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We have conducted a targeted high-sensitivity search for narrow-band signals near ~,18 cm using 
the 91-m radiotelescope of the National Radio Astronomy Observatory. The search included 201 
nearby solar-type stars and achieved a frequency resolution of 5.5 Hz over a 1.4-MHz bandwidth. 
This high spectral resolution was obtained through a non-real-time reduction procedure using a 
Mark I VLBI recording terminal in conjunction with the CDC 7600 computational facility at the 
NASA-Ames Research Center. This is the first high-resolution search for narrow-band signals in 
this wavelength regime, To date it is the most sensitive search per unit observing time of any search 
strategy which does not postulate a unique magic frequency. Our data show no evidence for 
narrow-band signals due to extraterrestrial intelligence at a 12-o" upper limit on signal strength of 
1.1 x 10 -~3 W m 2. 

INTRODUCTION 

Twenty  years ago Cocconi and Morrison 
(1959) published a much cited paper in 
which they argued for the commencement  
of  a search for extraterrestrial intelligence 
(SETI) utilizing existing radio-astronomical 
facilities. During the subsequent two de- 
cades many scientists have joined in the 
debate over  the " r igh t "  way to conduct  a 
search. At least 15 groups and individuals 
have felt confident enough of  their schemes 
to devote  the effort required to mount  an 
observational search program and then to 
publish the details of  their negative results. 
These suitably documented  observational 
programs (as well as those never  published) 
have been extremely diverse, ranging from 
a low-sensitivity array of  dipoles scanning 
the sky, with a broad-input bandwidth and 
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little or no frequency resolution and continu- 
ing over  a long period of time (Troitskii et 
al., 1975), to an extremely sensitive search 
of  nearby stars, with a narrow-input band- 
width of  1.0 kHz and an ultrahigh-fre- 
quency resolution of 0.015 Hz lasting only 
80 hr (Horowitz,  1978). The haystack in 
which the ETI " n e e d l e "  might be hidden is 
so incredibly vast that each of  the experi- 
menters has made a guess in order  to carve 
out a small volume of  search parameter  
space (frequency, range, time, direction, 
modulation, polarization) which may be 
realistically explored in a finite time with 
severely limited funding. A more sys tem-  
atic approach to SETI  at this time requires 
the construction of  extremely large (10 ~ to 
109 channels) multichannel spectrum ana- 
lyzers (MCSA) to allow simultaneous ob- 
servation of  many adjacent f requency bins, 
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in order  to provide broad spectral  coverage  
while optimizing the detect ion probabil i ty 
for nar row-band signals (Black et al., 1977; 
Edelson,  1977). Hardware  versions of  these 
MCSAs do not exist at present  (1000 chan- 
nels is typical  of  radio observator ies) ,  but 
this paper  describes a non-real-t ime data 
analysis scheme based on the use of  a high- 
speed tape recorder ,  which allows an ob- 
server  to simulate a 65K channel analyzer  
in a manner  which is very  te lescope 
efficient. 

We have used this technique in a targeted 
search of  nearby  solar- type stars ove r  a 
band of  frequencies near  h18 cm,  the O H  
end of  the " w a t e r h o l e "  which has been 
neglected by mos t  previous observers .  Our  
s trategy was to maximize the probabil i ty 
for success  by maximizing the sensitivity of  
the search within the tempora l  and financial 
constraints  c o m m o n  to all terrestrial  ob- 
servers .  This emphasis  on sensitivity leads 
directly to the decisions to 

(a) limit the area  of  the sky searched to 
the directions of  the nearby solar- type stars 
(i.e., main sequence  spectral  types  F, G, 
and K); 

(b) limit somewha t  the input bandwidth 
in order  to achieve a high-frequency resolu- 
tion with a fixed number  of  channels and 
still cover  a sufficient port ion o f  the micro- 
wave  window so as not to be restr icted to 
" m a g i c "  frequencies.  

