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INTRODU a I O N  

The most important aspects  of the processing of NST r ada r  data were dis-  
cussed i n  considerable d e t a i l  a t  the URSI/SCOSTEP Workshop of Technical Aspects 
of MST Radar which was held a t  the University of I l l i n o i s  i n  May 1983. The 
papers presented a t  tha t  Workshop have been published recent ly  i n  the  Handbook 
f o r  MAP, Volume 9 (BOWHILL and EDWARDS, 1983). The concepts and conclusions 
presented i n  the many papers i n  t h i s  Handbook a r e  s t i l l  q u i t e  up t o  date ,  and so 
the  aim of t h i s  paper i s  simply t o  b r i e f ly  review and summarize the important 
points.  

The ana lys i s  of the da ta  can be divided usually i n t o  on-line and off - l ine  
portions.  The on-line processing s ign i f i can t ly  compresses the  data  v i a  time 
averages and rtsually produces power spect ra  or autocorre la t ion funct ions  (ACFs) . 
The off-l ine processing involves curve f i t t i n g  and parameter extraction.  The 
d e t a i l s  of the l a t t e r  depend upon the  experiment, the f a c i l i t i e s  of the ob- 
servatory,  the  types of in terference t h a t  must be coped wi th ,  etc. ,  and hence 
a r e  q u i t e  variable.  The goa l s  and techniques of the  on-line processing a r e  
l e s s  va r i ab le  and b e t t e r  es tabl ished,  and i t  i s  these t h a t  t h i s  paper w i l l  focus 
on. Further d e t a i l s  of the subjects  t o  be discussed below are  given i n  papers 
i n  the  MAP Handbook just  mentioned. 

The goals  of the on-line and now almost exclusively d i g i t a l  processing, 
procedures a re  t o  achieve good a l t i t u d e  reso lu t ion  and coverage, good frequency 
(Doppler s h i f t )  resolut ion,  and good time resolut ion,  while avoiding, insoear 
as  poss ible ,  the problems of range and frequency ambiguity (a ' l iasing),  ground 
c l u t t e r ,  and in terference.  Some of these goals  a r e  i n  conf l i c t ,  of course, and 
compromises a re  necessary. I n  almost a l l  cases,  however, achieving optimum re- 
s u l t s  requires  some so r t  of pulse compression (or perhaps frequency stepping) 

- and some coherent in teg ra t ion  (voltage averaging). The f i r s t  allows f u l l  u t i -  
l i z a t i o n  of the average power capab i l i ty  of the t ransmit ter  and the  second re- 

--_ _ _  __ _ _ " -  duces the  computing requirements. 
- 

PULSE COMPRESSION BY PHASE CODING 

It i s  easy t o  show t h a t  when proper processing i s  done, the e f fec t ive  
signal-to-noise r a  f o r  power, power spectrum, ACF, etc.  measuranents i s  pro- 
por t ional  t o  E 1n'jq, where P i s  the average t ransmit ter  power, r i s  
the pulse l e n g E  (or baud leng& fo r  a phase coded pulse) o r  the inverse of 
the  t o t a l  pulse bandwidth fo r  a chirped pulse)  and the inverse of the receiver  

. 

bandwidth (matched f i l t e r i n g ) ,  and n i s  the number of independent samples 
averaged (incoherently).  For most radars  the most p rac t i ca l  way t o  achieve 
good range reso lu t ion  (small  T )  and s t i l l  use the f u l l  power c a p a b i l i t i e s  of 
the t ransmit ter  i s  through pulse compression obtained with binary phase codes. 
A r e l a t i v e l y  long pulse i s  divided up i n t o  n shor ter  bauds of equal length,  
some of which a r e  sh i f t ed  i n  phase by 180 O .  I f  the t a rge t  remains phase co- 
herent f o r  a su f f i c i en t ly  long time, the radar  echoes can be processed (decoded) 
i n  such a way t h a t  they a r e  nearly equivalent t o  echoes received from a pulse 
of one baud length but n times the actual  transmitted peak power. The compres- 
s ion is  usually not q u i t e  pe r fec t ;  the echo from a s ingle  point  t a r g e t  would 
consis t  of weak range "'sidelobes" a s  we l l  as  the main echo. The decoding pro- 
cess  consis ts  of passing the  received s igna l  through a matched f i l t e r  whose im- 



pulse response i s  the time inverse of the transmitted pulse. This amounts t o  
cross-correlating the  s ignal  with a r ep l i ca  of the transmitted pulse. The 
codes i n  general  use f a l l  i n t o  a number of general  classes.  

