i n g measured, and not t h e abso­
l u t e power i n e i t h e r horn. This e f f e c t i s u s e f u l i n d e t e c t i n g ce­
l e s t i a l r a d i o p o i n t sources, since such sources w i l l not be i n 
b o t h beams si m u l t a n e o u s l y . Conversely, t e r r e s t r i a l i n t e r f e r e n c e 
may l i k e l y b l a n k e t b o t h feed horns e q u a l l y . I f t h i s i s t h e case, 
t h e p h a s e - s e n s i t i v e d e t e c t o r s output zero v o l t s DC, s i n c e t h e r e i s 
no d i f f e r e n c e i n t h e power r e c e i v e d by t h e horns. Thus, t h e dual 
feed horns can "see t h r o u g h " t h e i n t e r f e r e n c e , and can s t i l l r e g ­
i s t e r a c e l e s t i a l source i n s p i t e of RFI. C e l e s t i a l r a d i a t o r s 
w i t h a l a r g e angular w i d t h are c o r r u p t e d by t h e switched feed 
horns, and are not e a s i l y d e t e c t a b l e , because t h e antenna p a t t e r n s 
c r e a t e d by b o t h beams w i l l i n t e r f e r e w i t h each o t h e r . 

An ICOM-R7000 communications r e c e i v e r i s used t o demodulate 
d e t e c t e d s i g n a l down t o t h e audio range. I t i s tuned v i a a s e r i a l 
l i n e from the PDP. I t s audio o u t p u t i s recorded by a c o n v e n t i o n a l 
audio c a s s e t t e r e c o r d e r . Also recorded i s t h e WWV t i m e s i g n a l f o r 
a time stamp. 

3.3 The F e e d Horn C a r t 

The feed horns are mounted on a c a r t which moves h o r i z o n t a l l y i n 
t h e f o c a l plane. Cables c a r r y i n g t h e RF from t h e preamps t o t h e 
r e c e i v i n g equipment t r a v e l t h r o u g h a device c a l l e d t h e " s c i s s o r s " 
t o p r e v e n t t a n g l i n g . Since c e l e s t i a l source r a d i o images move 
l a t e r a l l y i n t h e d e c l i n a t i o n s t h e OSURO can observe, t h e l a c k of 



v e r t i c a l p o s i t i o n i n g does not cause a problem. The c a r t i s capa­
b l e of moving at t h e slow speeds necessary t o t r a c k a c e l e s t i a l 
o b j e c t -- 0.8 cm/sec — w i t h g r e a t accuracy, and at f a s t e r speeds 
f o r r e p o s i t i o n i n g . The PDP-11/23 c o n t r o l s and m o n i t o r s t h e p o s i ­
t i o n and speed of t h e horn c a r t . A nichrome w i r e r u n n i n g t h e en­
t i r e l e n g t h o f the t r a v e l of t h e c a r t — c a l l e d t h e ' s l i d e w i r e ' --
and a wiper mounted on t h e c a r t p r o v i d e t h e sensing o f t h e c a r t ' s 
a b s o l u t e p o s i t i o n . L i m i t switches mounted on t h e underside o f t h e 
c a r t sense when t h e c a r t has reached i t s l i m i t o f t r a v e l . P l a t e 
I I i s a p i c t u r e o f t h e feed horn c a r t . The s c i s s o r s are closed, 
on t h e r i g h t . The s p e c i f i c s of feed horn c a r t c o n t r o l and mainte­
nance are gi v e n i n [ 2 1 ] . 

3.4 The A r t i f i c i a l S i g n a l S o u r c e 

An a r t i f i c i a l s i g n a l source was used t o s i m u l a t e a narrow-band 
source moving through t h e feed horns. I t t r a n s m i t s a c a r r i e r a t a 
frequency o f rou g h l y 1422.5 MHz, w i t h a narrow ( < 5 kHz ) band­
w i d t h . I t s antenna i s connected w i t h a p i n diode, so i t can be 
sw i t c h e d on and o f f q u i c k l y . The antenna t r a n s m i t s close t o t h e 
ground plane, between t h e feed horns and t h e f l a t r e f l e c t o r . I t s 
s i g n a l b l a n k e t s b o t h feed horns. A c o n t r o l l e r was b u i l t which 
would t u r n t h e output of t h e source on and o f f i n or out o f phase 
w i t h t h e Dicke s w i t c h , so i t would appear t o t h e p h a s e - s e n s i t i v e 
d e t e c t o r s t h a t a source was focused on one or t h e o t h e r feed horn. 
The source s i g n a l generator and c o n t r o l l e r are l o c a t e d i n t h e 
focus room, where c o n t r o l l e d temperature and h u m i d i t y keep t h e 
ou t p u t o f t h e generator r e l i a b l e . 
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PLATE I I The feed horn c a r t from t h e west. 
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3 . 5 The Computers 

Two computers form t h e backbone and b r a i n of t h e LOBES system. 
The main computer i s a PDP 11/23, i n s t a l l e d a t t h e OSURO i n 1983. 
I t p r o v i d e s a l l t h e data i n p u t and c o n t r o l s t h e horn c a r t and r e ­
c e i v i n g equipment. The PDP1s RSX11M o p e r a t i n g system i s m u l t i ­
t a s k i n g , and t h e r e are always t a s k s r u n n i n g i n t h e background 
w h i l e LOBES i s i n o p e r a t i o n which have n o t h i n g t o do w i t h LOBES. 
Since t h e PDP alr e a d y performs many f u n c t i o n s , i t was decided t h a t 
t h e s i g n a l d e t e c t i o n a l g o r i t h m s should be run on another computer: 
t h e NCR. 

The NCR microcomputer i s an IBM PC-XT clone. I t communicates 
w i t h t h e PDP v i a a s e r i a l l i n e . P a t t e r n match r e s u l t s and othe r 
data are w r i t t e n t o a f l o p p y d i s k i n t h e NCR. When s i g n a l f o l ­
lowup occurs, t h e NCR's p r i n t e r makes a hard copy of t h e event. 
Every 3000 channel spectrum sample, r e a l - t i m e s t r i k e i n f o r m a t i o n 
i s o u t p u t t o t h e screen. There i s a l a r g e c o m p u t a t i o n a l burden on 
th e NCR, which has an 8087 math coprocessor. 

3. 6 The Computer Programs 

The two computers -- the PDP-11/23 and t h e NCR — need t o communi­
cate smoothly and q u i c k l y i n order t o immediately f o l l o w u p on a 
h i t . More p r e c i s e l y , t h e programs r u n n i n g on the two computers --
PDP-LOBES and NCR-LOBES — must be able t o s w i f t l y execute t h e i r 
i n s t r u c t i o n s , even though they need t o t r a n s f e r i n s t r u c t i o n s and 
data over a s e r i a l l i n k . Both s e r i a l p o r t i n t e r r u p t s are d i s a b l e d 
f o r t h i s process; t h e p o r t s are p o l l e d and t h e o p e r a t i n g systems 
are bypassed. 
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Handshaking i s used f o r t h e f a s t e s t t r a n s f e r o f data. The 
PDP-LOBES program ( w r i t t e n i n FORTRAN) i s always t h e f i r s t t o send 
out i t s "hand": a prompt comes from PDP-LOBES which t e l l s NCR-
LOBES ( w r i t t e n i n C) t h a t t h e PDP i s ready t o accept a menu 
choice. The PDP-LOBES program i s a l l menu d r i v e n . The program 
i t s e l f was w r i t t e n as though t h e NCR were a person d i c t a t i n g com­
mands by making menu choices through a t e r m i n a l . The NCR c o n t r o l s 
th e PDP because t h e NCR has more memory, an IBM compatible o p e r a t ­
i n g system and d i s k p r o t o c o l , can d i s p l a y g r a p h i c s , and does not 
have t o c o l l e c t t h e data or run o t h e r t a s k s . 

A quick t r a n s f e r o f data i s necessary because each o f t h e 
30 00 channels must be processed by t h e p a t t e r n match a l g o r i t h m . 
Since t h e r e are two computers a v a i l a b l e , p a r a l l e l p r o c e s s i n g can 
be e x p l o i t e d . The PDP can c o l l e c t and compress new data w h i l e t h e 
NCR processes t h e j u s t - t r a n s f e r r e d data. The PDP has normal sys­
tem t a s k s r u n n i n g i n t h e background, which do t a k e up some over­
head, but t h e NCR i s u s u a l l y t h e b o t t l e n e c k i n t h e system. 
Because the (n e a r l y ) r e a l time p r o c e s s i n g on t h e NCR i s r e l a t i v e l y 
demanding, t h e t r a n s f e r o f new data must be s w i f t . A one-sided 
sending of data from t h e PDP t o t h e NCR seems t h e most o p t i m a l , 
but the i n t e r r u p t r o u t i n e on the NCR demands t o o much overhead f o r 
th e t r a n s f e r t o a l l o w a 9600 baud r a t e . T h e r e f o r e , i t became nec­
essary f o r NCR-LOBES t o t r a n s f e r a c o n f i r m a t i o n b y t e back t o t h e 
PDP, which c o u l d be considered an "echo", which PDP-LOBES w a i t s 
f o r b e f o r e t r a n s f e r r i n g another b y t e o f data. 

The time used t o c o l l e c t one spectrum i s d i f f e r e n t from t h e 
nominal 10 seconds suggested by Dixon. The t i m e was lengthened t o 
21.4 seconds per spectrum a t t h e c e l e s t i a l equator and increases 
by a f a c t o r o f 1/cos (5) , where 5 i s t h e antenna d e c l i n a t i o n , as 5 
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i s changed. This a l l o w s a f i x e d number o f samples, seven, between 
maxima i n t h e switched feed horn p a t t e r n . Thus, t h e programs go 
thr o u g h a 21.4/cos(5) second c y c l e of data c o l l e c t i o n , data t r a n s ­
f e r , p a t t e r n match, and a closeup look a t t h e l a r g e s t h i t . When a 
major h i t occurs, t h e ICOM r e c e i v e r i s tuned t o t h e cent e r o f t h e 
10 kHz channel which caused t h e s t r i k e , t h e audio r e c o r d e r i s 
t u r n e d on, and the h i t i s monitored. While t h e audio r e c o r d e r i s 
r e c o r d i n g , t h e ICOM r e c e i v e r mode c y c l e s t h r o u g h AM, FM, and SSB, 
d w e l l i n g i n each mode f o r 5/cos (5) seconds. Data from t h e 12-10 
kHz p h a s e - s e n s i t i v e d e t e c t o r s i s sent from t h e PDP t o t h e NCR 
every 5 seconds, and i s p r i n t e d out on t h e NCR's p r i n t e r . No 
checking of pr e v i o u s h i t s i s done t o determine i f t h e source was a 
h i t 24 s i d e r e a l hours b e f o r e , which would i n d i c a t e a continuous 
t r u e c e l e s t i a l source. 

