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Dual Frequency Correlation Radar 
Measurements of the Height 

Statistics of Ocean  Waves 
DAVID E. WEISSMAN, SENIOR MEMBER, EEE, AND JAMES W. JOHNSON 

Abstract-A radar technique has been  developed for measuring the 
statistical height properties of a random  rough surfaca This method is 
being applied to the problem  of measuring the significant wave height  and 
probability  density  function of ocean waves from an aircraft or space- 
craft. Earlier theoretical and laboratory results have  been extended to 
define the requirements  and  performance limitations of  Right  systems. 
Some details of the m e n t  airborne radar system are discussed  and results 
obtained on several experimental missions are presented and interpreted. 

I. INTRODUCTION 

A FLIGHT program is underway to explore and develop 
the usefulness  of the  dual frequency correlation radar 

for measuring the significant  wave height and the statistical 
height properties of the ocean surface. Namely, the prob- 
ability density function of the specular point heights and 
its  root mean square value are measured. This technique is 
described in a paper by  Weissman [l]. The method rests 
on  the assumption that a rough ocean surface  will back- 
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scatter normally incident microwave  energy as  the sum of 
contributions  from  numerous  independent specular points. 
The characteristic property  of  this technique is  that  it 
measures the spread in range of the incoherent specular 
points. Measurement accuracy can be  affected by the 
inherent sphericity  of the illuminating electromagnetic 
wave and any  additional range spread induced by off 
nadir alignment of the antenna beam axis. These effects 
cause points at identical heights  relative to  the mean planar 
surface to differ in range to the point where the radar  is 
situated. Previous theoretical analysis is extended and 
attention  has been  directed to determining the properties 
of an airborne system for making measurements over a 
range of sea surface conditions. The theoretical approach 
is demonstrated and calculations that bear on the measure- 
ment and design problem are presented. 

The  method  of signal  processing is reconsidered and  the 
advantages of  modifications that simplify the flight in- 
strument  are examined. These results are supported  by 
additional  laboratory measurements, extending those 
presented earlier [l]. The  laboratory results can also be 
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interpreted to answer questions about  the relation  of  the 
statistics of the  returned signal to the geometry  of the 
illuminated surface. 

Aircraft measurements to evaluate  this technique under 
actual  open ocean conditions have  been  made. This effort 
involved a modification and addition to the AAFE 
RADSCAT  scatterometer system that  is mounted on a 
C-130 NASA Aircraft. Details  of  the flight instrument and 
its operation are discussed. Ocean  wave  height observations 
have  been made  for wind conditions of 3 to 55 knots, and 
the ability of  the flight instrument (usually referred to  as  the 
dual frequency scatterometer (DFS)) to infer  true  rms and 
significant wave  height is clear. In  addition, these data 
validate  the theoretical approach  that predicts the effect 
of  antenna beamwidth and off nadir alinement.  Measure- 
ment  programs  are  continuing. These  will combine  aircraft 
(high altitude DFS  and low altitude  scatterometry) and 
surface truth observations (laser profilometers and wave 
riders). From these, the effect  of the sea surface geometry 
and  the variability of  the  scattering cross section with 
surface elevation on the  instrument  accuracy  can be 
determined. Optimum instrument.  and  antenna beam 
geometry parameters  are discussed and  future  applications 
are considered. 

11. GENERALIZAITON OF EARLIER ANALYSIS 
The  analytical basis for this technique is an application 

of thz physical optics  approximation to the Kirchhoff- 
Huygens integral. The calculation of the backscattered  field 
for a highly directional source is  presented in [l]. This 
includes the Fresnel approximation  in  the  evaluation of the 
integrals by the  stationary  phase  approximation, which 
yields a received  field that is the sum  of contributions  from 
individual  specular points. A desired extension  here for 
aircraft  applications is to allow the  axis of the  narrow beam 
antenna to tilt off nadir by any  amount.  The only restriction 
is  that the  radius of the illuminated area  should be much 
less than  the  one way  range  between the  radar  and  the 
point where the beam  axis intercepts  the surface. This 
mathematical restriction would  become important only 
near grazing angles. 