( a )  Barker Codes 

These were f i r s t  discussed by BARKER (1953) and a r e  used extensively i n  
incoherent-scatter measurements. The dis t inguishing f e a t u r e  of these codes i s  
t h a t  the range sidelobes have a uniform amplitude of unity.  For example, the 
phase coding sequence and the  ACT ( the  vol tage pat tern  of the decoded echo from 
a s t a t ionary  point t a r g e t )  f o r  a 5-baud Barker code a r e  

I f  the  compression were perfect ,  only the 5 would be present i n  the ACF; 
the  1s a r e  the unwanted range sidelobes. The maximum value of n f o r  Barker 
codes, which a l l  have t h i s  same ACF pat tern ,  i s  13. The signal-to-noise r a t i o  
i n  the cen t ra l  peak i s  increased by a f ac to r  n (not n ), since the noise i n  
each decoded sample i s  the sum of n independent samples. 

The compression process only works i f  the co r re la t ion  time of the sca t t e r -  
ing medium i s  subs tan t i a l ly  longer than the f u l l  uncompressed length of the 
transmitted pulse; The decoding involves adding and subtract ing voltages,  not 
powers; i f  the sca t t e r ing  cen te r s  move a s ign i f i can t  f r a c t i o n  of a radar  wave- 
length between the time of a r r i v a l  of the f i r s t  and l a s t  baud of the pulse, 
the  compression process . w i l l  f a i l .  This i s  never a problem i n  p rac t i ce  i n  MST 
observations, but can be a problen i n  ionospheric studies.  I n  f a c t ,  the  corre- 

. l a t i o n  times i n  the troposphere and s t ra tosphere  a r e  usually so long ( the  order 
of t en ths  of a second or longer) t h a t  more powerful compression codes can be 
used. 

(b)  Complementary Code Pa i r s  

Although the range sidelobes f o r  Barker codes a re  small, they can s t i l l  
cause problems i n  MST work becauee the sca t t e r ing  cross  sect ion decreases so 
rapidly  with a l t i t u d e  (2-3 dB per kilometer) .  Comlementary codes completely 
e l iminate  t h i s  problem, a t  l e a s t  i n  p r inc ip le ;  they have no range sidelobes a t  
a l l .  The existence of these codes was f i r s t  p i n t e d  out by GOLAY (1961) and i s  
mentioned i n  some radar  l i t e r a t u r e  (RABINER and GOLD, 19751, but they a r e  im- 
p r a c t i c a l  fo r  most radar  appl ica t ions  because the t a rge t s  must have very long 
cor re la t ion  times. It was Woodman who f i r s t  noticed t h e i r  po ten t i a l  f o r  &!ST 
work and h i s  suggestion l ed  t o  t h e i r  f i r s t  use i n  s tudies  a t  SOUSY (SCHMIDT e t  
a l . ,  1979) and Arecibo (WOODMAN, 1980a) with 32-baud codes and 2 and 1 us baud 
lengths,  respect ively  (300 and 150 m resolut ion) .  