Although we did succeed in achieving a 
sensitivity to nar row-band signals o f  1.1 × 
10 -23 W m -2 (see footnote  1) over  a large 
enough volume of  search phase  space to 
qualify as the beginning of  a systemat ic  
explorat ion,  we have found no evidence for 
an ETI  signal. We have demonst ra ted  the 
validity of  this technique and accumulated 
a large amount  of  data  and exper ience  that  
will aid us in future observat ional  efforts, 

~This sensitivity would have been sufficient to 
detect a transmitter with an effective isotropic radiated 
power of 7.8 x 10 j3 W located at the distance of our 
farthest target star (25 parsec). For comparison the 
Arecibo Observatory radar transmitter is capable of 
producing approximately 10 la W EIRP. 

and in the design of  automated signal recog- 
nition and extract ion hardware  to be used 
in conjunction with the mega-channel  spec- 
t rum analyzers  already designed (Nara- 
s imha et al., 1978). 

DETAILS OF THE OBSERVATIONS 

H a r d w a r e  

These  observat ions  were  made with the 
91-m antenna of  the Nat ional  Radio Astron- 
omy  Observatory"  at Greenbank,  West  Vir- 
ginia, during 5 days in January  1977, using a 
linearly polarized feed and dual paramps  
tunable f rom 1612 to 1720 M H z  that pro- 
vided a sys tem tempera ture  - 7 0  K and an 
aper ture  efficiency of  0.6. Data  were  re- 
corded with the Mark I V L B I  terminal 
(Whitney et a1.,1976) of  the G o d d a r d -  
H a y s t a c k - M I T  V L B I  group. Figure 1 
shows a block diagram of  the data acquisi- 
tion hardware as it was  configured for this 
exper iment .  The incoming signal was 
mixed with the first LO at 1500 MHz,  high 
pass filtered, and then mixed with a signal 
generated by  an H P  5105A synthesizer  at a 
f requency of  126 plus or  minus the required 
Doppler  shift to correct  for the nominal  
(optically determined) stellar radial veloc- 
ity. Finally a third LO frequency generated 
by  an HP  5100 programmable  synthesizer  
was used to center  the effective bandpass  
filter at the four  preselected frequencies 
shown schematical ly in Fig. 2. In addition 
to the recorded data, the 384-channel 
N R A O  Mark I I I  autocorrelat ion spectro-  
graph was used on line as a course-resolu-  
tion ( - 1  kHz)  interference monitor.  For  a 
similar reason the total power  into the Mark  
I V L B I  terminal  and into both of  the 
pa ramps  was also registered on a strip chart  
recorder .  The effective instantaneous band- 
width of  the Mark  I device is - 3 3 0  kHz;  
shifting the third LO allowed us to increase 
the spectral  coverage  of  each  star by  re- 
cording the four nearly contiguous fre- 

2 NRAO is operated by AUI under contract with 
NSF. 
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FIG. 1. Block diagram of modified Mark I system. The HP 5105A synthesizer was used to make 
Doppler corrections for the stellar radial velocities with respect to the local standard of rest, and the 
HP 5100 synthesizer was used to select four preset center frequencies for observations over four 
different filter bands. 

q u e n c y  b a n d s  s h o w n  in F ig .  2. D u r i n g  a 

s ing le  o b s e r v a t i o n  o f  a t a r g e t  s t a r ,  o n e  

m a g n e t i c  t a p e  w a s  r e c o r d e d  in a p p r o x i -  

m a t e l y  4 m i n  ( i n c l u d i n g  t i m e  r e q u i r e d  to  

s e l e c t  m a n u a l l y  t h e  c e n t e r  f r e q u e n c i e s  a n d  

w r i t e  t a p e  e n d - o f - f i l e  m a r k s ) ,  w h i c h  sui t -  

a b l y  m a t c h e d  t h e  l i m i t e d  t r a c k i n g  ab i l i t y  o f  

t h e  9 1 - m  t r a n s i t  t e l e s c o p e .  F o r  e a c h  s t a r  

1 6 6 5  - -  1 6 6 7  M H z  F I L T E R  P A T E R N  

1666.3808 
1665.401 I 1666.6244 1667.358 

........... I , I ,' 
1665 .23 .56 .49 .82 1667 .19 .52 1666 MHz 1668 

L INE FREQUENCIES  (STATISTICAL WEIGHTS) 
1612.231 MHz (11 } 
1665.401 (5) WEIGHTED MEAN = 1666.6244 MHz 

OH 1667.358 (9) U N W E I G H T E D  MEAN = 1666.3808 MHz 
1720.533 (1) 

V L B I  F I L T E R  WIDTH:  3 6 0  kHz:  OBSERVING T I M E / F I L T E R  = 4 5  sec.  