The  dual frequency  technique  is basically analogous to 
the impulse radar in that it measures the  spread in ranges  of 
the  incoherent,  randomly  distributed  targets that  are 
illuminated. But unlike the impulse radar, which  measures 
this range  spread  by  observing the width  of the time response, 
the  dual frequency radar senses the average  phase difference 
among  the  targets at two  separated frequencies. The 
accuracy  of this method  can  be  degraded  by the sphericity 
of the  incident wave  in the illuminated area  and  the  range 
spread induced  by an off nadir  alinement of the  antenna 
beam. This causes points at identical heights with respect 
to the mean planar surface to differ in range to the point 
where the  radar is situated. These  effects produce  a decor- 
relation  factor that multiplies the roughness decorrelation 
and causes a  reduction of the total measured correlation. 
The  pattern effect  with nadir alinement  was  included in 
the theoretical development  of [l]. 

RADAR LOCATION 
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R21x,yl = [H - h I ~ . y ) ] ~  + Ir + x)' + $ 
Fig. 1. Coordinate system for off-nadir analysis. 

To generalize this analysis for  any angle of incidence, 
the  coordinate system  shown in Fig. 1 is used. The origin 
is taken to be the  point where the beam axis intercepts  the 
mean surface. The  steps  in  the analysis to compute  the 
decorrelation  term will  be identical except that the  range 
term  of eq. (6) in [l] will  be  replaced  by a new term  deter- 
mined from Fig. 1, 

R = [ (H - I z ( x , ~ ) ) ~  -k (r + x)2 + y ] . 
Letting H z  + r 2  A R,', r = R, sin e,, and assuming R,  
is  much larger than  any value  of x' + y2, the distance from 
any  point  that will be  illuminated to the origin becomes, 

2 112 

R z R, - hcos8, + xsin8,  + -. x2 + y2 

2RO 

The new term that represents the  decorrelation effect 
caused  by the  range  spreading  due to the  illumination 
geometry (extension of eq. (19) of [l]) is 

sin 8, + - 
(1) 

The  angular  brackets represent the  expectation with respect 
to the  probability density function  for  the density of specular 
points  distribution in the illuminated  area.  The  computa- 
tions will  employ the  assumption that  the density of  specular 
points is constant  throughout  this  area.  This  situation is not 
expected to always  be accurate since some clustering of 
specular  points would  be  expected near the peaks and 
troughs. Nonetheless, it is a reasonable approximation 
and  suitable for discussing the main features of the  decor- 
relation term. For 8, = O", R,(Ak) reduces to P(Ak) in [l]. 
For values of 8, > 20", it is necessary to deal with distribu- 
tions  of Bragg scatterers, but  the general approach will  be 
unchanged. 

Consideration  of  the effect of changes in the  pattern 
shape with  frequency  have indicated that  it is safe to 
assume that the  antenna  pattern  functions G, and G2 are 
identical, and Gaussian beam shapes will  be  chosen for 
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purposes of calculation.  Therefore For example, when the height distribution of specular 
points is Gaussian, with a  root mean-square value of 0, 

G12 = G,' = GoZ exp then 

where r1 is the  radius on the  mean surface of a circle 
centered at the origin'  where the  illumination  power density P(h) = 
is 3 dB below the  maximum level. Denoting  the  angular  and 
3 dB beamwidth as ob, IR(Ak)l = exp [ -2(Ako cos 8e)2]1Rp(Ak)l. (6) 

r1 = -. The  greater  the roughness parameter 0, the  narrower  this 

(or A n .  It should be noted  that when p(h)  is symmetrical, 

function ; therefore,  the  magnitude of R(Ak) is sufficient to 
yield p(h)  upon inversion. This  procedure was  followed with 
the measurements that have been performed. On  the  other 

3 1"" 1:;: dx d y  hand, if p(h)  is unsymmetrical, its  characteristic  function 

be measured  in  order to reconstruct p(h) exactly. This 

Jzn0 

ROOb 
2 cos e, function will appear  on  a  graph when plotted versus Ak 

The  evaluation of this  decorrelation  term  is performed 

points  is  the  ratio of the density of specular points to the 
total  number in a large sample area, n,/N. Then (1) becomes 

by  recognizing that the  p.d.f. for the  distribution  of specular the roughness  term function) has no  phase 