Complementary codes come i n  pa i r s ,  and the ACFs of the two pulses have the 
property t h a t  t h e i r  range sidelobes a re  equal i n  magnitude but opposite i n  sign,  
so t h a t  i f  the medium s tays  coherent over the in terpulse  period (IPP), the out- 
put voltages from the  pa i r  of echoes can be added, giving complete cance l l a t ion  
of the szdelobes, or perfect  compression. One can eas i ly  ve r i fy  t h a t  the 2- 
baud p a i r  (++, c) has t h i s  pfoperty. Representing such a pa i r  as (A, B) it i s  
a l s o  eas i ly  shown t h a t  (AB, AB), where 5 i s  the complement of fi, i s  a l s o  a com- 
plementary pair .  Hence code lengths t h a t  a r e  any power of 2-can be construct- 
ed, and a l s o  10 times any power of 2, it turns  out. The main p rac t i ca l  limita-. 
t i o n  on the code length i s  ground c l u t t e r ;  t h e  lowest a l t i t u d e  from which use- 
f u l  da ta  can be received becomes higher as  the code becomes 1onge.r. The com- 
puting-requirements become g rea te r  too, of course, but t h i s  i s  usually not a 
ser ious  problem because of the a v a i l a b i l i t y  of coherent in tegrat ion,  a s  dis-  
cussed below. 



( c )  Complenentary Sequences of Complenentary Codes 

I f  the co r re la t ion  time of the medium i s  many times longer than the IPP, 
more complicated sequences with complenentary proper t ies  can be devised t h a t  can 
reduce range ambiguity ( a l i a s ing)  problans q u i t e  dramatically.  Ordinarily,  i f  
t he  IPP i s  T, echoes from the a l t i t u d e s  h,  h + cT/2, e tc .  a r e  mixed together.  
From another point  of view, the ACF of the pulse sequence has i d e n t i c a l  peaks a t  
delays ox 0 ,  T, 2T, e tc .  But by t ransmit t ing cyc l i c ly  a four-pulse sequence 
such a s  A, B, A, 8, ... and decoding by c ross  corre la t ing with A, B, A, B, the 
f i r s t  undesired peak can be pushed from T out t o  2T. With longer sequences it 
can be pushed s t i l l  far ther .  GONZALES and WOODMAN (1984) have used t h i s  i d e a  
i n  EIF probing of the mesosphere with an 8-pulse sequence t o  e l iminate  problems 
caused by mul t ip le  r e f l e c t i o n s  from the ionosphere. 

(d) Quasi-Complementary Code Sets  

I n  the  r e a l  world complenentary codes do not, of course, work q u i t e  a s  
idea l ly  a s  described i n  the previous two sect ions ,  largely  because t ransmit ters  
do not transmit exactly the des i red waveform. So i n  pract ice  there  w i l l  s t i l l  
be range sidelobes,  and some of them may be serious,  but jus t  which ones de- 
pends on the  actual  code used and how the t ransmit ter  happens t o  d i s t o r t  it. 
To cope with these p rac t i ca l  d i f f i c u l t i e s ,  SULZER and WOODMAN (1984 generated 
a s e t  o t  48 d i f f e r e n t  32-baud codes ( the  computer search required some 350 
hours using an FPS 120 B Array Processor 1 )  t h a t ,  when used i n  sequence, had 
subs tan t i a l ly  b e t t e r  sidelobe proper t ies  i n  ac tua l  use with the Arecibo 430-MKz 
radar  than a simple 32-baud complenentary pair .  The 48-code s e t  i s  a l s o  l e s s  
a f fec ted  by the code t runcat ion which occurs a t  the lowest a l t i t u d e s  sampled. 
Unfortunately, with such a scheme the re  a r e  no decoding shor tcuts  ; each pulse 
must be decoded i n  r e a l  time as  it comes in ,  and so only observatories with 
very powerful d i g i t a l  hardware, such as  drecibo with i t s  assorted rad io  astro- 
nomy devices, can take advantage of t h i s  technique. 