FIG. 2. Frequency coverage near h18 cm in the rest frame of the target star. The center frequencies 
of bands 1 and 4 correspond to the two main lines of the OH ground state emission. The two middle 
bands are centered on the statistically weighted and unweighted means of the four OH frequencies 
shown. 
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observed ,  a reference tape was also re- 
corded with the te lescope pointed at the 
declination of  the star, but  6 min preceding 
in hour angle. In this manner  it was possible 
to observe  a little over  1 M H z  of  the 
spec t rum in the vicinity of  the O H  main 
lines for 201 out of  a target  list o f  301 
possible stars in a limited observing period. 

Sources 

The 301 potential  targets for this program 
were selected f rom the RGO Catalog of  
Stars within 25 Parsecs of  the Sun (Woolley 
et al., 1970). The selection criteria for tar- 
gets were: spectral  class F, G, or  K; main 
sequence luminosity class V (or unknown 
luminosity class); declination within the 
range 0 ° - 8 - 90°; and no evidence for 
multiplicity (as presented by the catalog). 
This list was subsequent ly  augmented by a 
few more stars which had been identified as 
" in te res t ing"  by  previous  SETI  observers .  
The target  sources  were  fairly evenly  dis- 
tr ibuted over  the sky and amenable  to a 
short observing program with a transit  in- 
s trument.  Not  all of  the targets were ob- 
served because  the hours during which the 
galactic center  was overhead  were devoted  
primarily to a parallel observing program 
intended to s tudy several  O H  maser  
sources at our  very high spectral  resolu- 
tion. 

Data Reduction 

In the Mark  I V L B I  terminal,  the voltage 
across  the " v i d e o "  IF baseband was 
clipped 1 bit and sampled.  The 1-bit record- 
ing scheme,  which preserves  only the sign 
of  the time series of  the IF voltage,  in- 
creases  the sys tem noise by a factor  of  ~-/2 
(van Vleck and Middlekopf,  1966). The 
recording rate of  720 kbps allows 138,000 
bits to be writ ten on tape in about  192 msec.  
A short  interrecord gap follows ( - 8  msec) 
and the cycle is repeated  at 200-msec inter- 
vals. This formatt ing defines an "al ias-  
f r ee"  integration time of  0.2 sec for our 

purposes .  The corresponding f requency 
resolution o f - - I / T  = A f -  5 Hz  provided 
even this prel iminary search with a 
significant improvement  in sensitivity ove r  
any previous searches having comparab le  
target  and f requency coverage.  Further  re- 
duction of  A f  would significantly increase 
the difficulty of  the reduct ion process  by 
necessi tat ing correct ion for unknown Dop- 
pler drift rates which might be present  in 
extraterrestr ial  signals. 

The max imum frequency drift at 1700 
M H z  due to the Ear th ' s  rotat ion is - 0 . 1 4  
Hz sec -~ at transit.  Thus,  for the short 
integration t imes we have used (4-40 sec) 
and A f - -  5Hz,  we did not need to correc t  
for the diurnal Doppler  drift. It is not unrea- 
sonable to assume a higher-frequency sta- 
bility for the transmitt ing source.  However ,  
we intend to carry  out more sophist icated 
drift correct ions in subsequent  efforts in 
order  to extend our  coherent  integration 
t ime and obtain the benefits of  higher-fre- 
quency resolution. In our  current  mode of  
analysis,  one spect rum of  2 ~6 (65,536) chan- 
nels was obtained f rom each 200-msec re- 
cord, producing a 5.5-Hz f requency resolu- 
tion over  a 360-kHz full bandwidth.  The 
useful (3 db) bandwidth is somewhat  less, 
about  330 kHz.  