N -Y%f will introduce a phase term  into R(Ak) which in turn must 

sin 8, -k ~ 
phase measurement  for R(Ak) would require  additional 

2RO complexity in the system, but  could be accomplished if 

- exp [-1.38 r y ) ] .  necessary. 
(2) Attention is now directed to the  assumed  properties of 

the reflectivity  of the specular points. It should be kept  in 
The sample area, 4XMYM, can be  selected as large as desired mind that the two-frequency correlation  function senses 
so that the limits of integration can be considered to be the density and the relative cross section of  the  scattering 
plus and minus infinity. The  integration  then becomes elements (specular points)  along  the  propagation path  of 
straightforward, and the expression derived from (2) is the radar wave [2], [3 ] .  In effect, the  scattering cross 
normalized by its value at Ak = 0 to yield the complete section per unit  area  as a function of depth  (or range) is 
decorrelation  term, observed. With  the  assumption  that all the specular points 

have the same cross section, this  scattering  distribution 
(3) reduces to that of the  propulation of specular points at 

where probability density function.  Kodis [4] has  shown that the 
1.38 Ak strength of the field backscattered by each specular point 

depends on the surface curvature at  that location. This 
can be expected to vary with elevation and  to exhibit some 

In general Rp(Ak) is a complex function with a  magnitude  random  fluctuation at a given elevation for an actual sea 
and Phase angle that vary With Ak. In  the  event that only surface sample. The  theoretical analysis that leads to the 
the magnitude is Of interest in a particular measurement, it derivation  of  the two-frequency correlation  function in [I] 
can be  expressed as permits the inclusion of this effect in  the  theoretical pre- 

curvature  has been formulated.  This  formulation  does not 
yet exist in  quantitive  form, but some  qualitative  informa- 

(4) tion  is available from the  results  obtained by Yaplee et al. 
with [ 5 ] .  Their X-band measurements at the Chesapeake light 

B 
B - j x  403 - j4 different heights at the surface, which  is represented by the 

Rp(Ak) = (-) exp [ - 

p = -  a = -  y = 2Ak sin 8,. 
r1 ' RO 

1 U2 (1.38) (sin 2ee)'] diction when a statistical description of the  behavior of this I q w l  = - exp [-- 
J1 + u2 1 + u2 8b2 

a (Ak)HOb2 Id=-= tower were able to resolve  reflectivity (incoherent) as a 
p 5.52 cos3 e,' function of depth (impulse power response) and were 

able to separate the effects due  to specular point  popula- When the ma@itude Of the two-frequency tions at the  crest and the trough from the differences in function is measured, it is seen to depend  on  the roughness curvature at these locations. The variation in 
term expressed as  the  characteristic  function or Fourier 
transform of the p.d.f. for  the height of the specular points, 
p(h) and &I, respectively, 

elevation due to curvature is presented in their Figs. 
and and these observations indicate a noticeable 

increase towards  the wave trough, but the amount of 

height. Since the majority of the  scatterers exist near  the 
IR(Ak)l = 1 J:m p ( h )  exp [j2(Ak)h cos e,] dhl IRp(Ak)l. surface mean,  the  net effect on the  cross section per unit 

area  distribution  as a function of elevation is to induce a 
( 5 )  relatively minor  asymmetry as seen in  their Figs. 11 and 12. 

I W k ) I  = Kexp [ N W h  cos eel>llRp(A~)l asymmetry diminishes with the wind speed and wave 
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The result embodied in (6) is well supported by the flight 
and  laboratory  data  and  also serves as  an  important guide 
in determining  what  beam and aircraft-geometry  is needed 
to discern a specified sea roughness. A similar grasp of 
these factors  has been  achieved  by Walsh [ 8 ]  using a 
different theoretical  approach in a  study of the  limitations 
of airborne beam-limited radars. 

111. SIGNAL PROCESSING 

Surface  roughness information  is  contained  in  the slowly 
and  randomly varying  envelope and phase functions 
associated with each  carrier. When the illuminated surface 
has  the  proper  statistical  behavior,  the  instantaneous CW 
received signals can be  represented as 

el(0 = A , ( O  cos [o,t f et(0 + 411 

e2W = AZO) 0 s  [ w  f e,(f> + 4 2 1  

where o, and w2 are  the respective carrier frequencies, 
A ,  and A ,  are  the Rayleigh distributed envelope fluctua- 
tions, and 8, and 8, are  the uniformly distributed  phase 
functions. The  constant  terms, 4,  and cP2, represent the 
transmission paths within the  instrument and  the  range 
to the  mean surface. 