( e l  Cyclic Codes 
4 

These a r e  sometimes a l s o  cal led  maximal length sequences and a r e  a y e l l  
known c l a s s  of codes t h a t  repeat  a t  i n t e r v a l s  of N 2n-1 bauds (i.e., CW 
transmission) and can be generated by an n-bit s h i f t  r eg i s t e r .  The ACFs of 

- - these sequences have per iodic  peaks of amplitude N a t  i n t e r v a l s  of N times tlie 
baud length,  but a r e  unity everywhere e lse .  I f  the per iodic  peaks cause no 

- -  - -----a - range ambiguity problens, and ground c l u t t e r  associated with the CW transmis- 
s ion i s  unimportant, very high compression r a t i o s  can be achieved. These re- 

- quirements a r e  of ten  met i n  radar  astronomy appl icat ions ,  where such codes a re  
widely used, but fo r  MST s tudies  these codes a r e  only useful  with b i s t a t i c  
r ada r  systems. WOOlXIAN (1980b) describes the use of cyc l i c  codes t o  achieve an 
a l t i t u d e  reso lu t ion  of 30 m i n  a b i s t a t i c  measurenent with the 2380 MHz radar  
a t  Arecibo, and. soon 15 m r e so lu t ion  w i l l  be possible. 

FREQUEN CY STEP PING 

It i s  poss ible  t o  achieve the goals  of pulse compression by manipulating 
the  frequency ra the r  than the phase of the transmitted s igna l ,  and it i s  now 
f a i r l y  easy t o  do t h i s  with a computer-driven frequency synthesizer. One can 
e i t h e r  change the frequency rapidly  within a long pulse or transmit a se r i e s  of 
shor t  pulses a t  a high pulse r e p e t i t i o n  r a t e  (PRF) with the frequency stepped 
cycl ic ly .  Stepping wi thin  the  pulse and sui tably  processing the data  i s  j u s t  
"chirping", which can a l s o  be done with analog techniques. I n  MST applica- 
t ions ,  however, the phase coding techniques a r e  generally more convenient. On 
the  other  hand, using short  pulses and a very  high PRF t o  r a i s e  the .average 
power, with frequency stepping t o  avoid range a l i a s ing ,  can be q u i t e  useful  fo r  
s tudies  a t  low a l t i t u d e s ,  where pulse compression cannot be used because of 



ground c l u t t e r  problems. To f u l l y  u t i l i z e  the technique one may need ' to  use 
several  receivers .  

COHERENT INTEGRATION 

This i s  very simple and easy t o  implement d i g i t a l  f i l t e r i n g  processes t h a t  
was f i r s t  applied t o  MST radar  data  by W O O W  and GUILLEN (1974). It i s  a 
crude f i l t e r ,  but it of ten leads  t o  an enormous reduction i n  subsequent computer 
processing requirements. Coherent in teg ra t ion  cons i s t s  of replacing N consecu- 
t i v e  vol tage samples from a given a l t i t u d e  by t h e i r  sum, thereby reducing the  
number of samples which need t o  be processed i n  a l l  subsequent operations by 
t h i s  f ac to r  N, which may be a s  l a r g e  a s  a few huudred. Since t h i s  operat ion i s  
l i n e a r  it can be done before any decoding of compressed pulses i s  ca r r i ed  out 
(except f o r  very long sequences of d i f f e ren t ly  coded pulses;  see  above). 
Hence, a s  long a s  one can perform these addi t ions  f a s t  enough, using spec ia l  
purpose hardware i f  necessary, the  decoding and FFT or s imi lar  processing can 
be done with f a i r l y  inexpensive computers. Coherent in teg ra t ion  i s  obviously 
most useful when the coherent time of the medium i s  a t  l e a s t  an order of magni- 
tude longer than the IPP. . 