A f l o w diagram of t h e e n t i r e process i s shown i n F i g u r e 3.3. 
A f t e r moving t h e horn c a r t and m o n i t o r i n g t h e h i t , t h e p a t t e r n 
match v a r i a b l e s must be r e - i n i t i a l i z e d , because t h e o l d data i s 
usel e s s ; t h e horn c a r t i s r e t r a c e d back t o cente r focus, and a 
d i f f e r e n t p a r t o f th e sky w i l l be observed than a t t h e t i m e imme­
d i a t e l y b e f o r e t r a c k i n g . I f any communication problems occur be­
tween t h e NCR and t h e PDP, then t h e NCR r e - i n i t i a l i z e s i t s v a r i ­
ables and attempts t o recover proper communications. 

L i s t i n g s o f t h e FORTRAN and C a l g o r i t h m s can be found a t t h e 
OSURO [ 2 1 ] . 
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F i g u r e 3.3 A f l o w diagram o f t h e computer programs. 



Chapter IV 
THE LOBES SEARCH STRATEGY 

4.1 The I n i t i a l D e t e c t i o n 

As de s c r i b e d by Dixon and Van Horne [ 1 8 ] , t h e water hole i s ana­
l y z e d by t h e OSURO's r e c e i v e r system. A bank o f 50-100 kHz r e ­
c e i v e r s "hop" a t 5 MHz i n t e r v a l s , c o v e r i n g t h e 300 MHz water hole 
i n 60 hops, p r o d u c i n g a 3000 channel spectrum. 

The time a l l o t t e d t o g a t h e r i n g a 3000 channel spectrum a t 0 
degrees d e c l i n a t i o n i s 21.4 seconds. This r e s u l t s i n 7 s p e c t r a 
sampled i n t h e 150 second delay between t h e sw i t c h e d feed antenna 
p a t t e r n peaks. The sampling t i m e per spectrum a t non-zero d e c l i ­
n a t i o n s i s 21.4/cos(5) seconds, which m a i n t a i n s 7 samplings f o r an 
antenna p a t t e r n , r e g a r d l e s s o f t h e d e c l i n a t i o n . This l e n g t h e n i n g 
i n t h e sample time increases t h e i n t e g r a t i o n time o f t h e r e ­
c e i v e r s , and i t a l l o w s t h e antenna p a t t e r n match a l g o r i t h m t o op­
e r a t e independently o f antenna d e c l i n a t i o n . 

4.1.1 The S w i t c h e d F e e d Horn P a t t e r n 

Many r a d i o telescopes use one feed horn, whose i n p u t i s c o n s t a n t l y 
b e i n g r e c e i v e d . The power o f r a d i o sources i s measured by t h e 
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i n c r e a s e of antenna temperature. The OSURO uses two feed horns 
whose o u t p u t s are switched, as de s c r i b e d i n t h e Receiver System 
s e c t i o n o f Chapter 3. The antenna beams p o i n t a t t h e same d e c l i ­
n a t i o n and are separated i n r i g h t ascension. As a source passes 
t h r o u g h t h e beams, an imbalance o f horn power i s output by t h e 
ph a s e - s e n s i t i v e d e t e c t o r s . The shape o f the antenna p a t t e r n i s 
shown i n [8,18] and F i g u r e 4.1. 

The spacing i n time between t h e peaks o f th e s w i t c h e d feed 
p a t t e r n caused by a c e l e s t i a l r a d i o source v a r i e s depending on t h e 
observed d e c l i n a t i o n . The spacing between t h e peaks i s 37.5 min­
utes o f arc, which t r a n s l a t e s t o 150 seconds o f RA, a t 0 degrees 
d e c l i n a t i o n . The time between peaks a t d i f f e r e n t d e c l i n a t i o n s has 
been approximated as 150/cos(5) seconds. This a p p r o x i m a t i o n i s 
adequate f o r t h e +63 t o -34 degree d e c l i n a t i o n range observable a t 
the OSURO. I n August, 1990, I conducted a t e s t t o a c c u r a t e l y es­
t i m a t e t h e v e l o c i t y o f a c e l e s t i a l r a d i o image (01-284.3) i n t h e 
f o c a l plane o f t h e OSURO [ 2 2 ] . The r e s u l t s c o n firmed t h e 30 sec­
ond (RA) HPBW a t 0 degrees d e c l i n a t i o n , as de s c r i b e d by Dixon i n 
[ 1 8 ] . L i k e t h e peak spacing o f t h e switched antenna p a t t e r n , t h e 
HPBW time a l s o gets l o n g e r w i t h d e c l i n a t i o n s c l o s e r t o the c e l e s ­
t i a l p o l e s . However, the switched beams w i l l not o v e r l a p . One 
can v i s u a l i z e t h e switched feed p a t t e r n s t r e t c h i n g i n ti m e when 
th e d e c l i n a t i o n i s moved toward t h e p o l e s , u n t i l i t takes t w i c e as 
lo n g a t +-60 degrees d e c l i n a t i o n . 

D i f f u s e r a d i o sources (those w i t h a l a r g e angular e x t e n t ) can 
be i n bot h beams si m u l t a n e o u s l y . For t h i s reason, t h e switched 
feed system i s not e f f i c i e n t i n o b s e r v i n g them. F o r t u n a t e l y , an 
ETI s i g n a l i s assumed t o be a p o i n t source, since i t w i l l suppos­
e d l y be produced by a d i s t a n t , compact source. I t i s i n f a c t t h e 
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F i g u r e 4.1 The switched feed antenna p a t t e r n produced 
a d r i f t scan of a p o i n t source at 0 degrees antenna 
d e c l i n a t i o n . 
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design o f t h e switched feed system t o i g n o r e power i m p i n g i n g on 
b o t h feed horns s i m u l t a n e o u s l y . This removes l o c a l RFI and d i f ­
fuse sources; i t a l l o w s a p o i n t source t o "shine t h r o u g h " . 

4.1.2 S a m p l i n g and N o r m a l i z i n g t h e D a t a 

The 100 kHz r e c e i v e r must change i t s center frequency 60 times t o 
c o l l e c t data f o r an e n t i r e spectrum. I t must delay f o r a f i n i t e 
t i m e d u r i n g each hop t o a l l o w t h e r e c e i v e r system t o s e t t l e . 
D u ring t h i s delay t h e data f o r t h e p r e v i o u s 50 channels can be 
processed. The data i s f i r s t t r a n s f e r r e d t o t h e NCR v i a handshak­
i n g i n s o f t w a r e . Then the NCR normalizes t h e data, updates the 
channel average and standard d e v i a t i o n , and passes t h e n o r m a l i z e d 
data t o t h e p a t t e r n matching a l g o r i t h m . The equations f o r normal­
i z a t i o n and s t a t i s t i c s are as f o l l o w s : 

normdata = raw data - average (4.1) 
average = average*(1-1/smave) + normdata/smave (4.2) 
stdev = stdev*(1-1/smstd) + 2*abs(normdata)/smstd (4.3) 

where 
normdata = normalized data f o r a channel 
average = average f o r a channel 
stdev = standard d e v i a t i o n f o r a channel 
smave = 30, f i l t e r t i m e constant f o r average 
smstd = 160, f i l t e r t i m e constant f o r standard d e v i a t i o n 

The i n i t i a l values o f t h e averages and standard d e v i a t i o n s are 
v a l u e d s t o r e d from t h e l a s t t i m e t h e LOBES process t e r m i n a t e d . 
Thus, s t a r t i n g t r a n s i e n t s are minimized. The average c a l c u l a t i o n 
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i s an I I R lowpass f i l t e r . The standard d e v i a t i o n c a l c u l a t i o n i s 
l i k e an I I R f i l t e r , however i t i s n o n l i n e a r because o f t h e abs() 
f u n c t i o n used. 

A s p e c i a l p r o v i s i o n i s taken t o keep a s t r o n g s i g n a l from 
causing a channel's standard d e v i a t i o n t o get l a r g e t o o q u i c k l y . 
A new standard d e v i a t i o n i s c a l c u l a t e d o n l y i f 

abs(normdata) < 2*stdev 

I f t h i s were not implemented, t h e s i g n a l might be i g n o r e d because 
i t was too s m a l l a m u l t i p l e of t h e channel's standard d e v i a t i o n . 
Also, i f a few s t r o n g spikes of RFI occur, t h e channel's standard 
d e v i a t i o n would t a k e a long t i m e t o recover t o i t s proper v a l u e . 
The choice o f 2*stdev i s r e l a t i v e l y a r b i t r a r y . Computer simula­
t i o n s o f t h i s c a l c u l a t i o n m o d i f i c a t i o n show t h a t i t has l i t t l e e f ­
f e c t on t h e s t a n d a r d d e v i a t i o n , except when a s i g n a l i s p r e s e n t . 

The o n l y f i l t e r i n g of the i n i t i a l raw data occurs when t h e 
data value f o r a channel equals zero. I f a channel s a t u r a t e s t h e 
A/D i n p u t , t h e PDP assigns t h e i n p u t a v a l u e o f value -32,767 (Hex 
FFFF). This data value cannot be t r a n s m i t t e d t o t h e NCR w i t h t h e 
compressed data scheme used, so t h i s values i s assigned a v a l u e o f 
0. To overcome t h e p o t e n t i a l l y d e v a s t a t i n g e f f e c t these 0 values 
may have on t h e average and standard d e v i a t i o n , t h e y are f i l t e r e d 
out: i g n o r e d . E s s e n t i a l l y , t h e zero v a l u e a l e r t s t h e NCR t h a t 
the channel was s a t u r a t e d , and t h e NCR sets t h e zero-valued raw 
data equal t o t h e raw data f o r t h e same channel i n t h e p r e v i o u s 
spectrum. Since t h e A/D's on t h e PDP o u t p u t t h e range 0 t o 4095 
(12 b i t s ) , 0 i s a v a l i d data value and s h o u l d be considered i n a l l 
c a l c u l a t i o n s . This e x c e p t i o n seems v a l i d , however, because a t r u e 
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raw data value o f 0 i s so close t o producing an A/D e r r o r i t might 
as w e l l be c l a s s i f i e d one. I f an i n p u t s a t u r a t e s t h e A/D i n t h e 
p o s i t i v e sense (as though a value g r e a t e r than 4095 were needed), 
t h e n t h e i n p u t i s a l s o assigned a value of 0. I t i s an o p t i o n t o 
i g n o r e t h e channel i f i t s a t u r a t e s , f o r t h e r e i s o b v i o u s l y a very 
s t r o n g s i g n a l on i t . The f i l t e r i n g a l l o w s s t r o n g s i g n a l s t o be 
d e t e c t e d and not r e j e c t e d . 

