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ABSTRACT 

The data-processing methods used i n  high-power radar  probing of the  middle 
atmosphere a r e  examined i n  t h i s  paper. The radar  a c t s  as a s p a t i a l  f i l t e r  on 
t h e  small-scale r e f r a c t i v i t y  f l u c t u a t i o n s  i n  t h e  medium. The c h a r a c t e r i s t i c s  of 
the  received s igna l s  can be r e l a t e d  t o  the s t a t i s t i c a l  p roper t ies  of these 
f luc tua t ions .  A func t iona l  ou t l i ne  of the components of a radar  system i s  
given. Most computation-intensive tasks  a r e  ca r r i ed  out by the processor. The 
processor computes a s t a t i s t i c a l  function -- usually the power spectrum, or 
equivalently the autocovariance func t ion  -- of the  received s igna ls ,  
simultaneously for  a l a rge  number of ranges. 
signals i s  used t o  reduce the  da ta  input r a t e  t o  the  processor by coherent in te -  
gra t ion .  The inherent  range r e s o l u t i o n  of the r ada r  experiments can be improved 
s ign i f i can t ly  with the  use of pseudo-noise phase codes t o  modulate the  trans- 
mi t ted  pulses  and a corresponding decoding opera t ion  on the  received signals.  
Commutability of the decoding and coherent-integration operations i s  used t o  
ob ta in  a s i g n i f i c a n t  reduction i n  computations. The l imi t a t ions  of the  
cur ren t ly  used processors a r e  outlined. 
the  measured func t ion  i s  parameterized by a few spec t r a l  moments t h a t  can be 
r e l a t e d  t o  physical  processes i n  the  medium. The probleos encountered i n  
estimating the  spec t r a l  moments i n  the  presence of s t rong  ground c l u t t e r ,  
ex te rna l  in te r fe rence ,  and noise are discussed. Some s a l i e n t  s t eps  involved i n  
the  subsequent (of ten  ad hoc) graphica l  and s t a t i s t i c a l  ana lys i s  of the i n f e r r e d  
parameters a r e  outlined. The requirements f o r  special-purpose processors f o r  
MST radars  are b r i e f l y  discussed. 

INTRODUCT LON 

The slow fading of atmospheric 

A t  the next l eve l  of data-reduction, 

Over a decade has passed s ince  the  pioneering experiments a t  Jicamarca, 
Peru (WOODMAN and GUILLFN, 1974) and Millstone H i l l  (CRANE, 19801, t h a t  became 
t h e  forerunners of the  modern high-power radar  s tud ie s  of the middle atmosphere, 
were performed. These experiments es tab l i shed  t h a t  powerful radars  can de tec t  
c lear -a i r  turbulence a t  heights extending t o  w e l l  wi th in  the  mesosphere and use 
i t  as a t r a c e r  fo r  the l a r g e r  s ca l e  motions -- winds and waves -- i n  the middle 
atmosphere. A s  a r e s u l t ,  almost a l l  the ex i s t ing  ionospheric incoherent -sca t te r  
radars  a l so  a r e  used f o r  s tud ies  of the mesosphere-stratosphere-troposphere 
(MST) region. Several new MST radars  have been constructed wi th in  the  l a s t  
decade, and o the r s  are nearing completion or planned. 
f o r  s tud ie s  of the  dynamics and turbulence i n  the  middle atmosphere involved 
severa l  l e v e l s  of s igna l  and data processing operations.  It  i s  the  object of 
t h i s  paper t o  ou t l ine  and review these operations.  

The use of these radars  

The impact of the  recent  e l ec t ron ic  data-processing innovations i s  c l ea r ly  
manifest i n  the  amount of da ta  handled i n  the  cu r ren t ly  used MST radar  experi- 
ments, and e spec ia l ly  i n  the  r a t e  a t  which i t  i s  processed. In the  o r ig ina l  
s ing le-a l t i tude  experiments a t  Jicamarca, 60,000 complex add i t ions  and 500 
complex mul t ip l i ca t ions  were performed each minute (GUILLEN, 1971). The number 
of operations i n  a typ ica l  S-T experiment a t  Arecibo, e.g., would be l a r g e r  by 
four  or perhaps f i v e  orders  of magnitude (WOODMAN, 1980). Over 50 mi l l i on  
spec t ra  may already. have been co l l ec t ed  or analyzed i n  MST rada r  experiments 
during the  pas t  decade. 
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We begin with a functional descr ipt ion of the components of a radar system. 
Then following i n  respect ive order, a discussion of the advantages and l i m i t a -  
t i ons  o t  coherent i n t eg ra t ion  as a computation-saving intermediate s tep;  the use 
of binary phase codes and decoding r e s u l t s  i n  an improvement i n  s p a t i a l  resolu- 
t i on ;  and the methods of computing the spectra  or autocovariance functions of 
the receive& signals  i n  the processor. 
processors i n  carrying out these computations i n  real t i m e ,  and the need fo r  
special-purpose processors with larger  memory, especially for  UHF radars,  a lso 
a r e  discussed i n  t h i s  section. Next, the methods of reducing t h e  spectra  or t h e  
autocovariance functions t o  a few basic  spec t r a l  moments, pa r t i cu la r ly  i n  the 
presence of strong ground c l u t t e r ,  are reviewed; the use of s t a t i s t i c a l  edi t ing 
techniques and treatment of missing data i n  the analysis  of derived parameters; 
and f i n a l l y ,  a br ief  discussion of some possible fu tu re  developments i n  MST 
radar data processing. 