The quest ion t h a t  natura l ly  a r i s e s  i s  how large  can N be? To analyze how 
coherent in teg ra t ion  a f f e c t s  the  s ignal ,  i t  i s  simplest t o  consider it t o  be 
made up of two separate operations:  ( I )  f i l t e r i n g  v i a  a running average (a 
f i l t e r  with a un i t  impulse response of durat ion T, where T i s  N times the IPP), 
followed by (2)  sampling a t  i n t e r v a l s  of T, which of course represents  a d r a s t i c  
undersampling of the o r ig ina l  unf i l t e red  signal.  The s i r s 5  operation multi- 
p l i e s  the  power spectrum of the o r ig ina l  's ignal by s i n  x/x , where x *fT 
and f is  the  frequency i n  Hz. The sampling operat ion then leads  t o  frequency 
a-liasing, with s ignal  power a t  frequencies f and f + n / ~ ,  where n i s  any inte- 
ge r ,  summed together. Sonewhat surpr is ingly ,  perhaps, a s ignal  .spectrum which 
i s  f l a t  before coherent in teg ra t ion  w i l l  s t i l l  be f l a t  afterwards;  the f i l t e r -  
ing and a l i a s i n g  balance each other and white noise s t i l l  looks white, with no 
taper ing a t  the window edges. Upon r e f l e c t i o n  t h i s  r e s u l t  i s  not surpr is ing,  
since' the sum of n randon: noise samples i s  i t s e l f  jus t  random noise. On the  
other hand, a narrow s ignal  peak with a Doppler s h i f t  of 0.44/T Hz, near the 
edge of the a l i a s i n g  window, w i l l  be a t tenuated by 3 dB by the f i l t e r  function,  
whereas a peak near the center  of the spectrum w i l l  be unaffected. I n  o ther  
words, one should be conservative i n  the use of coherent in teg ra t ion  and make 
su re  t h a t  a l l  s igna l s  of i n t e r e s t  a re  i n  the cen t ra l  por t ion of the post- 
in teg ra t ion  spectrum. Final ly ,  it i s  perhaps worth r e i t e r a t i n g  t h a t  coherent 
in teg ra t ion  i s  only a f i l t e r i n g  procedure, a f a i r l y  crude one i n  f ac t .  Exactly 
the same r e s u l t  (a s l i g h t l y  b e t t e r  r e s u l t ,  ac tua l ly )  would be achieved (but a t  
g rea te r  cos t )  by Fourier transforming the f u l l  o r ig ina l  time s e r i e s  and re ta in-  
ing only the in te res t ing  par t .  

OTHER. POINTS 

For completeness, i t  may be worth including a few br ief  remarks about 
coarse quan t i za t ion  and spec t ra l  moments. I t  i s  poss ible  t o  der ive  a l l  the use- 
f u l  s t a t i s t i c a l  information (except the t o t a l  power i n  some cases)  about the 
sca t t e red  s igna l  ( a  Gaussian random var iab le )  even i f  the quant izat ion i s  very 
crude, e.g., determines only the sign b i t  i n  the most extreme case. With such 
quant izat ion very high processing speeds a r e  possible,  pa r t i cu la r ly  with 
.special purpose hardward. A number of poss ible  schemes and t h e i r  associated 
correct ion f a c t o r s  and s t a t i s t i c a l  e f f i c i enc ies  a r e  discussed by IIAGm and 
FARLEY (1973). The use of coarse quant izat ion has become l e s s  necessary a s  
d i g i t a l  hardware has become f a s t e r  and l e s s  expensive, but f o r  some app l i ca t ions  
it i s  st i l l  necessary. 

Turning t o  the question of spect ra l  moments, it i s  wel l  known from Fourier 



transform theory t h a t  ,the der ivat ives  of the ACF a t  the o r ig in  (zero l a g )  g ive  
the  moments of the power spectrum. Kence from a power measurement and a com- 
plex lagged product measurement a t  a s ing le  short  lag,  i t  i s  possible t o  obta in  
the  f i r s t  two monients of t h e  power spectrum as  wel l  as the t o t a l  power, I f  the 
spectrum is  nicely shaped, with a s ingle  f a i r l y  symmetrical peak, these moments 
alone give a l l  the important information. I f  the spectrum i s  more complicated, 
however, a s  i s  often the case, the f u l l  spectrum i s  needed. 
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SESSION SUMMARY AND RECOMMENDATIONS 

A number of the points made i n  the 1983 Workshop were re i t e ra ted .  The 
theory, advantages, and disadvantages of various data-processing techniques, 
pa r t i cu la r ly  those used on l i n e ,  a r e  now pre t ty  wel l  agreed upon; the re  seem 
t o  be no ser ious  controversies.  Nevertheless, the re  were a number of in te res t -  
ing points brought out i n  the papers and the ensuing discussion t h a t  Sean worth 
auntmarizing here. 