4.1.3 M a t c h i n g t h e D a t a t o t h e P a t t e r n 

The p a t t e r n matching a l g o r i t h m matches t h e data i n each 100 kHz 
channel t o t h e antenna p a t t e r n c r e a t e d by t h e switched feed horns. 
The a l g o r i t h m r e g i s t e r s a s t r i k e when t h e s i g n a l i s s t i l l i n t h e 
t r a i l i n g beam, thus a l l o w i n g immediate f o l l o w u p . 

The a l g o r i t h m uses t h e normalized data d e s c r i b e d p r e v i o u s l y 
t o update t h e average and standard d e v i a t i o n s o f t h e channels. 
Negative normalized data i m p l i e s t h a t a source i s i n t h e l e a d i n g 
feed horn. P o s i t i v e normalized data i m p l i e s t h a t a source i s i n 
the t r a i l i n g beam. Near zero n o r m a l i z e d data i m p l i e s t h a t equal 
power i s i n b o t h beams. E s s e n t i a l l y , t h e p a t t e r n match a l g o r i t h m 
looks f o r a n e g a t i v e normalized data value f o l l o w e d by a p o s i t i v e 
v a l u e , delayed by t h e number o f s p e c t r a samples between t h e peaks 
i n t h e switched feed antenna p a t t e r n . 

The p a t t e r n match sequence s t a r t s when the c u r r e n t n o r m a l i z e d 
data value f o r a channel i s g r e a t e r than t h e p r e v i o u s normalized 
v a l u e . Plus, t h e p r e v i o u s value must have been l e s s than -1 times 
th e s t a n dard d e v i a t i o n o f t h a t channel, and t h e c u r r e n t value must 
be l e s s than -0.5 times t h e p r e v i o u s v a l u e , a p o s i t i v e number. 
This corresponds t o t h e d e t e c t i o n o f t h e f a l l i n g edge o f a 
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s i g n a l ' s power i n t h e l e a d i n g beam. The counter f o r t h a t channel 
i s incremented from 0 t o 1. The p r e v i o u s value i s s t o r e d as t h e 
peak value o f t h e source i n t h e l e a d i n g beam. I t i s c a l l e d t h e 
p o i n t o f ascension, or "POA". A f t e r t h e next spectrum i s sampled, 
th e new value i s compared t o t h e s t o r e d POA va l u e . I f i t i s 
g r e a t e r than t h e POA value, and l e s s than -0.5 times POA, the n t h e 
counter increments t o 2. Otherwise, t h e counter r e s e t s t o 0, and 
a new POA data i s looked f o r . This process o f checking new data 
and i n c r e m e n t i n g t h e counter continues u n t i l t h e counter reaches 6 
or 7. At t h i s p o i n t , 6 or 7 sp e c t r a have been sampled: t h e t i m e 
i t takes f o r a s i g n a l t o move from one antenna beam peak t o t h e 
o t h e r . I f t h e new data value i s l e s s t h a n -3.33 times POA and 
g r e a t e r than -0.3 times POA (both p o s i t i v e v a l u e s ) , then a s t r i k e 
has occurred. The s t r i k e value f o r a channel i s c a l c u l a t e d t h u s : 

s t r i k e = (new normalized data - POA d a t a ) / ( 2 * s t d e v ) 

F i g u r e 4.2 shows t h e c r i t e r i a i n a g r a p h i c a l way. Since t h e sam­
p l i n g t i m e changes w i t h t h e d e c l i n a t i o n . F i g u r e 4.2 w i l l not 
change w i t h d e c l i n a t i o n ; t h e r e w i l l always be 7 sp e c t r a sampled 
between peaks i n t h e switched feed antenna p a t t e r n . 

Since t h e peaks are a known 7 s p e c t r a f o r each d e c l i n a t i o n , 
why then t r y t o d e t e c t a s t r i k e a f t e r o n l y 6 sp e c t r a are sampled? 
Because of t h e u n c e r t a i n t y i n t h e t r i g g e r i n g p o s i t i o n caused by 
the l o c a t i o n o f t h e s i g n a l i n t h e l e a d i n g feed horn and because 
the s p e c t r a t a k e 2/3 of the beam's HPBW t o c o l l e c t . I t i s an ad­
vantage t o d e t e c t a source e a r l y - a f t e r 6 samples - w h i l e t h e 
source i s w i t h i n t h e t r a i l i n g beam's HPBW, tha n a f t e r 7 samples, 
when t h e source may q u i c k l y pass out o f t h e beam and be 



F i g u r e 4.2 The 100 kHz channel 
p a t t e r n match c r i t e r i o n . 
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u n d e t e c t a b l e by t h e 10 kHz r e c e i v e r s . There i s a l s o u n c e r t a i n t y 
i n t h e source's l o c a t i o n i n e i t h e r beam caused by t h e system 
n o i s e . 

Once a s t r i k e has occurred, i t i s compared t o t h e l a r g e s t 
s t r i k e c a l c u l a t e d f o r t h a t spectrum. I f t h e c u r r e n t s t r i k e v a l ue 
i s g r e a t e r , then t h e c u r r e n t s t r i k e becomes t h e l a r g e s t s t r i k e and 
th e c u r r e n t channel number replaces t h e p r e v i o u s l y l a r g e r s t r i k e 
channel number. I n any case, a v a r i a b l e c o n t a i n i n g t h e number o f 
s t r i k e s f o r t h a t spectrum i s incremented and t h e s t r i k e v a l ue i s 
added t o an accumulator. These are some o f t h e data s t o r e d on 
d i s k f o r l a t e r a n a l y s i s . 

This process produces s t r i k e s on s e v e r a l channels per spec­
tru m c o l l e c t e d , every 21.4/cos(5) seconds. An immediate f o l l o w u p 
of t h e l a r g e s t s t r i k e i s deemed necessary o n l y a f t e r f u r t h e r i n ­
v e s t i g a t i o n v e r i f i e s a narrow-band s t r i k e . I n h e r e n t i n t h i s p r o ­
cess i s t h e f a c t t h a t a channel cannot produce two consecutive 
s t r i k e s . There must be a delay o f a t l e a s t 6 or 7 s p e c t r a sam­
p l i n g s a f t e r a channel r e g i s t e r s a s t r i k e b e f o r e another s t r i k e 
can occur, because i t s counter i s r e s e t t o 0 and must count up t o 
6 or 7 again. 

4 . 2 Narrow-band D e t e c t i o n 

A f t e r a l l t h e 100 kHz channels have been processed, t h e channel 
w i t h the g r e a t e s t s t r i k e v a l ue i s analyzed w i t h t h e 10 kHz r e ­
c e i v e r s . The 10 kHz r e c e i v e r s are centered over t h e 100 kHz chan­
n e l o f i n t e r e s t , as d e s c r i b e d i n [18] . I f t h e 100 kHz channel 
s t r i k e has a s u f f i c i e n t l y h i g h value and i f t h e 10 kHz c r i t e r i o n 
i s s a t i s f i e d , t h e n t h e 100 kHz data c o l l e c t i o n stops and t h e 10 
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kHz channels are c o n s t a n t l y analyzed. Otherwise, 100 kHz data 
c o l l e c t i o n c ontinues as normal. Even though t h e maximum 100 kHz 
s t r i k e v a l ue may be below t h e preprogrammed minimum value, t h e 10 
kHz data c o l l e c t i o n i s performed t o keep spectrum c o l l e c t i o n even­
l y spaced. 

4.2.1 F r e q u e n c y L o o k a s i d e 

The average values f o r t h e 100 kHz channels i s c a l c u l a t e d as de­
s c r i b e d above. The average values f o r t h e 10 kHz r e c e i v e r s , how­
ever, are not known f o r a r b i t r a r y p a r t s o f t h e water h o l e . For 
t h i s reason, a technique which I c a l l "frequency l o o k a s i d e " i s 
used t o estimate t h e average values of t h e 10 kHz channels i n t h e 
v i c i n i t y o f t h e 100 kHz channel o f i n t e r e s t . The p r i n c i p l e i s 
simple: t h e 10 kHz r e c e i v e r s are tuned t o a frequency near but 
not o v e r l a p p i n g t h e frequency of i n t e r e s t , where t h e y are al l o w e d 
t o s e t t l e . The data from t h e 10 kHz p h a s e - s e n s i t i v e d e t e c t o r s are 
c o l l e c t e d , t h e n t h e 10 kHz r e c e i v e r s are tuned t o t h e frequency 
band of i n t e r e s t : t h e center frequency o f t h e 100 kHz s t r i k e . 
The r e c e i v e r system i s allowed t o s e t t l e once again, then t h e data 
are c o l l e c t e d again from t h e 10 kHz p h a s e - s e n s i t i v e d e t e c t o r s . 
The f i r s t data set i s considered t o be t h e "averages" o f t h e 10 
kHz channels. Thus, t o determine whether a s i g n a l i s present i n 
the second set o f data the f i r s t set i s s u b t r a c t e d from i t . This 
should produce a set o f data whose average i s close t o zero. I f a 
s i g n a l of t h e k i n d LOBES i s t r y i n g t o d e t e c t i s p r e s e n t , o n l y one 
d i f f e r e n c e w i l l be l a r g e and p o s i t i v e . The r e s t o f t h e d i f f e r e n c e 
values must be no g r e a t e r than or l e s s than zero by by a f r a c t i o n 
of t h e maximum d i f f e r e n c e . Plus, t h e maximum channel value must 
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be g r e a t e r than a l l o t h e r channels u s i n g t h e data c o l l e c t e d when 
th e 100 kHz channel o f i n t e r e s t was analyzed. These c r i t e r i a are 
l a i d out g r a p h i c a l l y i n F i g u r e s 4.3 and 4.4. 