FUNCTIONAL BLOCKS 

The l imitat ions of general-purpose 

A schematic block diagram of a typical  MST radar system i s  shown i n  Figure 
1. The functions of these blocks are outlined below. 

The antenna i s  shared by the t ransmit ter  and the receiver system through a 
Duplexer. The transmitter i s  controlled by a modulator, and sends out narrow 
pulses,  few tens of us i n  width and about 1 MW peak power, a t  a typical  pulse 
r e p e t i t i o n  in t e rva l  (PRI) of 1-2 ms.  
ments, the phase of the transmitted pulse can be modulated within the pulse i n  
accordance with code(s) supplied by a code generator. 

In high a l t i t u d e  resolut ion experi- 

The receiver i s  connected t o  the antenna through the duplexer, shortly 
a f t e r  t h e  t ransmit ter  modulation i s  turned o f f .  For UHF radars  the f r o n t  end of 
the receiver ,  usually a wide-band low-noise parametric amplifier,  i s  mounted 
physically on the antenna. 
it t o  a lower intermediate frequency (IF). The IF signal  i s  band-limited 
through a f i l t e r  t h a t  i s  nominally matched e i t h e r  t o  the pulse length o r ,  i n  
experiments t h a t  use phase codes, to the baud length of the codes. The complex 
envelope of the IF  s ignal  is recovered through a pair  of in-phase and quadra- 
t u r e  phase detectors.  The real and imaginary pa r t s  of t h i s  envelope a r e  sampled 
i n  range and d ig i t i zed  with analog-to-digital converters. The duplexer must 
disconnect the receiver from the antenna a f t e r  samples a t  a l l  useful ranges have 
been obtained. 

The receiver amplifies the RF signal  and converts 

TO ANTENNA 

f 
r - - - - - - - -  

Figure 1. Block diagram for a typical MST radar. The signal 
flow is shown by thin lines, and the control flow by heavy 
lines. The control functions are not explicitly shown. The 
functions carried out in the blocks enclosed by the dotted 
lines are assumed to be linear. 
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The d ig i t i zed  s ignals  are coherently integrated over several  sweeps t o  
- reduce -_ t h e i r  bandwidth. I f  phase codes are used, the coherently integrated 
samples are correlated i n  range with the code pat tern t o  e f f e c t  decoding. 
is ,  of course, necessary t o  temporarily s to re  the integrated samples separately 
fo r  each code. 

It 

From the integrated and decoded samples, the processor obtains time- 

The radar responds only t o  those 
averaged estimates of e i t h e r  the power spectrum, S ( f ) ,  or the autocovariance 
function, R(r), of the received signal.  
components of the r e f r a c t i v i t y  f luctuat ions within the sca t t e r ing  volume t h a t  
have a s p a t i a l  s ca l e  of h / 2  corresponding t o  the Bragg vector along the radar 
axrs. Parameters inferred from the spectra or the autocovariance function of 
the received s ignal  can be r e l a t ed  t o  the s t a t i s t i c a l  propert ies  of the 
r e f r a c t i v i t y  f luctuat ions a t  the Bragg scale  under f a i r l y  general conditions as 
discussed, e.g., by TATABSKII (1971) and ISHIMARU (1978). The most widely used 
parameters a r e  the low-order spectral  moments of the received signal.  
spectral-moment processing frequenty i s  carr ied out off-line. 

The 

Synchronization between the radar modules i s  effected through the radar 
control ler .  
modules, and t o  the outs ide world f o r  storage,  display and fu r the r  analysis,  
is exercised through an on-line host computer. 

The ove ra l l  t r ans fe r  of d ig i t i zed  and processed data -between the 

The signal-processing operations performed by the analog blocks (enclosed 
by dotted l i nes  i n  Figure l ) ,  and subsequently by the processor, assume 
l i n e a r i t y  of the system. 
these modules. 

COHERENT INTEGRATION 

For t h i s  reason, it i s  c ruc ia l  t o  avoid saturat ion of 

A d i r e c t  Fourier analysis  of the s ignals  received a t  the PRI, T i s  unde- 
s i r ab le  fo r  two reasons: (1) the frequency band (-0.5T, +0.5T) i s  considerably 
wider than the expected Doppler s h i f t  of the s ignals ,  and (2) the processor can 
s t o r e  only a f i n i t e  number N of samples f o r  each range and the avai lable  f r e -  
quency resolut ion 1/TN may not adequately resolve the Doppler-shifted returns.  
It is ,  therefore,  necessary t o  reduCe the bandwidth of the s ignals  by low-pass 
f i l t e r i n g .  
(SNR), due mainly t o  the reduced bandwidth. 

This a l s o  would r e s u l t  i n  a b e t t e r  ove ra l l  signal-to-noise r a t i o  

Coherent integrat ion of the received signals,  i n  which the s ignals  a r e  
accumulated fo r  a t i m e  MT and then fed to  the processor a t  t h i s  reduced r a t e ,  
provides a simple and computationally e f f ec t ive  means of implementing a low-pass 
f i l t e r .  
GUILLEN (19741, and i s  now standard i n  a l l  MST radar  experiments. 
exceptions t o  i t s  use a r i s e  i n  UHF radar  experiments, a t  low elevat ion angles 
and a t  mesospheric heights. 

The use of coherent integrat ion was proposed f i r s t  by WOODMAN and 
The only 

The coherent-integration method i s  equivalent t o  a convolution or moving 
average of the received s ignal  with a rectangular window followed by coarse 
sampling a t  i n t e r v a l s  of the window length. Since the coe f f i c i en t s  of t h i s  
window are a l l  of un i t  weight, i t s  implementation does not involve multiplica- 
t i ons  and needs only one storage locat ion per range fo r  the p a r t i a l  sums. The 
frequency response of the coherent-integration f i l t e r  has been discussed by 
SCBMIDT e t  al .  (1979). 
Its simple implementation, however, has strongly favored i ts  use with MST 
radars. 