' 
1 )  J. L. Green pointed out t h a t  there  may be advantages t o  decoding 

schemes t h a t  a r e  not equivalent t o  matched f i l t e r i n g .  Such schemes can sub- 
s t a n t i a l l y  reduce the range sidelobes associa ted with Barker codes, fo r  example, 
a t  the cost  o t  s l i g h t l y  reducing the compression ra t io .  Of course, Barker 
codes a r e  not used too much f o r  EfST radar  work, but perhaps s imi la r  ideas would 
work with complementary codes or quasi-complementary s e t s ?  O r  perhaps such 
procedures might eliminate the need f o r  the quasi-complementary s e t s ,  which can 
only be implemented i f  very powerful decoding hardware i s  ava i l ab le?  

2) S. A. Bowhill discussed the  concept of pulse compression v i a  frequency 
chirping and pointed out t h a t  i n  MST appl icat ions ,  i n  which the med'ium has a 
very long coherence time, it i s  poss ible  t o  chirp by varying the frequency on a 
pulse-to-pulse bas is ,  r a t h e r  than wi thin  the pulse. .This i s  l i k e  frequency 

. stepping, except t h a t  vol tages ,  not powers, a re  added a f t e r  incorporating ap- 
propr ia te  phase factors .  The advantages over conventional chirping a r e  a re- 
duction i n  ground c l u t t e r  and possibly b e t t e r  t ransmit ter  performance. The 
same concepts apply t o  phase coding a lso ,  of course, a s  discussed i n  the over- 
view and the  paper by R. G. Strauch. One must careful ly  compare the range 



.. . 

sidelobes,  etc.  i n  both cases and the  a b i l i t y  of the t ransmit ter  t o  ac tua l ly  
generate the des i red pulse shape. 

3 )  D. V. Sarwate described algorithms f o r  generating a wide v a r i e t y  of 
s e t s  of complanentary sequences such as ,  f o r  example, 8 sequences of length 7 
which have the  property t h a t  the sum of the 8 ACFs has no range sidelobes. 

4 )  M. P e t i t d i d i e r  and J. W. Erosnahan described new high performance pre- 
processing hardware which i s  i n  the advance design stage and should be re l a t ive -  
l y  inexpensive. P r i ces  of d i g i t a l  hardware continue t o  drop and performance ' 
continues t o  r i s e .  The biggest  problen r i g h t  now s e a s  t o  be long de l ive ry  
times f o r  some of the c ruc ia l  chips. G. S t i t t  and S. A. Barh i l l  compared var i -  
ous FFT device p o s s i b i l i t i e s .  

5 )  P. K. Rastogi, S. K. Avery and C. E. Meek discussed o f f l i n e  ana lys i s  
procedures used i n  ex t rac t ing  physical  p a r m e t e r s  from conventional EST Doppler 
radar  data,  meteor radar  data,  and pa r t i a l - r e f l ec t ion  d r i f t  data. The problems 
and so lu t ions  vary considerably from technique t o  technique. - 

Turning t o  RECOMMENDATIONS, it was the  consensus of the group t h a t  it was 
worth reemphasizing the  recommendation of l a s t  year. Although many observa- 
t o r i e s  perform q u i t e  advanced data  processing, there  i s  s t i l l  room f o r  improve- 
ment. A s  the  w s t  of hardware preprocessors and small computers declines and 
t h e i r  power increases,  it i s  increasingly cost  e f fec t ive  t o  u t i l i z e  the most 
sophistacated techniques. As much processing a8 possible should be done.on- 
l i n e  i n  order  t o  compress the da ta  and reduce the tape handling and delays as- 
socia ted wi th  subsequent off - l ine  processing. 

F ina l ly ,  the group urged t h a t  a l l  spaced antenna d r i f t  (SAD) measurements 
should be done coherently. Forming auto- and cross co r re la t ions  using only the 
s igna l  power or amplitudes i s  considerably l e s s  e f f e c t i v e  than using f u l l  com- 
plex vol tage product s. I 