This technique has s e v e r a l drawbacks. F i r s t , t h e frequency 
band chosen t o be t h e "average" i s not checked f o r RFI, and c o u l d 
thus d i s t o r t an otherwise l e g i t i m a t e s t r i k e . Second, t h e i n t e g r a ­
t i o n t i m e of t h e 10 kHz p h a s e - s e n s i t i v e d e t e c t o r s must be cut i n 
h a l f i n order t o accomplish t w i c e as many " l o o k s " . The f i r s t 
problem may not be so much of a problem; i f t h e r e i s RFI i n t h e 
v i c i n i t y o f t h e frequency o f i n t e r e s t , then t h e r e i s a chance t h a t 
some RFI may c o r r u p t t h a t frequency band. The RFI may even have 
been t h e cause of t h e s t r i k e . The second problem must be accepted 
as a necessary expense t o estimate t h e 10 kHz channel averages. 

Frequency lo o k a s i d e i s used i n a l l 10 kHz channel analyses. 
The "average" reading i s taken 200 kHz (2-100 kHz channels) h i g h e r 
i n frequency than t h e band of i n t e r e s t . The s e t t l i n g ( i n t e g r a ­
t i o n ) t i m e of t h e 10 kHz system i s 1.0 second, hence t h e t o t a l 
t i m e t o c o l l e c t t h e 10 kHz data i s 2.0 seconds. This value r e ­
mains constant w i t h d i f f e r e n t d e c l i n a t i o n s . 

I f b o th t h e 100 kHz and 10 kHz d e t e c t i o n c r i t e r i a are s a t i s ­
f i e d , t h e c o l l e c t i o n o f 100 kHz data i s suspended and t h e 10 kHz 
channels are used t o analyze t h e data. From t h i s p o i n t , t h e r e ­
t u r n t o normal 100 kHz data c o l l e c t i o n r e q u i r e s t h a t a l l p e r t i n e n t 
p a t t e r n match v a r i a b l e s f o r t h e 100 kHz channels be r e s e t , since 
t h e r e w i l l have been a p e r i o d o f time when no s p e c t r a were c o l ­
l e c t e d : t h e p r e v i o u s data w i l l not have any c o n t e x t u a l r e l a t i o n ­
s h i p w i t h t h e new s p e c t r a c o l l e c t e d , c o n s i d e r i n g t h e s e q u e n t i a l 
n a t u r e of t h e p a t t e r n match a l g o r i t h m . 
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A.2.2 S t a t i o n a r y M o n i t o r i n g 

Assuming t h a t t h e LOBES system has committed i t s e l f t o m o n i t o r i n g 
a s t r i k e , t h e f i r s t t h i n g i t must do i s w a i t f o r t h e s i g n a l t o 
disappear. I f t h e s i g n a l i s d e t e c t e d over a l o n g p e r i o d o f time 
by t h e 10 kHz r e c e i v e r s then i t p r o b a b l y i s not a s i g n a l o f i n t e r ­
e s t . A t r u e c e l e s t i a l p o i n t source w i l l move thr o u g h t h e t r a i l i n g 
beam f o r a maximum o f 1 minute (at 0 degrees d e c l i n a t i o n ) . The 
p r a c t i c a l t i m e i s s h o r t e r , c o n s i d e r i n g t h e 30 second (RA) HPBW, 
and t h e f a c t t h a t the s t r i k e may have r e g i s t e r e d a f t e r t h e t r a i l ­
i n g beam maximum had been passed. 

For t h i s t h e s i s , t h e t i m e between 10 kHz analyses d u r i n g t h i s 
phase i s 5/cos (5) seconds. This a l l o w s changes i n d e c l i n a t i o n 
w i t h o u t a f f e c t i n g t h i s d e t e c t i o n c r i t e r i o n . I f t h e s i g n a l i s de­
t e c t e d 12 tim e s , i t i s considered RFI and t h e 100 kHz data c o l l e c ­
t i o n resumes. I f t h e source i s not d e t e c t e d two times i n a row, 
the next stage of f o l l o w u p , moving t h e feed horns, occurs. 

D u r i n g t h i s i n i t i a l m o n i t o r i n g o f t h e source, any narrow-band 
source d e t e c t e d on a 10 kHz channel which was not t h e i n i t i a l 
s t r i k e channel (one of t h e remaining 11 channels) i s considered t o 
be RFI. I t i s assumed t h a t d u r i n g t h i s s h o r t t i m e a f t e r d e t e c t i o n 
th e frequency s h i f t caused by doppler sweep w i l l be sma l l compared 
t o 10 kHz. Thus, i f t h e s i g n a l changes i n frequency by even one 
channel i t i s considered RFI and i s ig n o r e d . Normal 100 kHz data 
c o l l e c t i o n then c o n t i n u e s , a f t e r a l l channel s t r i k e h i s t o r i e s are 
c l e a r e d . 

The audio recorder i s t u r n e d on a t t h e b e g i n n i n g o f t h i s 
phase o f source m o n i t o r i n g . I t i s t u r n e d o f f when normal 100 kHz 
data c o l l e c t i o n resumes. Each t i m e t h e 10 kHz r e c e i v e r s are used 
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(5/cos (8) seconds), t h e ICOM-R7000 r e c e i v e r mode i s r o t a t e d t o AM, 
FM, or SSB (CW) . This a l l o w s t h e s i g n a l t o be demodulated i n as 
many modes as p o s s i b l e . This d i f f e r s from t h e 3 seconds suggested 
i n [18] . 

4 . 3 F o l l o w i n g Up 

The t e c h n i q u e f o r t r a c k i n g a source as d e s c r i b e d i n [18] d i f f e r s 
from t h e technique used i n t h e LOBES system. Dixon suggests t h a t 
t h e feed horns begin t r a c k i n g t h e source when i t reaches t h e peak 
response i n t h e t r a i l i n g feed horn. P l u s , he describes t h e feed 
horns t r a c k i n g t h e source f o r 1-2 hours a t t h e s i d e r e a l r a t e , 
r e c o r d i n g t h e s i g n a l as demodulated by t h e ICOM r e c e i v e r . I t 
seems t h a t t h i s technique i s most e f f e c t i v e i n r e c o r d i n g s i g n a l s 
which are sporadic, or perhaps p u l s e d , since t h e e n t i r e t r a c k i n g 
t i m e i s used f o r each s t r i k e . 

4.3.1 Moving t h e F e e d Horns 

The t e c h n i q u e I used t o t r a c k i s more a p p l i c a b l e f o r CW s i g n a l s 
and s i g n a l s p u l s e d at l e a s t once per beamwidth. Once t h e s i g n a l 
has gone away, t h e feed horns are moved t o place t h e t r a i l i n g beam 
j u s t ahead of t h e source and th e n are stopped. The 10 kHz r e ­
c e i v e r s then are analyzed once every 5 seconds t o attempt t o r e -
de t e c t t h e s i g n a l . I f t h e s i g n a l were a constant frequency c a r r i ­
er, t h e response recorded by t h e 10 kHz channel d e t e c t i n g t h e s i g ­
n a l w i l l l o ok j u s t l i k e t h e t r a i l i n g beam's antenna p a t t e r n , s i n ce 
i t w i l l d r i f t t hrough t h e t r a i l i n g beam. A f t e r t h e t i m e i t takes 
f o r a source t o d r i f t t h rough t h e t r a i l i n g beam, about 60/cos(5) 
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seconds, the feed horns are again moved t o p l a c e t h e t r a i l i n g beam 
ahead of t h e source - i f t h e source was d e t e c t e d a t l e a s t once i n 
t h e beamwidth w a i t . Else, t h e feed horns r e t r a c e back t o c e n t e r 
focus, where normal 100 kHz data c o l l e c t i o n resumes. This a l l o w s 
l e s s t i m e t o be wasted t r a c k i n g a source which has disappeared, or 
i n t r a c k i n g RFI mistaken f o r a s i g n a l . 

4.3.2 R e p e a t o f Narrow-band D e t e c t i o n 

I used s e v e r a l d i f f e r e n t c r i t e r i a t o determine whether the s i g n a l 
was present d u r i n g t h e t r a i l i n g beam scan. I n a l l o f them, t h e 
source needed t o be d e t e c t e d o n l y once d u r i n g t h e o f f s e t scan i n 
order f o r t h e feed horns t o be moved i n a n t i c i p a t i o n o f t h e source 
again. This a l l o w s f o r t h e d e t e c t i o n o f pulsed, or low-duty s i g ­
n a l s . I t i s d i f f i c u l t t o l a y down t o o s t r i n g e n t a c r i t e r i o n , 
s i n c e t h e n a t u r e o f t h e s i g n a l i s unknown. However, some attempts 
t o a l l o w f o r doppler sweep, and t o r e j e c t RFI, were made. 

A f t e r t h e i n i t i a l narrow-band d e t e c t i o n , t h e channel number 
of t h e d e t e c t e d s i g n a l (1-12) i s s t o r e d and i s used as a c r i t e r i o n 
f o r subsequent d e t e c t i o n s . 

T e c h n i c a l l y , a d e t e c t i o n on channels 1 or 12 should not be 
allowed, since these channels f a l l o u t s i d e o f t h e passband o f t h e 
100 kHz channel of i n t e r e s t . However, t o a l l o w f o r e r r o r s i n t u n ­
i n g , and c o n s i d e r i n g t h e n o n - u n i f o r m i t y of t h e pass bands o f t h e 
r e c e i v e r s , 10 kHz channels 1 and 12 can r e g i s t e r l e g i t i m a t e 
s t r i k e s . 

Several methods I used t o r e - d e t e c t a s i g n a l are shown i n 
Table 4.1. The narrow-band sampling and d e t e r m i n i n g o f t h e 
s t r o n g e s t channel i s t h e same as shown i n Figures 4.3 and 4.4. 
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Table 4.1: Methods used t o r e - d e t e c t a s i g n a l 

Causes f o r acceptance Causes f o r r e j e c t i o n 

D e t e c t i o n on same channel No d e t e c t i o n s 

D e t e c t i o n on same channel 
or adjacent channels 

D e t e c t i o n on a channel not 
th e same as t h e i n i t i a l one 
or i t s a d j a c e n t channels 

Note t h a t t h e system i s not s e n s i t i v e o n l y t o CW s i g n a l s d r i f t i n g 
i n frequency at constant r a t e s when adjacent channels are checked, 
as o t h e r s have attempted t o d e t e c t [ 1 0 ] . 