It approximates an ideal  low-pass f i l t e r  r a the r  poorly. 

Use of be t t e r  low-pass f i l t e r s  i s  desirable  fo r  reducing external  inter-  
ference. Improved low-pass f i l t e r s  can be obtained through smoother and wider 
t i m e  windows (see e.g., OPPEHHEIM and SCBAFER, 1975; RABINER and GOLD, 1975). 
The use of these improved f i l t e r s  involves, however, addi t ional  storage f o r  the 
f i l t e r  weights and €or s to r ing  the p a r t i a l  product sums, and a large number of 
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ex t r a  multiplications.  
preprocessor. Alternatively,  improved low-pass f i l t e r s  can be implemented 
d i r ec t ly  i n  the frequency domain by bandlimiting, provided t h a t  the processor 
has adequate storage and Doppler resolution. Neither of these approaches appear 
t o  have been pursued with the exis t ing MST radars. 

PHASE CODES AND DECODING TO IMPROVE THE RANGE RESOLUTION 

Their implementation would require  a special ly  designed 

The use of a narrow transmitted pulse and bandlimiting a t  the IF stage 
del ineates  f o r  each sampled range a sca t t e r ing  volume i n  space. 
mitted pulse shape i s  p ( t ) ,  and the impulse response of the receiver system 
a f t e r  correcting for  a constant delay i s  h ( t ) ,  then the shape of the sca t t e r ing  
volume a t  a range delay t along the radar a x i s  i s  given by the convolution (c/2) 
p ( t > @  h(t) .  
volume i s  confined by the antenna beamwidth. 
height resolut ion of 1.5 km i s  typical  for MST radars,  but it i s  inadequate f o r  
resolving the individual layers  of turbulence t h a t  often a re  thinner than 100 m. 
The pulse width of ten can be reduced without an appreciable increase i n  the 
t ransmit ter  peak power. T h i s  would r e s u l t  i n  an improved resolut ion,  but a t  the 
cost  or decreased s e n s i t i v i t y  a t  f a r  ranges. 
circumvents these l imitat ions.  

I f  the trans- 

I n  a d i r ec t ion  orthogonal t o  the radar axis ,  the sca t t e r ing  
A pulse width of 10 u s  and a 

The use of phase coding 

In coding schemes, a Oo/18O0 phase modulation i s  imposed on the transmitted 
pulses i n  accordance with a given code w(t) .  
response g ( t ) ,  once again a f t e r  correcting f o r  a delay, should now be matched t o  
baud r a t e  [ T ~ ]  for the code w(t) .  
correlated with w(t). 

The receiver-system impulse 

I n  decoding, the received s ignal  i s  
The corresponding operation i n  range i s  now 

For desirable  codes , t h e i r  autocovariance function 

Et' tw(t ' )  x w( t+ t ' ) l  

should behave l i k e  noise,  i.e., it should peak only i n  the v i c i n i t y  of P O .  
This r e s u l t s  i n  a range resolut ion of the order of (c/2) x "b. 

The same argument can be extended fo r  a l i nea r  system t o  sets of codes, 
e.g., t o  complementary code pa i r s ,  provided t h a t  the atmospheric s ignal  may be 
regarded as coherent over the t i m e  required t o  cycle through the e n t i r e  code set 
(WOODMAN e t  al., 1980). A s  discussed i n  the previous sect ion,  t h i s  o f t en  is the  
case. 
t h a t  the "sidelobes" i n  the autocovariance functions f o r  the codes i n  the pa i r  
a r e  equal and opposite and cancel on addition. I n  practice.  t h i s  cancel la t ion 
i s  not perfect .  Implanentation of complementary-code schemes f o r  spec i f i c  radar  
systems i s  discussed by SCHMIDT e t  a l .  (1979) and WOODMAN (1980). 
these codes are being used with the SOUSY, Arecibo, Millstone H i l l  and Poker 
F l a t  radars. 

Complementary code p a i r s  (RABINER and GOLD, 1975) have the nice property 

A t  present 

Since the codes are binary (i.e., have two l eve l s  of phase s h i f t ) ,  the 
decoding operation involves only a one b i t  - multiple b i t  correlat ion of the 
code with the received signal.  
of the received s ignal ,  but s t i l l  needs t o  be evaluated a t  the baud r a t e .  For a 
32-baud code and a 1 us baud rate, decoding involves 32 logical  operations and 
additions within the baud duration of 1 vs. For coherent signals,  a remarkable 
reduction i n  the number of computations is  possible by coherently integrat ing 
the s ignals  before they a r e  decoded (WOODMAN e t  al., 1980). For such s ignals ,  
the dc bias  i n  the system can be subs t an t i a l ly  reduced by successively sending 
the codes and t h e i r  inverse,  and correcting f o r  the inverted codes by changing 
the sign of the received signals.  

This co r re l a t ion  can be computed as a gated s m  
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An extensive empirical search fo r  "improved" p rac t i ca l  code sets a t  
specif ied sidelobe lwels has been made by M. P. Sulzer. 
mentation of such codes w i l l  require special  hardware decoders, and i s  f e a s i b l e  
with the avai lable  special  purpose VLSI processor s. 