The general definition of the  two frequency correlation 
function  in terms  of the signal observables is 

Previous analysis [l, eq. (24)] has shown this  function to 
be the  product  of  three  independent terms. The  part of  the 
phase  term consisting of 41 - 4, is a  constant at each Ak 
and contributes only to the phase of R(Ak). Since  only the 
magnitude of R will  be  measured, these terms will  have no 
effect and can  be  assumed to be  zero for  purposes of further 
discussion. Then, R(Ak) can  be  expressed as 

= [ s_”, p(h)  exp [ ~ ~ ( A W I  dl2 R,(AW (8) I 
with  the  right  hand term arising directly from  the electro- 
magnetic  field analysis that embodies the  specular  point 
summation.  The  term in brackets is the  characteristic 
function of the specular point height and  the  Fourier 
transform  of the probability density function.  The remaining 
term  is  the  pattern  decorrelation determined in the previous 
section. The complete statistical description of the surface 
is contained  in  the  function p(/z). In order to avoid  the 
difficulty  of  measuring the  phase  term of R(Ak) and remov- 
ing  the  contribution  due to  the  range,  the  instrumentation 
and the  pattern  term, only the  magnitude  of R(Ak) will  be 
measured. Then, for a known antenna  pattern  illuminating 
a  stationary statistical surface, R,(Ak) can be computed 
in  a  straightforward  manner and the  magnitude of the 
characteristic  function  can be determined  from measure- 

ments  of IR(Ak)l as 

This simplification can be justified for conditions of 
practical  interest when there is good  reason to believe that 
p(h) is approximately symmetrical about the  mean surface. 
Should p(h) be slightly unsymmetrical, it could be  expressed 
as the  sum of an even and  an  odd function, pe(h) and po(h). 
If p,(h) >> po(h), then  the inverse transform of jRI/lRJ 
will  yield p,(h) to a close approximation. This leads to the 
belief that  under  conditions  of  near symmetry, since only 
the relatively small amount of information  in po(/z) is 
discarded,  the  rms height and  other si,gficant features  of 
p(/z) that  are of the greatest interest  can be  discerned from 
p,(h) alone. 

If just  the  rms height is  of interest, it can be inferred  from 
much  less  measured data  than is needed to obtain  the 
complete probability density function.  The  derivation 
presented in  Appendix A demonstrates that the  rms height 
is directly proportional  to  the second derivative of IRI (or 
IRI’) at Af = 0, which can be estimated  from relatively 
few  measurements. The  rms height is most  commonly 
expressed in terms of the second moment of the p,d.f. 
of  the height variable which,  if  completely specified, will 
provide  a calculation for </z2> - (/2>2. Since the  square 
of the  magnitude of the  transform of p(h) will be the 
measured quantity, it is desirable to compute these moments 
from it directly. 

Two choices exist in  the  method of detection that enables 
the  magnitude of the  two frequency correlation  function to 
be  measured.  These are  the  homodyne detection technique 
and the simple square law  envelope detection method. 
The  homodyne  method involves beating each incoming 
backscattered carrier with a local oscillator that is identical 
in  frequency to the respective transmitted signals. The 
resulting voltages are 

v , ( r )  = A , ( z )  COS [e,(t) - M I  

v2(t> = A Z ( 0  cos [ U t )  - 81 (10) 

where M and 8 are  the  net system  phase constants, including 
a phase constant  from each local oscillator signal. The 
presence  of this local oscillator phase in each detected signal 
permits the acquisition of the  quadrature  components of 
the  incoming R F  signal. Expressing R(Ak) in terms of the 
signal functions that contain  the  information about the 
surface parameters, (8) becomes 

R(Ak) = 
( A , A ,  COS (e, - e,)} - t - j ( A , A ,  sin (e, - e,)) 

t : ’ (A12>(A22)  

(1 1) 

This may  be  expressed as the sum  of real  and  imaginary 
components, 

R(Ak) = R, + jRi  

so that the  magnitude at each Ak is 

IRI = JRr2 + Ri2. (12) 



78 IEEE JOURNAL OF OCEANIC EKGINEER~~", JANUARY 1977 

An analysis  presented in Appendix B demonstrates how 
IRI can be computed from  two  correlation measurements 
between v1 and v2,  one with arbitrary phase constants CI 
and  and  the other with an added 90" shift (plus or minus) 
introduced on one of them. 