When the s i g n a l i s d e t e c t e d i n an adjacent channel, no r e -
t u n i n g of the ICOM r e c e i v e r occurs. The audio r e c o r d e r records 
from t h e moment o f narrow-band d e t e c t i o n u n t i l t h e feed horns 
begin t h e r e t r a c e back t o ce n t e r . 

4 . 4 S t o r e d D a t a 

A f t e r every 100 kHz spectrum sample, a data r e c o r d i s saved t o 
f l o p p y d i s k . The data c o n s i s t s o f some of t h e o u t p u t s of t h e p a t ­
t e r n match a l g o r i t h m , and o t h e r data f o r system d i a g n o s i s and 
timekeeping. When a s t r i k e occurs, t h e narrow-band data c o l l e c t e d 
when tuned t o t h e 100 kHz channel o f i n t e r e s t i s s t o r e d . Some 
ch a r a c t e r s t r i n g s are a l s o s t o r e d . These p r o v i d e e x p l a n a t i o n s o f 
what t h e LOBES system was doing d u r i n g source t r a c k i n g , and p r o ­
v i d e e r r o r l o g g i n g . 



CHAPTER V 
PROCEDURE AND RESULTS 

5.1 P r o c e d u r e 

An experiment was made ru n n i n g t h e LOBES system from September 5, 
1991 u n t i l March 15, 1992. The antenna d e c l i n a t i o n was -13 de­
grees t h e e n t i r e o b s e r v i n g t i m e . During t h a t t i m e t h e LOBES sys­
tem r e q u i r e d r o u t i n e maintenance every few days t o rep l a c e data 
storage f l o p p i e s , audio c a s s e t t e s , and p r i n t e r paper. The system 
d e t e c t e d narrow-band s a t e l l i t e b roadcasts, t h e narrow-band t e s t 
s i g n a l , and a l s o d e t e c t e d broadband sources. The automatic f o l ­
lowup o f narrow-band d e t e c t i o n s r e v e a l e d no sources which r e l i a b l y 
reproduced t h e t r a i l i n g feed horn beam p a t t e r n , i n d i c a t i n g t h a t no 
t r u e c e l e s t i a l narrow-band sources were r e - d e t e c t e d . 

5.2 R e s u l t s o f t h e LOBES P r o j e c t 

The LOBES system d e t e c t e d t h e a r t i f i c i a l source and n a t u r a l mi­
crowave sources r e l i a b l y and c o n s i s t e n t l y . Most remarkable was 
i t s a b i l i t y t o de t e c t t h e r i d g e of s t r o n g emission along t h e 
g a l a c t i c plane. The sun a l s o showed up as a broadband source dur­
i n g most of t h e o b s e r v a t i o n p e r i o d . The a r t i f i c i a l s i g n a l source 
was d e t e c t e d n e a r l y every t i m e i t was used, and matched t h e 
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narrow-band d e t e c t i o n c r i t e r i o n so w e l l t h a t t h e LOBES system con­
s i s t e n t l y f o l l o w e d up on i t . A s a t e l l i t e or group o f s a t e l l i t e s 
c o n s i s t e n t l y produced f a l s e alarms t w i c e a day, and t h e LOBES 
system u s u a l l y f o l l o w e d up on them. No attempt was made here t o 
r e j e c t such RFI u s i n g a separate, o m n i d i r e c t i o n a l antenna, as de­
s c r i b e d by Dixon [ 1 8 ] , but should be done i n f u t u r e work. 

5.2.1 S i m u l a t e d S o u r c e D e t e c t i o n . 

The a r t i f i c i a l s i g n a l source worked w e l l i n t e s t i n g t h e LOBES sys­
tem. The system f o l l o w e d up on t h e source v i r t u a l l y every time i t 
was used. The s i g n a l source p r o v i d e s a v e r y s t a b l e frequency o u t ­
p u t , so t h e 100 kHz channel where t h e source w i l l appear i s known 
beforehand, or can be found u s i n g a procedure d e s c r i b e d i n [ 2 1 ] . 
Knowing t h i s channel a l l o w s t h e o p e r a t o r t o s e l e c t i t f o r d i s k 
s t o r a g e . Not on l y was t h e channel data s t o r e d , b u t a l s o i t s 
s t r i k e v alue, i f i t r e g i s t e r e d a s t r i k e . This i n no way a f f e c t e d 
how t h e channel was processed. F i g u r e 5.1 shows t h e raw data 
s t o r e d d u r i n g a source s i m u l a t i o n and t h e ou t p u t of t h e p a t t e r n 
match f o r t h a t channel. Also shown i s t h e average and standard 
d e v i a t i o n of t h e s e l e c t e d channel as recorded a t t h e time o f de­
t e c t i o n . The drop i n t h e data a f t e r t h e peak o f t h e source i n t h e 
t r a i l i n g horn i n d i c a t e s t h a t a d e t e c t i o n and f o l l o w u p had oc­
cu r r e d : no sp e c t r a were c o l l e c t e d d u r i n g t h a t t i m e . When t h e 
data resumes, t h e c a r t has r e t r a c e d , and normal s p e c t r a sampling 
has resumed. 

Figure 5.2 shows t h e p r i n t o u t o f t h e f o l l o w u p o f a d i f f e r e n t 
s i m u l a t e d source d e t e c t i o n . The a s t e r i s k s t o t h e r i g h t of t h e 12-
10 kHz channel values i n d i c a t e t h a t a s i g n a l was d e t e c t e d on t h e 
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F i g u r e 5.1 D e t e c t i o n o f t h e s i m u l a t e d source. 



HIT, ch: 249, nb: 4, f r e q : 1422.430 a t : 16:52:23 on 11-25-1991. 
poa: -240, pod: 190, stdev: 60.2, ave: 2310 

1826 1961 2029 3540 1950 2020 1861 1891 2077 1691 1726 2035 o 
1917 162 6 1833 3522 192 8 2059 1969 1956 1978 1692 1897 1903 i i 

X X 1 935 17 91 2139 3470 1915 1801 2018 1939 1912 1969 2023 1978 1 6 
1957 19 91 2028 3506 2160 1935 1843 1972 1923 1706 1896 1921 21 
1933 1544 1799 1954 1959 1962 2094 1878 1936 1749 1823 1763 2 7 
1799 1692 1902 1858 1882 1985 1736 2085 1966 1806 2043 2008 3 2 

The i ; a r t i s now a t : 1880, time: 16 ;52:58. Moving the c a r t 

1983 1927 2075 1934 1911 2048 1935 2038 1913 1855 1828 1867 50 
1814 1854 2129 1893 173 6 1784 1873 1861 1872 1861 1916 1870 D O 
1887 2104 2096 1942 2011 1818 1883 1891 1892 1806 2151 2041 0 D U 
1984 1789 2034 3229 j. o j. y 1991 1815 1999 1892 1614 1861 1948 t o 
1790 1879 1938 3078 1 fi Q ̂  x o y D 1932 1970 2191 2071 1913 2067 1916 *7 n / U 
1954 1723 2188 3157 1 Q 9 1 J. y Z J. 2078 1977 2004 2206 1891 2029 1943 
1941 1908 2180 3066 i 7 fi n 2052 1740 1703 1896 1732 1711 1938 OU 
2016 1867 2050 3154 x y u o 1669 1740 1831 1922 1624 1937 1857 0 
1864 1989 2005 3038 z z o z 1941 1814 1549 1870 1587 2169 1876 y u 
1928 2265 2274 1884 194 7 1992 1816 1965 1935 1860 1884 2030 
1900 1763 2223 1918 184 0 1977 1749 2027 1766 1789 1904 2082 i n n 
1826 1756 1910 1890 O O /I "3 

Z j 
1791 1798 1814 1956 1731 1709 2162 i r\ c 

luo 
The c a r t . i s now a t : 1945, time: 16; ;54:07. Moving the i c a r t . 

1651 1946 2087 2042 1806 1909 1915 1624 1974 1759 1842 2048 119 
1929 1781 2145 1944 1926 2240 2018 2102 1986 1677 2070 1722 124 
1663 1693 2061 1900 1829 1964 1810 2024 2004 1954 1879 1792 130 
1849 1847 2077 2118 1865 1878 1924 1978 1906 1772 1840 1779 140 
1773 2105 1927 1913 2018 1848 1930 1871 1895 1925 1858 1878 145 
1923 2046 2069 2038 2222 2126 2236 1860 1913 1375 1871 1696 150 
2041 1868 2128 2045 2153 1961 1850 2052 2048 1764 1965 1625 155 
1729 1858 2141 1844 1927 2077 1969 1850 1954 2037 1938 2007 160 
1850 1929 1979 1928 1890 1856 1783 2031 2003 1619 1721 1834 165 
1709 1587 2098 2125 2128 1837 1950 1887 1977 1900 1987 1863 170 
1912 2048 2178 2030 2066 1912 2254 1899 1862 1627 1847 1776 175 

R e t r a c i n g t h e c a r t from: 2016, time: 16:55:17. Recorder o f f . 
The c a r t i s done r e t r a c i n g . 

F i g u r e 5.2 Followup o f t h e s i m u l a t e d source d e t e c t i o n . 
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o r i g i n a l channel. Note i n F i g u r e 5.2 t h a t t h e value of t h e de­
t e c t e d channel was n e a r l y 3500 a l l t h e t i m e . This i n d i c a t e s t h a t 
t h a t channel was s a t u r a t e d . As s t a t e d elsewhere [ 2 1 ] , t h e p o s i ­
t i v e s a t u r a t e d o u t p u t o f t h e 10 kHz p h a s e - s e n s i t i v e d e t e c t o r s does 
not equal or exceed +5 v o l t s , and hence does not cause an A/D 
o v e r l o a d . R e c a l l from Chapter 4 t h a t an o u t p u t from a phase-sen­
s i t i v e d e t e c t o r g r e a t e r than t h e average i n d i c a t e s a s i g n a l i n t h e 
t r a i l i n g feed horn. The 100 kHz channel was not s a t u r a t e d , howev­
er, as F i g u r e 5.1 shows, th e r e b y p r o v i d i n g a r e a l i s t i c s i m u l a t i o n 
o f a ( r e l a t i v e l y ) weak s i g n a l passing through t h e beams. 