Prac t i ca l  imple- 

Complementary code p a i r s  are mt  usable i n  mesospheric (incoherent-scatter)  
experiments with UHF radars,  or i n  UHF experiments a t  low e l w a t i o n  angles. 
This i s  because the s ignals  received i n  these experiments have a wide bandwidth 
and lack coherence from pulse t o  pulse. Barker codes are more p rac t i ca l  i n  
mesospheric incoherent-scatter experiments, and have been used f o r  aver a decade 
(IOANNIDIS and FARLEY, 1972). 

AUTOCOVARIANCE FUNCTION AND POWER SPECTRUM ANALYSIS 

The pr incipal  function of the processor i s  t o  form the estimates of the 
power spectrum density (PSD) or the autocovariance function (ACF) of the 
received s ignals  from the coherently integrated and decoded samples, 
simultaneously for a l a rge  number of range c e l l s ,  

To carry out t h i s  function, the processor must have su f f i c i en t  storage fo r  
the samples and the intermediate r e su l t s ,  and adequate speed t o  keep up with the 
computations i n  r e a l  t i m e  and t o  avoid a backlog. 
capacity and speed of the processor, it i s  configured t o  operate i n  e i t h e r  a 
single-buffer or a double-buffer mode. I n  the single-buffer mode, the radar 
operation must be hal ted t o  allow the processor t o  catch up with the processing 
of the stored data. I n  the double-buffer mode, su f f i c i en t  memory must be 
avai lable  t o  maintain two data storage areas with one always f r e e  t o  receive 
data while the other i s  being processed, and the time t o  process the data i n  one 
area must be shorter  than t h a t  required to replenish the other. 
conditions a r e  met, the double-buffer mode allows uninterrupted radar  operation. 
Both the modes are used i n  MST data processing, depending upon the  in s t a l l a t ion .  

Depending on the storage 

When these 

It i s  perhaps relevant  t o  point out t h a t  the da t a  input r a t e  t o  the 
processor depends upon the radar frequency. The operating frequency for VHF 
radars  (50 MHz) i s  about ten times lower than fo r  UHF radars  (430 MHz). Under 
iden t i ca l  circumstances the UHF signals  w i l l  have a Doppler s h i f t  and spread 
t h a t  i s  ten t i m e s  t h a t  f o r  VHF signals.  
w i l l  therefore  be f a s t e r  by a f ac to r  of 10 fo r  UHF radars. 
requirements correspondingly a r e  more s t r ingent  f o r  UHF radars. 

The data input rate t o  the processor 
The computational 

The ACF processing i s  most simply implemented by using the method of lagged 
products (BLACKMAN and TUKEY, 1959). 
lags,  the processor must maintain a his tory of m samples and must have a similar 
amount of storage f o r  updating the lagged-product sums. For each new sample, 
the m complex product sums are updated. After processing a su f f i c i en t  number 
(L) of samples, the product sums a r e  normalized t o  obtain the ACF. 
processing requires  approximately (m x L) complex mult ipl icat ions and addi t ions 
per range. The pr incipal  incentive f o r  the use of ACF processing i s  the set of 
s i m p l e  r e l a t i o n s  between the spectral  moments and the der ivat ives  of the ACF a t  
zero l a g  (WOODMAN and GUILLEN, 1974; MILLER and ROWARGER, 1972). I n  
pr inciple ,  the most useful spectral  moments can be estimated from the ACF values 
a t  j u s t  3 or 4 su i t ab le  lags.  
becomes i n e f f i c i e n t  and i s  r a re ly  used (see, however, HARPER and WOODMAN, 1977). 

The PSD can be estimated d i r ec t ly  from the coherently integrated and 

For computing the ACF a t  m equispaced 

The ACF 

For l a rge  values of m, the lagged product method 

decoded samples using the method of averaged periodograms. 
an equispaced sequence i s  defined as the magnitude squared of i ts  d i sc re t e  
Fourier transform (DFT). 
transform (FFT) algorithms (OPPENHEIM and SCHAFER, 1975; RABINER and GOLD, 
1975). 

The periodograms of 

The DFT i s  e f f i c i e n t l y  implenented with f a s t  Fourier 

A f i n i t e  number (m = 2k) of samples i s  stored i n  the  processor memory, 
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and transformed i n  place with the  FFT method. 
m x logzm complex mult ipl icat ions.  
square of the DFT, and averaged i n  t i m e  t o  obtain an estimate of the PSD. The 
method of averaged periodograms i s  now routinely used i n  MST radar  experiments. 
It was  used f i r s t  a t  the Sunset radar by GREJB e t  a l .  (1975). 

The transform involves usually 
The periodogram i s  then computed as the 

S t a t i s t i c a l  propert ies  of the ACF and the PSD estimates have been discussed 
i n  d e t a i l  i n  several  t ex t s  (JENKINS and WATTS, 1969; KOOPMANS, 1976; PAPOULIS, 
1977). The averaged periodogram P(f)  gives a d i s to r t ed  estimate of the t rue PSD 
S ( f ) ,  and i t s  DFT a l s o  i s  a poor estimate f o r  the ACF R(T).  
pa r t i cu la r ly  s ign i f i can t  i n  the presence of a strong, slowly fading ground 
c l u t t e r  as discussed below. 

This d i s t o r t i o n  i s  

The method of averaged periodogram for  an m-point sequence i s  equivalent t o  
applying a t r iangular  window over a base (-ma +m) on the ACF. 
d i sc re t e  nature of the sequences and t h e i r  transforms, the windowed ACF i s  
per iodic  and i ts  components outs ide (9, id are aliased. 
pa r t i cu la r ly  s ign i f i can t  i f  the ACF extends beyond -12. +m/2). 
window causes a smearing of d i sc re t e  frequency components with a frequency 
window t h a t  decays slowly as f2.  