The data were read directly f rom the 
VLBI  tapes into the CDC 7600 compute r  at 
Ames  Research  Center  as 60-bit " w o r d s , "  
then each  bit was split off as an independent  
sample by  masking. These data were di- 
rectly Fourier  analyzed.  The FFT  al- 
gori thm used was a standard I M S L  package 
(FFT2) modified f rom a version of  the 
C o o l e y - T u k e y  F F T  algorithm by Singleton 
(1967). The size of  the basic FFT  was 
limited to 214 or about  16K (complex) by  the 
size of  the CDC 7600 high-speed core. A 
dec imat ion /da ta  handling technique due to 
Brenner  (1969) was used for efficiently cre- 
ating the full 2~7-point t ransform from the 
individual 214-point t ransform.  Resulting 
power  spect ra  were  averaged in bin-re- 
versed order  ove r  the desired number  of  
200-msec records (20 records for the bulk of  
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the data3), and a fast bin-reordering al- 
gorithm due to Polge et  al.  (1974) was used 
to output  the final result. The entire pro- 
gram was written in Fortran and ran at an 
average speed of  6 sec of  cpu time per 200- 
msec record for the T~-point spectrum (av- 
eraged and properly ordered).  

Amplitude calibration in units of  spectral 
power density was obtained using the ob- 
served average system temperature and the 
van Vleck clipping correction. The al- 
gorithm was checked using tape-recorded,  
monochromat ic  calibration signals of  
known power and frequency injected di- 
rectly into the VLBI  system IF channel. 
Details of  the system calibration are given 
in the next section. Also in the next section 
we describe the derivation of  system sensi- 
tivity to narrow-band signals, and the sta- 
tistical analysis of  the data. 

RESULTS 

S y s t e m  P e r f o r m a n c e  

We have been able to verify our direct 
FFT  approach by successfully detecting 
three different types of  narrow-band signals 
recorded by Mark I VLBI systems: (1) a 
weak calibration signal, which was injected 
into the IF at the 91-m antenna, (2) a strong 
10-kHz video phase signal commonly gen- 
erated during VLBI observations,  (3) the 
CW signal from the X-band transmitter on 
board the Viking VO-1 Orbiter around 
Mars. Figures 3a and b refer to this last 
signal. Figure 3a demonstrates the extreme 
sensitivity of  this observational technique 
for detecting narrow-band signals; the 
power contained in the visible peak is only 
3.5 × 10 -3 ( - 2 5  db) of  the total power into 
the receiver input bandwidth (360 kHz). 
Figure 3b illustrates the additional informa- 
tion which might be extracted from a coher- 

3 Note that this represents only 10% of the data 
actually acquired for most stars. A factor of  - 3  
increase in sensitivity could have been achieved by 
reducing all of the data. But the increased computa- 
tional effort and costs could not be absorbed. The 
additional data were used whenever a suspect signal 
was encountered as described later in the text. 

ent ETI  signal. By observing with sufficient 
time and frequency resolution, it is possible 
to determine the Doppler drift rate of  a 
narrow-band signal ( - 3 . 2  H z / s ec  for VO-l) 
produced by the relative acceleration of  the 
transmitter (orbital revolution and diurnal 
rotation) and then perhaps to deduce some- 
thing about the nature of  the transmitter. 

In addition to successful detection of  
these known narrow-band signals, we have 
also made a statistical evaluation of  our  
system performance.  Le t  y be the observed 
power  in an individual channel (measured 
in units of  the mean power per channel). 
The spectral probability density due to 
noise alone when the observed spectrum 
results from transforming and averaging n 
independent data records is given by (Oli- 
ver and Billingham, 1971) 

P,,(y) = n(ny)"-~e-"~' / (n - 1)!. 