Over the course of s e v e r a l months, t h e s i g n a l source d r i f t e d 
upward s l o w l y i n frequency. This p r o v i d e d t h e f o r t u n a t e a b i l i t y 
t o randomly t e s t any o f t h e 12-10 kHz channels. Each channel ap­
peared t o r e c e i v e e q u a l l y w e l l , and t h e d e t e c t i o n a l g o r i t h m de­
t e c t e d t h e s i g n a l no m a t t e r i n which channel i t f e l l , A few r a r e 
times t h e s i g n a l showed up e q u a l l y i n two adjacent channels, caus­
i n g no f o l l o w u p . A testament t o t h e f i n e t u n i n g o f t h e system i s 
t h e f a c t t h a t t h e source was never d e t e c t e d on 10 kHz channels 1 
or 12 . As discussed i n Chapter 4, 10 kHz channels 1 and 12 f a l l 
o u t s i d e the passband o f t h e 100 kHz channel o f i n t e r e s t . Channels 
1 and 12 are accepted as v a l i d d e t e c t i o n channels t o compensate 
f o r v a r i a n c e s i n r e c e i v e r t u n i n g and channel bandwidths. I t seems 
t h a t these u n c e r t a i n t i e s were compensated f o r f a i r l y w e l l , a t 
l e a s t i n t h e s i g n a l ' s 1422 MHz r e g i o n . 

5.2.2 S a t e l l i t e D e t e c t i o n s 

E x p e r i m e n t a t i o n w i t h t h e s i g n a l source showed t h a t constant f r e ­
quency sources do not cause d e t e c t i o n s on 10 kHz channels 1 or 12. 
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One type o f d e t e c t i o n , however, would o f t e n show up on channels 1 
or 12. A s a t e l l i t e o r group of s a t e l l i t e s b r o a d c a s t i n g w i t h nar­
row-band, d r i f t i n g c a r r i e r s were t h e causes o f these d e t e c t i o n s , 
which o c c u r r e d r e g u l a r l y around 0700 and 1900 EST. There was no 
i n d i c a t i o n o f s i d e r e a l p e r i o d i c i t y i n t h e i r c h a r a c t e r , however, so 
they have been r u l e d out as f i x e d c e l e s t i a l sources. 

F i g u r e 5.3 shows t h e LOBES f o l l o w u p o f such a s t r i k e . F i g u r e 
5.4 shows t h e 100 kHz data f o r t h i s s t r i k e as used by t h e p a t t e r n 
match a l g o r i t h m . This was a s t r i k e o f 11.9 standard d e v i a t i o n s 
f o r 100 kHz channel 2893, whose cent e r frequency i s 1686.850 MHz. 
A l l s t r i k e s caused by these s a t e l l i t e s f e l l w i t h i n t h e 1670 t o 
1690 MHz range. The s t r i k e values f o r these s a t e l l i t e s were t h e 
l a r g e s t r e g i s t e r e d d u r i n g t h e o b s e r v a t i o n p e r i o d , thus i n d i c a t i n g 
t h a t these sources were p o w e r f u l . 

The s t r i k e i n Figures 5.3 and 5.4 was de t e c t e d on 10 kHz 
channel 1 because t h e s i g n a l was s l o w l y changing i n frequency as 
i t was r e c e i v e d by 100 kHz channel 2893. When t h e p a t t e r n match 
a l g o r i t h m r e g i s t e r e d channel 2893 as a s t r i k e , t h e s i g n a l was 
n e a r l y out of t h e channel's passband. When t h e narrow-band data 
f o r channel 2893 was analyzed, t h e s i g n a l had i n f a c t passed out 
of channel 2893's band, but 10 kHz channel 1 s t i l l caused t h e de­
t e c t i o n . The f o l l o w u p i n Fi g u r e 5.3 d i d not l a s t l o n g because t h e 
s i g n a l frequency c o n t i n u e d t o d r i f t out o f t h e frequency band o f 
i n t e r e s t . 

I t i s unknown whether t h e source monitored i n F i g u r e 5.3 made 
an antenna p a t t e r n - as d e t e c t e d by t h e p a t t e r n match a l g o r i t h m -
because i t passed th r o u g h t h e main antenna beams at t h e expected 
s i d e r e a l r a t e . The zero values i n t h e narrow-band data i n F i g u r e 
5.3 i n d i c a t e t h a t t h e l e a d i n g feed horn a t times d e t e c t e d t h e 



HIT, ch: 2893, nb: I , f r e q : 1686.800 a t : 18:25:23 on 12-01-1991 
poa: -463, pod: 215, stdev: 28.6, ave: 2338 

3546 2466 2097 1948 1893 1999 2128 1852 1990 1920 2025 1971 0 
3524 3545 2058 2055 2026 1998 1957 2089 1945 1847 2030 1911 10 
137 457 1868 1980 2066 2018 1988 1905 1962 1990 2048 1935 15 

The i ; a r t . i s now a t : 1877, time: 18: :25:41. Moving the c a r t . 

1992 2049 2179 3422 3555 2253 2010 1993 2014 1900 1995 2006 32 
2003 2252 2310 3520 3511 2951 2187 2070 1987 1850 1999 1991 37 
1956 1907 2020 1995 1715 1754 2024 2041 1971 1803 1912 1985 42 
1442 1934 1973 2052 1932 2001 2134 1981 1948 1943 2008 2069 48 
1734 1895 2039 2000 1888 1934 2094 1925 1957 1841 2043 2070 53 
2914 2061 2083 1927 1974 2014 1970 2040 2038 2030 2010 2034 58 
3542 2139 2057 1998 1909 2092 2079 1896 1955 1817 2003 1951 63 
2617 1990 1915 1965 2050 1977 1975 1984 1999 1836 1984 1964 68 
2083 1972 2055 1960 2016 2044 1945 2020 2005 1881 1985 2108 73 
2097 1937 1915 1982 2006 1980 2047 1886 1901 1841 1991 1995 78 
1725 1780 2026 1983 1934 1953 2005 2073 2002 1828 2094 2076 83 
2025 1955 2026 1946 1986 1997 1961 1958 2011 1793 2000 1940 88 

The i : a r t , L S now a t : 1943, time: 18; ;26:50. Moving the c a r t . 

1854 1422 1256 2036 1960 1977 2030 2124 1934 1909 2015 2050 101 
1980 1925 2090 2021 2030 2016 1943 2019 1939 2007 2050 1978 106 
1977 1943 2054 2038 2019 2084 2004 1955 2000 1942 1953 1999 111 
1944 2025 2049 1976 2055 2003 2142 1953 1961 1815 1967 2054 116 
1961 1810 2068 2062 2020 1997 2123 2040 1986 1880 1981 1996 121 
2001 1960 1957 2023 2063 2076 2000 2097 1977 1895 2006 2069 126 
2008 1945 2017 2037 1915 1987 1934 1956 1895 1922 1994 1964 131 
1898 1844 1969 1916 1980 2076 2112 1924 1984 1805 1992 1938 137 
1982 1903 1932 2027 1982 2074 1922 2035 2038 1948 2087 2042 142 
1971 2023 1894 2012 2054 1993 1983 2072 1944 1958 1985 2004 147 
580 0 1999 1984 1897 1855 2029 1952 2004 1928 2001 2035 152 
824 0 1878 1927 2012 2055 2069 1993 197 6 1796 1900 1941 157 

R e t r a c i n g the c a r t from: 2013, time: 18:28:00. Recorder o f f . 
The c a r t i s done r e t r a c i n g . 

F i g u r e 5.3 Followup o f a s a t e l l i t e d e t e c t i o n . 



F i g u r e 5.4 The p o i n t o f ascension and f i n a l v a l ue 
f o r a s a t e l l i t e p a t t e r n match d e t e c t i o n . 
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s i g n a l more s t r o n g l y than t h e t r a i l i n g horn. 
These s a t e l l i t e d e t e c t i o n s may occur because l a r g e s i g n a l im­

pulses appear i n a s i n g l e 100 kHz channel, p r o d u c i n g a p a t t e r n 
match s t r i k e where a narrow-band frequency i s pr e s e n t . The s a t e l ­
l i t e p r o b a b l y does not pass through t h e antenna beams, b u t more 
l i k e l y b l a n k e t s b o t h feed horns i n a random way. When the narrow­
band channels are analyzed, t h e s a t e l l i t e s i g n a l may or may not be 
s t r o n g e r i n t h e t r a i l i n g feed horn. I f i t i s s t r o n g e r i n t h e 
l e a d i n g feed horn, no 10 kHz channel d e t e c t i o n occurs. I f i t i s 
s t r o n g e r i n t h e t r a i l i n g feed horn, a d e t e c t i o n w i l l occur i f a 
s t r o n g power i s seen on o n l y one o f t h e 12 10 kHz channels. 

5.2.3 S u c c e s s o f F o l l o w u p 

Since a c o n s t a n t l y r a d i a t i n g narrow-band (< 5 kHz) c e l e s t i a l 
source a t near-constant frequency would be r e - d e t e c t e d d u r i n g f o l ­
lowup, and since a r e - d e t e c t i o n must occur i n ord e r f o r t h e feed 
horns t o move, t h e number of moves t h e horn c a r t makes d u r i n g f o l ­
lowup i s t h e u l t i m a t e c r i t e r i o n o f d e t e c t i o n . U n f o r t u n a t e l y , no 
fol l o w u p s w i t h a l a r g e number of c a r t moves occurred at t h e -13 
degree d e c l i n a t i o n observed. Therefore, i t i s safe t o assume t h a t 
t h e LOBES system d e t e c t e d no such source. 

The o n l y c o n s i s t e n t times more than one f o l l o w u p move was 
made were when t h e s a t e l l i t e s d e s c r i b e d above were d e t e c t e d . 
T y p i c a l l y , o n l y one f o l l o w u p would occur; t h e s i g n a l would not be 
re - d e t e c t e d . 
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5.2.4 B r o a d b a n d S t r i k e s 

A f t e r a n a l y z i n g s e v e r a l days' worth o f t h e s t o r e d data, I r e a l i z e d 
t h a t t h e r e were two events o c c u r r i n g per day which caused more 
tha n 100 p a t t e r n matches ( s t r i k e s ) i n a s i n g l e spectrum. I n f a c t 
t h e r e were up t o 4 sp e c t r a i n a row where more than 100 s t r i k e s 
o c c u r r e d . One was o c c u r r i n g w i t h s o l a r p e r i o d i c i t y , and t h e o t h e r 
w i t h s i d e r e a l p e r i o d i c i t y . They were t h e sun and t h e g a l a c t i c 
p l a n e . Since t h e observed d e c l i n a t i o n was -13 degrees and t h e ob­
s e r v a t i o n s took place from September, 1991 t o March, 1992 from 40 
degrees n o r t h l a t i t u d e , t h e sun was near t h e antenna beams every 
day. Also, at -13 degrees, t h e antenna beams pass close t o t h e 
cen t e r o f t h e galaxy, where t h e g a l a c t i c r i d g e i s a s t r o n g , broad­
band s t r i p e , as observed by Kraus [ 2 3 ] . Even though these sources 
are broadband and d i f f u s e , they p r o v i d e d t h e i m p o r t a n t c o n f i r m a ­
t i o n , i n a d d i t i o n t o t h e s i g n a l s i m u l a t i o n , t h a t t h e p a t t e r n match 
a l g o r i t h m works w e l l . 