Because of the  

T h i s  a l i a s ing  i s  
The t r i angu la r  

A simple way of avoiding the d i s t o r t i o n  due t o  a l i a s i n g  of the ACF i s  t o  
append the m-point sequence with m o r  more ze ros  before the DFT operation, This 
i s  a well-known technique f o r  estimating the ACF of a sequence with the DFT 
methods (RABINER and GOLD, 1975). It does, however, require  ex t r a  storage 
capacity i n  the processor and perhaps for  t h i s  reason has received scant 
a t t en t ion  f o r  MST radar  applications.  The smearing of the d i sc re t e  frequency 
components arises due t o  the f i n i t e  length m of the sequences t h a t  a r e  trans- 
formed. The only way t o  reduce t h i s  smearing is t o  increase m (i.e., the 
duration of the sequence), t h a t  i s  l imited once again by the processor memory. 

Two current developments i n  the f i e l d  of d i g i t a l  s igna l  processing (DSP) 
are worth mentioning as they are l ike ly  t o  have some impact on fu tu re  MST radar 
processing. 

The f i r s t  development per ta ins  t o  the parametric spec t r a l  analysis  methods 
t h a t  increasingly are being used i n  signal-processing appl icat ions (CEILDERS, 
1978; HAYKIN and CADZOV, 1982; DURRANI, 1983). The spectral .analysis  methods 
current ly  used with MST radars ,  e.g., the Blackman-Tukey method, are non- 
parametric i n  the sense t h a t  they do not use any spec i f i c  model for  the received 
s ignal .  Parametric methods assume an underlying model f o r  the process (received 
s ignal)  being analyzed and, provided t h a t  the process adheres t o  t h i s  model. can 
provide excel lent  frequency resolution. 
assumes t h a t  the process i s  obtained by f i l t e r i n g  white Gaussian noise through a 
pole-zero f i l t e r  (MAI(HOUL, 1975; GUTOWSKI e t  al., 19781, though the order of 
t h i s  f i l t e r  needs t o  be determined empirically. An examination of MST radar  
spectra  suggests t h a t  they can probably be characterized by an all-pole model. 
Exploratory spectral  ana lys i s  of sequences of coherently integrated samples from 
WF and UHF radars,  with the methods out l ines  above, appears t o  be a very 
promising project.  

A r a the r  general  c l a s s  of these models 

The second development per ta ins  t o  the declining cost  of large addressable 
memory modules and the a v a i l a b i l i t y  of special-purpose microcomputers ( ~ C S )  f o r  
DSP appl icat ions (MAGAR e t  al., 1982; ALLAN. 1982). 
addressable memory module with 500 ns  access t i m e  i s  current ly  priced a t  $2500. 
Programmable DSP ~ C S ,  t ha t  can compute a 64-point complex FFT i n  2 ms,  are a l s o  
current ly  available.  It appears t h a t  special-purpose processors for  MST radar  
appl icat ions can be implemented inexpensively with a large addressable memory 
module and several  DSP pCs. 

A 16-bit 256-kiloword 



483 

SPECTRAL-EIDMENT PROCESSING: GROUND-CLUTTER BEMOVAL 

A t  the next level  of processing, the PSD or ACF estimates are used t o  
The three lowest-order moments, defined obtain the basic  spec t r a l  moments. 

below, are of special  i n t e re s t :  

+m 
S1 = [ / .  f S ( f )  df]/So 

-03 

These moments denote, respectively,  the t o t a l  power, Doppler s h i f t  and Doppler 
spread of the signals.  
In  p rac t i ce  the spectra are localized, and the moments must be evaluated over a 
l imited frequency window F a s  d i sc re t e  sums. I n  order than these sums converge 
t o  the t rue moments, a good frequency resolut ion i s  desirable.  The de f in i t i ons  
show t h a t  wen f o r  local ized spectra ,  for  the moment of order k t o  ex i s t ,  the 
spectra must decay a t  least as f a s t  as f-k away from Si. 
t r i bu t ion  of a constant (noise) pa r t  of the spectrum on the moments, and t o  
reduce t h e i r  dependence on the window function F, the constant p a r t  must be 
subtracted from S(f) .  Moreover, fo r  local ized spectra  the de f in i t i ons  become 
nested. 
and t o  use several  d i f f e ren t  windows F. The moments then should converge most 
rapidly for t h a t  window F t h a t  matches the shape of the spectrum best .  
pr ior  information about Si, e.g., from previous observations or from adjacent 
range c e l l s ,  can be used f o r  s e t t i n g  up the window F. This makes the estimates 
more robust and less susceptible t o  external interference.  

The i n t e g r a l s  i n  these de f in i t i ons  are over l f l ( - .  

To minimize the con- 

It therefore becomes necessary t o  determine these moments recursively,  

Any 

The spectra estimated as averaged periodogram P(f)  usually have a l a rge  
variance (KOOPMANS, 1976) t h a t  hinders the task of spectral-moment estimation. 
Some prior  smoothing of P ( f ) ,  e.g., with a 3-point running window, i s  desirable.  
Smoothing a l s o  helps i n  forming an automatic i n i t i a l  guess f o r  the locat ion of 
the s ignal ,  e.g., as a loca l  maximum, i n  the spectrum. 