A second detection method involves correlating only the 
fluctuating parts of the squares of the envelopes A , ( t )  
and A 2 ( t ) .  This eliminates the need for a coherent L.O. 
in the receiver.  Since the signals have Gaussian statistical 
properties, it can be shown that  this correlation yields lRI2. 
The detected outputs  can be expressed as 

The normalized cross correlation is again computed as 

The proof of this  statement can be found  in the compre- 
hensive  analysis  by Middleton [lo]. The accuracy of this 
relation is not very  sensitive to departures of the detector 
from square law. 

This latter method was adopted for the  airborne in- 
strument since  only one correlation measurement  is  needed 
and any phase jitter  or noise  will not appear in the detected 
signals to degrade the measurement. Also, the CW signals 
at fi andf, can be  simulated  with long pulses  whose band- 
width needs to be much less than the Afvalues  of interest. 
Then  the different  frequency  values can be separated by 
their chosen time sequence without the need to use RF  or 
IF filtering. 

IV. LABORATORY EXPERIMENTS 
The initial laboratory measurements using a wind-wave 

tank were performed with a homodyne detection scheme 
[l]. This system  was improved to permit sharper frequency 
separation at the receiver and more extensive data recording 
and averaging. The initial.measurements were repeated and 
they demonstrated closer agreement with the theoretical 
predictions based on measured surface conditions  and 
excellent repeatability and self-consistency. The homodyne 
method of detection requires that two cross correlations be 
performed either simultaneously  with two quadrature signals 
or with sequential changes in one local oscillator phase 
angle to arrive at a quadrature signal. The  alternate tech- 
nique discussed in Section I11 requires a single correlation 
between the squared amplitude fluctuations of returning 
narrow  band RF signals,  yielding IRIZ. Since this method 
is simpler to implement on a flight  experiment, its parallel 
development in the  laboratory was pursued. The redesigned 
laboratory radar had  the capability of  readily  switching from 
one  method of operation to the other. A block diagram of 
the amplitude correlation mode of  operation is shown in 
Fig. 2. Measurements with this system  were then conducted 
under identical wind and water  surface conditions and  the 
results, presented in Fig. 3, are in good agreement with the 
theoretical values. 

filter (B. P.1 

envelope 

Amplifier 

filter (E. P.) 

envelope 

R F  Bandpass 
filter  for filter  for 
R F  Bandpass 

fl  fi only 

CW I CW 
Transmitter Transmitter Coupler * - 

fl 
I t  

f2 cos (I: t cos ir) t - 

Antenna 

Fig. 2. Block diagram of laboratory  radar-amplitude correlation 
mode. 

It was also desirable to observe, to the extent possible 
in the  laboratory,  the effects of off nadir alinement and  to 
test the validity  of the theory developed in Section 11. 
The  antenna alinement was changed from  nadir to 7.3" off 
nadir and measurements of IRI and lR12 were conducted with 
both detection techniques. This alinement change constituted 
about one half of the 3 dB beamwidth and,  at  this altitude, 
a strong decorrelation was  expected. The measurements 
agreed  closely  with the theoretical expectations; the  dotted 
curve  in  Fig. 3 is an example of these  results. More extensive 
measurements at several  different  angles  of  incidence and 
altitudes were conducted in the flight program and con- 
stituted a more thorough study of this effect. 

Another important aspect of the laboratory measurement 
program was the knowledge  gained regarding the necessary 
number of  waves and specular points that must lie  within 
the illuminated area  at any  instant in order to achieve two 
conditions: 

1) provide the reflected  signal  with Gaussian statistics 
that is  necessary for  both  the homodyne and amplitude 
correlation methods of detection to function properly; 
and 

2) provide a population of scatterers that is  sufficiently 
large to give  these measurements statistical stationarity 
and to approximately represent the probability density 
function of heights of a larger, limiting population 
that could be obtained from a larger area. 

Typical wavelengths  in the illuminated region  of the wave 
tank varied from 15 to 25 cm crest-to-crest, and  the  trans- 
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Fig. 3. Measurements and theoretical results for laboratory  experiment-amplitude correlation method. 

verse crest lengths  were about half this distance. The 
diameter of  the illuminated area contained within the half 
power beamwidth of the  antennas is 52 cm. Therefore, at 
any  instant,  it seems reasonable to expect that the number 
of crests  inside this illuminated area would be between 4 
and 8. Doubling this to account  for troughs, yields a total 
which is not usually  considered  large  when a random 
population is  being studied. However,  with  respect to the 
first  item mentioned above, studies of random phasor sums 
by Beckmann [7] have shown that a signal scattered by 
independently moving statistical objects that have large 
relative phase differences  will  have Gaussian statistics to a 
very  close  degree  when the  number of  these scatterers 
exceeds 5. This view is supported by the  laboratory observa- 
tions which  showed that  the received  signal had quadrature 
components that contained equal power but were uncor- 
related. Also the amplitude correlation technique displayed 
the expected relationship to the homodyne detection and 
correlation method that is based on having Gaussian signal 
statistics. 