Therefore  in any of  our  stellar spectra we 
should expect  to find P20(Y) × 65,536 chan- 
nels which have a power level y due to the 
system noise only. An excessive number  of  
channels with y >> 1 would indicate the 
presence of  a signal in addition to the noise. 
In Fig. 4 we have plotted data from a 
representat ive stellar spectrum in the form 
of  a histogram of  observed channels vs 
power;  the predicted noise curve has been 
plotted as a continuous line. Figure 4 is 
typical of  the 908 spectra generated from 
the 201 stars observed and is consistent 
with the hypothesis that no narrow-band 
signal stronger than 1.1 x 10 -.'3 W m -z (see 
footnote 4) was present at the time of  this 
observation. The excessive number  of  
channels observed for small values of  y 
(<1) results from the gradual decrease in 
the system sensitivity at higher video fre- 
quencies due to the falloff of  the effective 

The quoted minimum detectable power level (1.1 
× l0 23 W m 2) corresponds to a value ofy  = 2.535 or 
approximately 12 times the standard deviation in the 
data. The formal probability of  noise alone exceeding 
the threshold in any single channel of the 65,536-point 
spectrum formed from an average of 20 independent 
records is -<2%. 
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FIG. 3b. Doppler drift in VO-I. Each line of spec- 
trum is the result of  transforming a single data record 
(200 msec) and successive lines are sequential in time, 
separated by 800 msec. The measured drift rate at the 
time of observation was 3.2 Hz per second. The 
individual channel widths are 5.5 Hz. 

bandpass  (calculation of  the mean power  
per  channel has assumed a uniform filter 
response).  

During the data reduction process  we 
encountered 49 sources whose spectra,  
computed  from an average of  20 indepen- 
dent data records,  contained individual 
channels with received power  in excess  of  
1.1 × 10 -':~ W m - " ;  these spectra  were 
singled out for additional analysis.  In any 

systematic  search of this type,  the achieva- 
ble sensitivity of  the exper iment  is set by 
the false alarm rate which can be tolerated. 
Of  the 49 events ,  only 31 persisted upon 
anaysis of  20 additional records.  This 
agrees with the statistical prediction of  18 
"b i rd i e s "  (expected from noise alone at 
this power  threshold) that  would vanish 
upon analysis of  additional data records.  Of  
the remaining 31 events ,  11 occur  at a 
f requency of  240 kHz  above baseband,  
independent  of  the band center  f requency 
or the Doppler  correct ions for stellar veloc- 
ities. These particular signals can be as- 
cribed to a hardware problem within the 
Mark  I sys tem itself; this has subsequently 
been corrected.  Of  the last 20 " in te res t ing"  
cases,  19 were found to have signals 
present  at the same f requency and at 
roughly the same intensity in the reference 
" o f f "  tape spectra.  These signals have 
therefore been attributed to some form of  
near  field terrestrial interference. This 
leaves only 1 strong signal, for which no 
" o f f "  tape is available due to hardware 
failure. It must  be emphasized that this 

I 0  5 

io 4. 

~ 10 ~ 

5 

I 0  a 

i01 

iOC i0.t I I I I I I I I I I I I E I I I I t I ~ I  II 
. . . . . . .  i~0 0 . . . . . .  

P O W E R / M E A N  POWER PER C H A N N E L  

FIG. 4. False alarm statistics. The histogram 
presents the observed number of channels having 
power level between log y and log y + 0.04. The solid 
curve is the predicted channel numbers from P20(Y). 
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s ignal  does  n o t  r e p r e s e n t  a c l a im  for  de t ec -  
t ion o f  E T I  s ignals ,  bu t  r a t h e r  is a po t en -  
t ia l ly  i n t e r e s t i ng  s ignal  t ha t  is s u s p e c t e d ,  
bu t  not  ye t  d e m o n s t r a t e d ,  to be  o f  t e r r e s -  
t r ia l  or igin .  B e c a u s e  o f  this  u n c e r t a i n t y  the  
t a rge t  d e s e r v e s  to  be  i nc luded  on  fu tu re  
S E T I  o b s e r v i n g  l is ts .  S o u r c e  l is ts  for  this  
o b s e r v i n g  p r o g r a m  as wel l  as  tha t  o f  H o r o -  
w i t z  (1978) a re  ava i l ab l e  f rom the  au tho r s  
on  r eques t .  