A s  already mentioned i n  the previous sect ion,  the spectral  moments can be 
inferred e f f i c i e n t l y  from estimates of the ACF a t  s m a l l  lags. 
s i m i l a r  t o  t h a t  of obtaining the moments of a probabi l i ty  density from i t s  
cha rac t e r i s t i c  function (PAPOULIS, 1977). S o  i s  simply the value of the ACF a t  
zero lag,  Si i s  d i r ec t ly  r e l a t ed  t o  the phase of t h e  ACF a t  a s m a l l  lag, and % 
i s  r e l a t e d  inversely t o  the width of ACF (MILLER, 1974). The use of t h i s  method 
i n  atmospheric radar experiments is discussed by WOODMAN and GUILLEN (1974) and 
ZRNIC' (1979). 

This method i s  

The ground c l u t t e r  poses a serious problan i n  estimating the spectral  
moments. The contribution of ground c l u t t e r  often i s  10 to  30 dB stronger than 
the  atmospheric s ignal  and has a small but f i n i t e  bandwidth. I n  the periodogram 
method of estimating the PSD, t h i s  contribution invariably is smeared i n  
frequency. This smearing i s  more severe a t  UHF frequencies. 

A simple method of removing the ground-clutter component i n  t h e  PSD 
estimates i s  t o  assume t h a t  t h i s  component has no Doppler s h i f t .  
c l u t t e r  contribution would then be symmetric about the zero Doppler s h i f t  and 
can be eas i ly  rembved. This method generally works w e l l  for  VHF radars ,  but f o r  

The ground 
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UHF radars  i t  requires the atmospheric s igna l s  t o  be su f f i c i en t ly  well-separated 
i n  frequency from the c l u t t e r .  

SAT0 and WOODMAN (1982) describe a parametric method of estimating the 
spec t r a l  moments f o r  UHF rada r  s ignals  i n  the presence of fading ground c l u t t e r ,  
The PSD i s  characterized as the sum of th ree  components: a parabolic, Gaussian 
or Lorentzian function f o r  the ground c l u t t e r ,  a Gaussian funct ion fo r  the 
s ignal ,  and a Gaussian funct ion fo r  the ocean r e tu rns  or external interference.  
This composite spectrum i s  transformed t o  an ACP t h a t  i s  a l i a sed  and d i s to r t ed  
a s  described i n  the previous section, and f i t t e d  t o  the DFT of the measured 
periodograms i n  a least-square-error sense. The processing t i m e  fo r  obtaining 
the best  f i t  can be reduced substant ia l ly  i f  an i n i t i a l  guess fo r  the parameters 
i s  supplied. The (nonparametric) spectral-moment estimation methods discussed 
e a r l i e r  can be useful for  obtaining the i n i t i a l  guess. 

Special processing techniques tha t  reduce the smearing of the fading ground 
c l u t t e r  i n  the PSD estimates a r e  obviously desirable  from the point of view of 
spectral-moment estimation. One such technique i s  t o  increase the frequency 
resolut ion of the periodograms by transforming a very long sequence of samples 
(WAND e t  a l . ,  1983). T h i s  technique i s  l imited by the processor memory. The 
second technique i s  t o  use parametric spectral-estimation methods (HAYKIN et  
al.,  1982). 
deserves a t tent ion.  

The appl icat ion of these techniques t o  MST radar  experiments 

DATA ANALYSIS: OUTLIERS AND MISSING DATA 

Analysis of the MST radar  data -- the spectral  moments and physical para- 
meters derived from these -- requires s t a t i s t i c a l ,  numerical and graphical 
techniques. Though the d e t a i l s  of these analyses depend on the s c i e n t i f i c  
objectives,  some techniques t h a t  are useful i n  handling spurious points and 
missing data are worth mentioning. 

Spurious data values o r  o u t l i e r s  frequently occur i n  physical  data. Manual 
ed i t i ng  techniques t o  i s o l a t e  and discard these values a r e  impractical for l a rge  
data sets. 
removing o u t l i e r s .  
a few points on e i t h e r  s ide of a data point and determines the loca l  standard 
deviation and median. I f  the data  value deviates too much from the median, i t  
i s  c l a s s i f i e d  as an o u t l i e r  and replaced by the median. 
median f i l t e r s  have been discussed by NODES and GALLAGHER (1982). 

Techniques based on running s t a t i s t i c s  of data are e f f ec t ive  i n  
One such s t a t i s t i c  i s  the median. A median f i l t e r  examines 

Properties of the 

Runs of missing data  can occur i n  a long sequence of radar observations fo r  
reasons such as equipment outage, interference or weak s ignal  level.  Spectral  
analysis  of a sequence with missing data  requires extra  care. 
TUKEY (1959) suggest modifications of t h e i r  averaged lagged-product method of 
spectral  ana lys i s  t o  sequences with gaps. I n  the periodogram method, missing 
data introduce unknown frequency components. The periodogram of an indicator 
function (with a value 1 fo r  data  and 0 fo r  gaps) i s  useful for  ident i fying 
these frequency components. 
e.g., a r e  useful for smooth sequences with short  gaps. 
describe an in t e re s t ing  technique based on parametric spec t r a l  estimation 
methods fo r  interpolat ion and spec t r a l  ana lys i s  of a sequence with missing data. 

Graphical techniques are par t icular ly  valuable for  examination and succinct 
displays of l a rge  amounts of geophysical data. 
appears w e l l  established i n  f i e l d s  such as remote sensing and radar  meteorology , 
and w i l l  undoubtedly be useful for  MST radar data  analysis .  