A n a l y s i s o f t h e s e l e c t e d channel and i t s s t r i k e i n f o r m a t i o n 
c o n f i r m s t h a t t h e p a t t e r n match a l g o r i t h m d e t e c t s t h e sun. F i g u r e 
5.5 shows t h e s e l e c t e d channel (center frequency o f 1422.350 MHz) 
and i t s p a t t e r n match output f o r a sun t r a n s i t on October 25, 
1991. Note i t s s i m i l a r i t y t o F i g u r e 5.1, t h e s i m u l a t e d s i g n a l 
s t r i k e . F i g u r e 5.6 i s t h e t o t a l number of s t r i k e s per spectrum 
f o r t h e same sun t r a n s i t shown i n F i g u r e 5.5. Note how t h e p l o t 
o f t o t a l h i t s confirms t h a t t h e s e l e c t e d channel " s t r u c k " a t t h e 
same time as many oth e r channels. The drop t o zero i n F i g u r e 5.6 
a f t e r t h e broadband d e t e c t i o n confirms t h a t a l a r g e number o f 
channels s t r u c k , r e s e t t i n g t h e i r match a l g o r i t h m counters t o zero, 
p r o d u c i n g fewer than normal s t r i k e s . I n f a c t , d u r i n g t h i s 
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F i g u r e 5.5 Selected 100 kHz channel (1422.350 MHz) 
d u r i n g a sun t r a n s i t . Data taken on October 25, 1991 
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F i g u r e 5.6 T o t a l s t r i k e s per spectrum f o r 
a sun t r a n s i t , October 27, 1991. 
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p a r t i c u l a r sun t r a n s i t , 2100 channels r e g i s t e r e d a s t r i k e , out o f 
3000 p o s s i b l e . 

The sun passed d i r e c t l y t h r o u g h t h e antenna beams on October 
28, 1991. The sum of t o t a l h i t s per sun t r a n s i t versus sun d e c l i ­
n a t i o n i s shown i n Fi g u r e 5.7. 

The most s a t i s f y i n g d e t e c t i o n which o c c u r r e d was t h e t r a n s i t 
of t h e g a l a c t i c plane close t o t h e g a l a c t i c c e n t e r . At -13 de­
grees d e c l i n a t i o n t h a t p a r t of t h e g a l a c t i c plane i s l o c a t e d a t 18 
hours 20 minutes RA (epoch 1950). Every 24 s i d e r e a l hours, 300-
400 100 kHz channels r e g i s t e r e d t h e g a l a c t i c plane's t r a n s i t . 
This p r o v i d e d a convenient c e l e s t i a l "broadband beacon" t o c o n f i r m 
t h a t t h e p a t t e r n match a l g o r i t h m was working. F i g u r e 5.8 shows 
th e t o t a l s t r i k e values f o r t h e g a l a c t i c plane t r a n s i t . I t i s ob­
v i o u s from repeated o b s e r v a t i o n s t h a t t h e g a l a c t i c plane f a l l s on 
th e same RA c o n s i s t e n t l y , as i t should f o r a constant antenna de­
c l i n a t i o n . 

I t i s i n t e r e s t i n g t o note t h a t t h e average s t r i k e v a l u e dur­
i n g t h e sun t r a n s i t s were l a r g e , as shown i n F i g u r e 5.7, whereas 
th e g a l a c t i c plane t r a n s i t produced an average s t r i k e v a l ue o f 
around 1.5 standard d e v i a t i o n s . The normal non-broadband average 
s t r i k e value i s 1.0. 

There i s no need f o r t h e horn c a r t t o move upon broadband de­
t e c t i o n , unless a narrow-band s i g n a l i s d e t e c t e d w i t h t h e proper 
c r i t e r i o n . Since the sun i s u n l i k e l y t o have such a s t r o n g nar­
row-band frequency, i t i s understandable t h a t no narrow-band 
s t r i k e s should occur d u r i n g t h e sun t r a n s i t . As some have sug­
gested, t h e g a l a c t i c plane may be t h e most l i k e l y p l a c e f o r ETI 
d e t e c t i o n s . So f a r , though, no narrow-band d e t e c t i o n s have oc­
c u r r e d d u r i n g t h e g a l a c t i c plane t r a n s i t . 



I 1 1 1 1 I 
25 -20 -15 -10 -5 0 

D e c l i n a t i o n of the sun (degrees) 

F i g u r e 5.7 Average s t r i k e v a l ue versus 
d e c l i n a t i o n f o r sun t r a n s i t s . 
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F i g u r e 5.8 T o t a l s t r i k e s per spectrum f o r 
the g a l a c t i c plane t r a n s i t , October 25, 1991. 
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The weak d e t e c t i o n o f t h e g a l a c t i c plane shows t h a t t h e sen­
s i t i v i t y o f t h e r e c e i v e r i s low. Even though broadband c e l e s t i a l 
sources e x i s t at -13 degrees d e c l i n a t i o n , none produced a t o t a l 
number o f s t r i k e s per spectrum g r e a t e r t h a n t h e norm, which would 
have s i g n a l e d t h e i r d e t e c t i o n , as d i d t h e sun and g a l a c t i c plane. 



CHAPTER VI 
C o n c l u s i o n s a nd Recommendations 

6.1 C o n c l u s i o n s 

The LOBES system d e t e c t e d and f o l l o w e d up on s e v e r a l narrow-band 
s i g n a l s i n a sky survey o f -13 degrees d e c l i n a t i o n over t h e p e r i o d 
September 15, 1991 t o March 15, 1992. Most of th e sources were 
determined t o be man-made s a t e l l i t e s and l o c a l r a d i o i n t e r f e r e n c e , 
not t r u e c e l e s t i a l sources. D e t e c t i o n o f t h e t e s t s i g n a l and 
broadband sources confirmed t h a t t h e p a t t e r n match and t h e narrow­
band d e t e c t i o n a l g o r i t h m s worked w e l l . Frequent t e s t s o f t h e 
LOBES system confirmed t h a t t h e r e c e i v i n g system worked w e l l and 
t h a t t h e feed horns moved a c c u r a t e l y d u r i n g source f o l l o w u p . 

6.2 Recommendations f o r F u t u r e Work 

The i n t e n t f o r t h i s p r o j e c t was not t o conduct a survey. I t was, 
r a t h e r , t o u t i l i z e t h e knowledge of t h e switched feed antenna p a t ­
t e r n a t t h e OSURO t o de t e c t c e l e s t i a l s i g n a l s . This b e i n g s a t i s ­
f i e d , t h e next l o g i c a l step i s t o conduct a systematic sky survey. 
My recommendations f o r f u t u r e work o u t l i n e some of the steps which 
must be taken t o upgrade t h e LOBES system and t h e OSURO t o smooth­
l y conduct a sky survey o f t h e water h o l e . F o l l o w i n g those 
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suggestions, I propose two methods f o r d e t e c t i n g r a d i o sources i n 
an area l a r g e r than one beam w i d t h , which are analogous t o c u r r e n t 
remote sensing techniques. 

6.2.1 C u r r e n t S y s t e m Upgrade 

A l l o b s e r v a t i o n s i n t h i s study were conducted w i t h t h e LNA's a t 
ambient temperature. Cooling t h e LNA's w i t h l i q u i d n i t r o g e n would 
improve t h e s i g n a l t o noise (S/N) r a t i o , t h u s p r o v i d i n g g r e a t e r 
s e n s i t i v i t y t o weak sources. 

C u r r e n t l y t h e system temperature and antenna e f f e c t i v e aper­
t u r e are o n l y e s t i m a t e d . Studies should be undertaken t o measure 
these f a c t o r s i n order t o compare t h e s e n s i t i v i t y and coverage 
t h i s system as compared t o o t h e r SETI systems. 

At present t h e r e i s no RFI r e j e c t i o n besides u s i n g t h e p a t ­
t e r n match a l g o r i t h m and t h e switched feed system. The OSURO i s 
equipped w i t h a discone antenna mounted near t h e feed horns. I t 
had been used t o d e t e c t RFI i n a past study [ 2 5 ] , b ut c u r r e n t l y i s 
not i n o p e r a t i o n . This discone system needs t o be i n t e g r a t e d i n t o 
t h e LOBES system t o r e j e c t and analyze RFI. 

The a r t i f i c i a l s i g n a l should be used a u t o m a t i c a l l y t o t e s t 
p a t t e r n match a l g o r i t h m and t o run d i a g n o s t i c s on t h e 100 kHz and 
10 kHz r e c e i v e r s . At t h i s time t h e a r t i f i c i a l s i g n a l i s operated 
manually. For r e c e i v e r d i a g n o s t i c s t h e LOBES system must be shut 
down. I f the LOBES system i n s t e a d ran t e s t s a u t o m a t i c a l l y , regu­
l a r performance assessments cou l d be a c q u i r e d e a s i l y w i t h o u t t a k ­
i n g t h e system down. 

For t h i s study, t h e data s t o r e d by LOBES was s t u d i e d t o ana­
l y z e t h e lo n g term, s t e a d y - s t a t e performance o f t h e system. Both 
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t h e p a t t e r n match a l g o r i t h m and r e c e i v e r system performances can 
be assessed u s i n g t h e s t o r e d data. Even w i t h custom C and MATLAB 
programs t o d i s p l a y t h e data, t h e a n a l y s i s o f t h e s t o r e d data 
proved cumbersome. A f u t u r e p r o j e c t c o u l d be developed which 
c o u l d a u t o m a t i c a l l y analyze t h e data, l o o k i n g f o r r a d i o sources, 
c a t a l o g i n g RFI, and d e t e r m i n i n g system noise temperature. The 
r a d i o sources c o u l d be c r o s s - r e f e r e n c e d t o known sources, p r o v i d ­
i n g c o n f i r m a t i o n o f antenna d i r e c t i o n , and perhaps p r o v i d i n g new 
i n f o r m a t i o n about those sources. 