CONCLUSIONS 

A l t h o u g h  this  s e a r c h  fa i led  to  d e t e c t  any  
ver i f ied  E T I  s ignals  s t r o n g e r  t han  1.1 × 
10 -.'3 W m 2 c o m i n g  f rom the  d i r e c t i o n  o f  
the  201 n e a r b y  s ta r s  o b s e r v e d  at  h18 cm,  it 
was  t h o r o u g h l y  v a l i d a t e d  the  n o v e l  o b s e r v -  
ing t e c h n i q u e  e m p l o y e d .  Unt i l  such  t ime  as  
h a r d w a r e  m e g a - c h a n n e l  s p e c t r u m  ana-  
l yze r s  a re  c o n s t r u c t e d  and  ins ta l l ed  at  ra- 
d i o - a s t r o n o m y  fac i l i t ies  to  c o n d u c t  a S E T I  
p r o g r a m  in rea l  t ime ,  the  use  o f  h i g h - s p e e d  
t ape  r e c o r d e r s  to  p r e s e r v e  1-bit s a m p l e d  
d a t a  will  p r o v i d e  an  e x t r e m e l y  a t t r a c t i v e  
m e t h o d  o f  mak ing  s y s t e m a t i c  S E T I  o b s e r -  
va t ions .  The  d i s a d v a n t a g e  o f  th is  a p p r o a c h  
( m o d e s t  i n s t a n t a n e o u s  b a n d w i d t h  and  large  
c o m p u t a t i o n a l  o v e r h e a d  on  m a i n f r a m e  
c o m p u t a t i o n a l  faci l i t ies)  can  be  offse t  b y  
the  use  o f  one  o r  m o r e  d e d i c a t e d  min i com-  
pu t e r s  and  spec ia l  p u r p o s e  h a r d w a r e  p ro-  
cesso r s .  The  high sens i t iv i ty  p r o v i d e d  by  
this  t e c h n i q u e  ( th rough  h i g h - f r e q u e n c y  res-  
o lu t ion  and  t a rge t ing  o f  l ike ly  c a n d i d a t e  
s ta rs )  p r o d u c e s  the  o v e r w h e l m i n g  a d v a n -  
t age  o f  min imiz ing  the  d e m a n d s  on  ex i s t ing  
r a d i o - a s t r o n o m y  fac i l i t ies ,  w h i c h  t end  to  be  
ful ly  s u b s c r i b e d  b y  s t a n d a r d  a s t r o n o m y  
p r o g r a m s .  

W e  in t end  to  c o n t i n u e  to c o n d u c t  a sys-  
t e m a t i c  t a r g e t e d  S E T I  p r o g r a m  ut i l iz ing  the  
m e t h o d s  d e s c r i b e d  in this  p a p e r .  In  add i -  
t ion  to the  poss ib i l i t y  o f  the  d e t e c t i o n  o f  an 
E T I  s ignal  du r ing  ou r  o b s e r v a t i o n s ,  it is 
i m p o r t a n t  to  c o n t i n u e  t h e s e  h igh - r e so lu t i on  
s e a r c h e s  as  an a id  to  the  r e a l i z a t i o n  o f  the  
r ea l - t ime  h a r d w a r e .  The  a s t r o p h y s i c a l  and  
m a n m a d e  e n v i r o n m e n t  in w h i c h  a S E T I  

s y s t e m  m u s t  func t ion  has  no t  y e t  b e e n  
c h a r a c t e r i z e d  wi th  sut t ic ient  f r e q u e n c y  res-  
o lu t ion  at  low flux leve ls .  A n  a c c e p t a b l e  
fa lse  a l a rm ra te  can  be  a c h i e v e d  o n l y  w h e n  
" k n o w n "  s ignals  can  be  r e m o v e d  au toma t i -  
ca l ly .  W e  e x p e c t  to  l ea rn  a g rea t  dea l  f rom 
our  c o n t i n u e d  s e a r c h  effor ts ,  even  i f  t h e y  
fail  in the i r  p r i m a r y  goal .  
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