BLACKMAN and 

Interpolat ion techniques, with spl ine functions 
BOWLING and LA1 (1979) 

The use of color graphics 
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DISCUSSION 

The techniques used i n  MST rada r  da ta  processing appear t o  have become 
f a i r l y  w e l l  e s tab l i shed .  
standard procedures , due mainly t o  the  l a r g e  number of such r ada r s  (approaching 
t e n )  and the  smaller da ta  rate encountered a t  t h e i r  opera t ing  frequencies.  The 
number of IMF rada r s  usable f o r  ST s tud ie s  i s  present ly  l imi ted  t o  two - Arecibo 
and Millstone B i l l  - though o the r  incoherent-scatter radars  i n  France, Green- 
land and Norway w i l l  probably soon be added t o  t h i s  l ist .  The f u l l  s t e e r a b i l i -  
t y  the smaller UHF r a d a r s  g ives  them a unique capab i l i t y ,  but they r equ i r e  more 
spec ia l i zed  d a t a  processing methods. 

The processing of M F  rada r  s i g n a l s  fo l lows  the  more 

Phase codes and decoding t o  achieve a b e t t e r  a l t i t u d e  r e so lu t ion  (300 m or  
b e t t e r )  are a l ready  in  use wi th  a few MST radars .  Ful ly  automated processing of 
r ada r  da ta  i n  real t i m e  -- up t o  the  l e v e l  of spectral-moment es t imat ion  -- 
appears t o  be a des i r ab le  goal f o r  ob ta in ing  long, unattended sequences of 
observations,  wi th  manageable output da t a  rates. 
reached only a t  the  Poker F l a t  radar.  

A t  present t h i s  goa l  has been 

Special-purpose hardware processors f o r  FFT ana lys i s  , and preprocessors f o r  
f i l t e r i n g  and decoding, can now be inexpensively constructed.  For VHF radars  a 
512 channel processor wi th  64 poin t  FFTs can cover the  e n t i r e  MST region  with a 
1 5 0 3  height reso lu t ion .  
channels wi th  512 poin t  FFTs t o  cover the  entire ST region. 
preprocessors t o  car ry  out low-pass f i l t e r i n g  and decoding f o r  512 or  256 
channels a r e  requi red  f o r  b e t t e r  i n t e r f e rence  r e j e c t i o n  and improved height 
reso lu t ion .  

A s i m i l a r  processor f o r  UHF rada r s  w i l l  r equ i r e  256 
Special-purpose 

The use of parametric spectrum and spectral-moment es t imat ion  methods needs 
t o  be explored, espec ia l ly  for  t h e  UIiF r ada r s ,  t o  overcome the  p rob lem r e l a t e d  
t o  ground c l u t t e r .  
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REPORT AND RECOMMENDATION 

This r epor t  on the d a t a  processing techniques cu r ren t ly  i n  use with MST 
r ada r s  i s  based on the con t r ibu t ions  t h a t  were presented i n  two workshop 
sess ions ,  and on an open d iscuss ion  following these  presenta t ions .  The cont r i -  
butions addressed the  cur ren t  methods, problems and new developments i n  the  use 
of coherent i n t eg ra t ion ,  autocovariance func t ion  (ACF) and power spectrum densi- 
t y  (PSD) ana lys i s ,  es t imat ion  of spec t r a l  moments, pseudo-noise phase codes and 
decoding, and special-purpose processors i n  the  ana lys i s  of radar  data. 

Coherent i n t eg ra t ion  i s  an intermediate computation-saving s t ep  t h a t  re- 
duces the  da ta  r a t e  before PSD or  ACF ana lys is .  I n  experiments t h a t  use phase 
codes, i t  i s  o f t en  poss ib l e  t o  ca r ry  out decoding a f t e r  coherent i n t e g r a t i o n  
wi th  a remarkable saving i n  computations. In the  frequency domain, coherent 
i n t e g r a t i o n  approximates a poor low-pass f i l t e r  t h a t  a r i s e s  due t o  the  use or a 
rec tangular  t i m e  window. Other t i m e  windows with b e t t e r  frequency response are 
known, but t h e i r  implementation i s  deemed imprac t ica l  a s  i t  r equ i r e s  consider- 
a b l e  e x t r a  s torage  and a s teep  increase  i n  computations. The s impl i c i ty  of im- 
plementing coherent i n t eg ra t ion  remains a s t rong  po in t  i n  i t s  favor.  

The ACFs can be evaluated f o r  a small number of lags  a s  t he  lagged-product 
sums. The number of lags  i s  eventually l imi ted  by the  processor speed. More 
e f f i c i e n t  implementations are poss ib le  f o r  an assumed ACF shape, o r  i n d i r e c t l y  
with the  use or d i s c r e t e  Fourier transform (DFT) methods. The use of DFT 
methods f o r  ACF computations has not  been deemed favorable  as it requ i r e s  a 
n u l l  extension of the  da t a ,  hence e x t r a  s torage  i n  the  processor. The PSDs a r e  
estimated most f requent ly  with the  method of averaged periodograms. 
periodogram i s  e f f i c i e n t l y  computed from the  DFT of d a t a  samples, but provides 
a d i s t o r t e d  es t imate  or the  spectrum. This d i s t o r t i o n  i s  most se r ious  i n  the  
presence or a s t rong ,  slowly fading ground c l u t t e r .  