6.2.2 A l t e r n a t i v e Methods 

Conventional l a r g e r a d i o t e l e s c o p e r e c e i v e r s use a s i n g l e feed 
horn, p r o d u c i n g a s i n g l e narrow beam of r e c e p t i o n . As t h e e f f e c ­
t i v e a p e r t u r e o f t h e antenna gets l a r g e r , t h e beam gets narrower 
and t h e S/N r a t i o gets l a r g e r . One p e r c e i v e s t h e d i s t r i b u t i o n o f 
r a d i o sources by p l a c i n g powers r e c e i v e d by congruent beam 
p o s i t i o n s next t o each o t h e r . This method o f c r e a t i n g a r a d i o 
" p i c t u r e " o f the sky takes q u i t e a l o n g t i m e . I t takes even 
long e r f o r t h e l a r g e s t r a d i o telescopes because of t h e i r v e ry nar­
row beams. Thus, t h e i n s t r u m e n t s most capable o f o b s e r v i n g weak 
r a d i o sources can o n l y map them very s l o w l y . One way t o i n c r e a s e 
t h e sky coverage of these l a r g e r a d i o t e l e s c o p e s i s t o p l a c e a 
g r i d o f s t a t i o n a r y feed horns i n t h e f o c a l plane, t h e r e b y c r e a t i n g 
s e v e r a l beams and many times more coverage. Another way i s t o 
c o n t i n u o u s l y scan one feed horn over an area o f t h e f o c a l plane, 
i n a method much l i k e an e l e c t r o n gun scanning across a CRT. The 
feed horn might a l s o be able t o t r a c k a source i n o r d e r t o analyze 
i t w i t h a longer i n t e g r a t i o n t i m e . 
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A g r i d o f s t a t i o n a r y feed horns i n t h e f o c a l plane c o u l d 
a l l o w one t o d i s p l a y the ou t p u t o f each i n r e a l t i m e as a r a s t e r 
on a CRT. The beams of t h e feed horns c o u l d o v e r l a p , thus i n ­
c r e a s i n g s p a t i a l r e s o l u t i o n . D i f f e r e n t f r e q u e n c i e s c o u l d be d i s ­
p l a y e d as d i f f e r e n t c o l o r s , t h u s h e l p i n g t o i d e n t i f y r a d i o ob­
j e c t s . Neural network a l g o r i t h m s (or hardware) c o u l d be t r a i n e d 
t o recognize d i f f e r e n t classes o f o b j e c t s , such as broadband and 
narrow band sources, p o i n t and d i f f u s e sources, RFI and c e l e s t i a l 
sources. I f a p a r t i c u l a r source were i n t e r e s t i n g , a l l t h e r e c e i v ­
i n g and p r o c e s s i n g power c o u l d be co n c e n t r a t e d on t h e ou t p u t o f 
th e p a r t i c u l a r feed horn where t h e source i s centered. This would 
be s i m i l a r t o t h e b i o l o g i c a l f u n c t i o n of c e n t e r i n g t h e fovea o f 
th e r e t i n a on an o b j e c t o f i n t e r e s t which was seen i n t h e p e r i p h ­
ery . 

There are s e v e r a l problems w i t h t h e feed horn g r i d approach. 
F i r s t i s a p e r t u r e blockage. I n order f o r t h e g r i d t o r e s o l v e a 
r e l a t i v e l y l a r g e angular e x t e n t o f t h e sky, t h e g r i d may b l o c k a 
l a r g e percentage o f t h e a p e r t u r e , thus reducing t h e o v e r a l l s e n s i ­
t i v i t y o f t h e system and d i s t o r t i n g t h e beam shape. The second 
problem i s t h a t i n order t o maximize t h e i n t e g r a t i o n t i m e o f t h e 
e n t i r e system, each feed horn would need i t s own r e c e i v e r system. 
A g r i d o f , say, 20 by 20 feed horns would r e q u i r e 400 r e c e i v e r s 
and would cover an area o f approxi m a t e l y s i x degrees by s i x de­
grees a t a l a r g e r a d i o o b s e r v a t o r y a t 1415 MHz. A t h i r d problem 
i s t h a t t h e center of t h e f o c a l plane r e c e i v e s t h e most power, 
whereas a r a d i o image becomes weaker and d i s t o r t e d t h e f a r t h e r i t 
gets from center focus. The o u t e r feed horns may be designed t o 
compensate f o r some of these d i s t o r t i n g e f f e c t s . 
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The second approach I am recommending i s u s i n g one feed horn 
t o scan t h e f o c a l plane, producing a two-dimensional p i c t u r e o f 
the r a d i o sky. The feed horn c o u l d be mounted on a d r a f t i n g 
board-type o f mechanism, which c o u l d p r o v i d e l a t e r a l and v e r t i c a l 
motion, i n t h e case o f the OSURO's f o c a l plane. The feed horn 
c o u l d be swept along a l i n e o f constant d e c l i n a t i o n , moved a f r a c ­
t i o n o f a beamwidth i n d e c l i n a t i o n , and swept back at constant de­
c l i n a t i o n . When the maximum d e c l i n a t i o n i s reached a f t e r s e v e r a l 
sweeps, t h e feed horn c o u l d be r e t r a c e d back t o t h e s t a r t i n g de­
c l i n a t i o n , where t h e scanning would resume. As i n t h e feed horn 
g r i d approach d e s c r i b e d e a r l i e r , t h e d i s p l a y c o u l d be i n c o l o r s 
r e p r e s e n t a t i v e o f the o b j e c t s ' r a d i o s p e c t r a , and n e u r a l networks 
c o u l d be t r a i n e d t o i d e n t i f y o b j e c t s o n - l i n e . I f more i n f o r m a t i o n 
on an o b j e c t were d e s i r e d , t h e feed horn would t r a c k i t t o i n ­
crease the i n t e g r a t i o n t i m e . This i s again s i m i l a r t o c e n t e r i n g 
t h e fovea on an i n t e r e s t i n g o b j e c t i n t h e p e r i p h e r y . 

There are s e v e r a l problems w i t h t h i s approach a l s o . F i r s t i s 
th e i n t e g r a t i o n t i m e . I n order t o f i l t e r out as much r e c e i v e r 
noise as p o s s i b l e , t h e r e c e i v e r i n t e g r a t i o n should be lo n g — as 
lon g as t e n seconds f o r t h e OSURO. With t h i s approach t h e r e would 
then be a t r a d e o f f between i n t e g r a t i o n t i m e and sky coverage. A 
problem r e l a t e d t o i n t e g r a t i o n t i m e i s t h e number o f times t h e 
feed horn would observe an o b j e c t w h i l e t h a t o b j e c t i s i n t h e 
f o c a l p l a n e . Several successive p i c t u r e s c o u l d be o v e r l a i d t o i n ­
crease s e n s i t i v i t y . A t r a n s i e n t event, such as a SETI s i g n a l , 
would be missed or di s c a r d e d as RFI i f not enough p i c t u r e s were 
taken of t h e s i g n a l . A second problem w i t h t h i s approach i s t h e 
need f o r a l a r g e mechanical s t r u c t u r e . I n order t o r e s o l v e a p i c ­
t u r e one hour i n RA and f i v e degrees i n d e c l i n a t i o n a t t h e OSURO, 
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one would need a s t r u c t u r e a t l e a s t 100 f e e t l o n g by 70 f e e t h i g h . 
This s t r u c t u r e would p r o v i d e l i t t l e a p e r t u r e blockage, since i t i s 
mostly open space, however w i t h exposure t o t h e elements, t h i s 
s t r u c t u r e c o u l d become d i f f i c u l t t o m a i n t a i n and r e p a i r . 

Both of t h e above approaches can be seen as analogs t o t h e 
remote sensing devices used by the SPOT and LANDSAT l a n d observa­
t i o n s a t e l l i t e s [ 2 6 ] . The SPOT d e t e c t o r s are a l i n e a r a r r a y which 
r e s o l v e i n p a r a l l e l a swath o f the ground below. Each of these 
d e t e c t o r s can r e s o l v e t h r e e frequency bands i n t h e v i s i b l e and 
near i n f r a r e d ranges. The SPOT d e t e c t o r system i s analogous t o 
th e feed horn g r i d approach. The LANDSAT sensing device i s a s i n ­
g l e d e t e c t o r which r e c e i v e s i t s i n p u t from a m i r r o r . This m i r r o r 
sweeps a l a t e r a l image o f t h e l a n d across t h e d e t e c t o r , a l l o w i n g 
i t t o "see" only one spot on the ground a t a t i m e . By p l a c i n g t h e 
scan l i n e s next t o each o t h e r , one b u i l d s up an image o f a swath 
of t h e ground. This i s analogous t o t h e s i n g l e , sweeping feed 
horn approach. There are many image p r o c e s s i n g techniques cur­
r e n t l y i n use t o manipulate remotely sensed data which c o u l d be 
a p p l i e d t o r a d i o a s t r o n o m i c a l data. I f t h e r a d i o data were r e ­
leased i n a s u i t a b l e format, such as GIF, many more researchers 
would be able t o study i t . Plus, i f r e l i a b l e , r e p e a t a b l e coverage 
were p o s s i b l e , t r a n s i e n t events i n t h e r a d i o sky may be d i s c o v ­
ered. 

I t would be no easy f e a t t o o u t f i t a r a d i o t e l e s c o p e w i t h e i ­
t h e r o f the above two approaches. However, w i t h r a d i o t e l e s c o p e s 
soon t o be b u i l t i n space, such f a c t o r s as e f f e c t i v e a p e r t u r e and 
s e n s i t i v i t y may be easy t o overcome. F i r s t , because o f t h e 
weightlessness of space, a r a d i o t e l e s c o p e c o u l d be b u i l t extreme­
l y l a r g e and t o an extremely p r e c i s e shape, i n c r e a s i n g i t s 
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e f f e c t i v e a p e r t u r e . Second, because o f the i n s u l a t i n g p r o p e r t y 
of vacuum, a helium-cooled f r o n t end would need i n f r e q u e n t s e r v i c e 
and would p r o v i d e e x c e l l e n t S/N r a t i o . Thus, t h e a p e r t u r e b l o c k ­
age caused by a g r i d o f feed horns c o u l d be minimized, and a s i n ­
g l e scanning feed horn c o u l d r e s o l v e s m a l l e r angular f e a t u r e s at 
h i g h e r s e n s i t i v i t y . 
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