The 

Spec t ra l  moments, t h a t  contain infomation about the  phys ica l  and dynamical 

In VHF rada r  
c h a r a c t e r i s t i c s  of the  medium, can be estimated d i r e c t l y  from the  spec t ra ,  o r  
i n d i r e c t l y  and o r t e n  more e f f i c i e n t l y  from t h e  ACF a t  small  l ags .  
experiments both methods have been successfu l ly  used. 
implemented even wi th  processors of modest speed and storage.  
experiments, t he  estimated spec t r a  invar iab ly  a r e  contaminated wi th  a strong, 
slowly f ad ing  ground c l u t t e r ,  A t  po in t ing  d i r e c t i o n s  f a r  from the  v e r t i c a l ,  t h e  
s igna l s  have a s u f f i c i e n t l y  l a rge  Doppler s h i f t  and can be r ead i ly  d iscr imina ted  
from t h e  c l u t t e r .  Under these  condi t ions  simple ad-hoc methods can be  used 
e f f e c t i v e l y  f o r  f ind ing  the  s p e c t r a l  moments. For s igna l s  wi th  small Doppler 

The ACF method can be 
In UHF rada r  
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s h i f t s ,  the cont r ibu t ion  of ground c l u t t e r  and o ther  undesired components must 
a l s o  be estimated. 
square f i t t i n g  has been found t o  be a usefu l  and perhaps the only e f f e c t i v e  
technique i n  t h i s  case. 

Parametric spec t r a l  moment estimation using nonlinear l e a s t  

Phase codes and decoding a r e  used t o  improve the range r e so lu t ion  without 
degrading the  received signal-to-noise r a t i o .  For slowly fading MST r e t u r n s  the  
use o r  complementary code p a i r s  can rout ine ly  provide a l t i t u d e  r e so lu t ion  of 
150-300 m, except f o r  c lose  ranges. The use or coherent i n t eg ra t ion  before de- 
coding r e s u l t s  i n  a subs t an t i a l  saving i n  computational e f f o r t  and i s  o f t en  
ac tua l ly  required f o r  car ry ing  out decoding i n  real t i m e .  Special  hardware 
processors are usually necessary fo r  decoding. For small  code sets  and slowly 
fading r e tu rns ,  decoding can be implemented i n  software fo r  a l imi ted  he ight  
range. For l a r g e  code sets, decoding must be ca r r i ed  ou t  on a pulse-by-pulse o r  
code-by-code bas is .  
under cons t ruc t ion  a t  the Arecibo Observatory. 

A f a s t  hardware decoder has recent ly  been designed and i s  

Due t o  r ap id  advances i n  the technology of s torage  and signal-processing 
devices and t h e i r  dec l in ing  cos ts ,  i t  i s  now f e a s i b l e  t o  develop la rge ,  high- 
speed processors f o r  MST radar  appl ica t ions .  One such processor is curren t ly  
being developed a t  the University of Alaska with two r e l a t i v e l y  inexpensive 
a r r ay  processors and a l a rge  ex terna l  buffer memory. A f a s t  pipe-lined radar  
s igna l  processor,  s u i t a b l e  f o r  MST and o the r  appl ica t ions ,  i s  under develop- 
ment a t  Cornel1 University.  

The na tu re  of ground c l u t t e r  observed wi th  the e x i s t i n g  MST radars  was 
b r i e f l y  discussed. 
t i m e s  stronger than the  atmospheric r e tu rns ,  it i s  necessary t o  provide a 
l a rge  dynamic range in  t h e i r  d ig i t i za t ion .  
s u f f i c l e n t  f o r  VHF radars ,  but UHF radars  may requi re  up t o  twelve b i t s .  The 
ground c l u t t e r  r e tu rns  fade  much more rapidly a t  UHF due t o  the sho r t e r  wave- 
length. This fading i s  usually not  a ser ious  problem a t  VHF frequencies,  ex- 
cept  f o r  condi t ions  of s t rong  ground wind. The ground c l u t t e r  fading i s  usually 
more severe during the daytime, i n  p rec ip i t a t ion  environment, and during 
boundary-layer inversions.  Further empirical s tud ies  of the  na ture  of ground 
c l u t t e r  fading and i t s  seve r i ty  a r e  deemed es sen t i a l .  
longer da ta  records,  with a f i n e r  Doppler reso lu t ion ,  o f f e r s  a reasonable a l t e r -  
na t ive  f o r  reducing the  smeared cont r ibu t ion  of fading ground c l u t t e r ,  but re- 
qu i res  the use o ~ :  processors with l a rge  storage.  

Since the ground c l u t t e r  r e tu rns  a r e  tens  t o  thousands of 

An e ight -b i t  d i g i t i z a t i o n  i s  of ten  

Spec t ra l  ana lys i s  of 

The need f o r  software exchange between radar  groups was considered. A t  
p resent  the d a t a  processing software i s  implemented i n  a r a the r  ad-hoc way 
wi th in  each user group. 
s t ruc t ed  (e.g., VHF ST rada r s ) ,  t he re  ce r t a in ly  w i l l  be a need fo r  standardiza- 
t i o n  and exchange of such software. 

Further open discussions regarding the cur ren t  and f u t u r e  da ta  processing 
needs a t  the ex i s t ing  and planned MST radar  f a c i l i t i e s  l ed  t o  the  following 
recommendation : 

A s  more radars  with s imi la r  c h a r a c t e r i s t i c s  a r e  con- 

"The group, NOTING with concern that many MST observa tor ies  have inadequate 
da ta  processing f a c i l i t i e s ,  and with pleasure tha t  major advances i n  developing 
powerful but low cos t  d i g i t a l  equipment have been made i n  recent  years,  RECOM- 
MENDS t h a t  ex i s t ing  observa tor ies  i nves t iga t e  the cos t  e f fec t iveness  of up- 
grading t h e i r  computing f a c i l i t i e s  and t h a t  adequate a t t e n t i o n  be given t o  t h i s  
t op ic  i n  planning new f a c i l i t i e s " .  