The  quantity of interest identified in 2) above is the 
statistical distribution of the heights  of the scatterers. If 
only a limited population of  these points exists in the 
illuminated area,  one wonders how closely the histogram 
of the heights must conform to  the assumed Gaussian 
(or  the p.d.f. that is actually approached in the limit as 
the area increases  indefinitely) to yield  valid measurements. 
The situation may  be encountered where the dominant 
surface wavelength  is equal to  or greater than  the diameter 
of the illuminated area. This creates a p.d.f. that is a 
function  of time and may  deviate appreciably from the ideal 
limiting p.d.f. Our experimental evidence permits us to 
draw the following  conclusions. 

a) The  number of wavelengths that lie  within the il- 
luminated area at any  instant need  only be greater than  unity 
to provide a height distribution that is an adequate  approx- 
imation to the limiting p.d.f. Smaller ratios of wavelength 

to beam diameter have  been  observed  experimentally, but 
judgment will  be  reserved until flight  results are completely 
analyzed. 

b) When the condition of a) is met, the observed  value 
of (R( may vary appreciably from  the mean. But integrating 
and averaging these  measured  values for longer  time in- 
tervals  seems equivalent to increasing the instantaneous 
population of specular points and provides a better estimate 
of  the limiting value one expects from a strictly stationary 
and ergodic process. 

V. AIRCRAFT MEASUREMESTS 
In  order to demonstrate the applicability of the dual- 

frequency correlation measurement to actual sea surface 
conditions, an aircraft measurement program using a dual 
frequency scatterometer (DFS) was  begun at the NASA 
Langley Research Center in the Spring of 1974. Attention 
was  directed to investigating  possible limitations due to 
the  nature of the sea surface as well as testing the validity 
of  the theoretical analysis. Data has been  collected for low, 
moderate, and high  sea state conditions, and preliminary 
data reduction has been performed. 

The DFS instrument is a modification  of an existing 
scatterometer that operates in a long pulse,  beam  limited 
mode and was  originally  designed to measure average 
backscattered power.  Fig. 4 is a block diagram of that  part 
of the system that is pertinent to the DFS mode of operation. 
Subsystems required solely for this mode are I )  the con- 
troller which  provides  all of the timing and  control signals 
to the  transmitter  and receiver, 2)  the pulse processor which 
amplifies the intermediate frequency signal and demodulates 
the envelope, and 3) the correlator which separates and 
correlates the amplitude modulations on the returned 
signals.  Pulses are alternately transmitted at f, = 13.9 
GHz  and fb =fa - Aft where 0 < Af < 40 MHz. Cal- 
culations by  Walsh [SI have  shown that the relative 
positions of  the scattering surface and  the  aircraft may be 
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Fig. 4. Dual frequency  scatterometer-flight  instrument. 
Fig. 5. External view of  istrument mounted on aircraft. 

assumed to be k e d  for intervals less than 1 ms, for the 
radar wavelength of this system. Therefore a pulse spacing 
of 80 ps was  used to allow consecutivef, and& observations 
to be considered simultaneous,  The  various values of Af .8 ANTENNA BEAhl bVIDTH = 

are  programmable  at  the  DFS  controller allowing fb to be 
stepped sequentially in as many  as 16 increments, where the 
smallest  possible increment is  1  MHz.  In  the receiver, the 
f, andf ,  local oscillators  are synchronized with the  trans- 
mitter to  maintain  a 300 MHz intermediate frequency. The .4 

amplitude  fluctuations  on  the fa and f, received carriers 
are detected in  the pulse processor, then  separated  in  the 
correlator  and  formed into  continuous signals  using the 
sample and hold technique. The  cross  product  and self 
product terms are averaged for 300 ms, and  then used to 
calculate the normalized cross  correlation C ( A f ) .  This 
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standard deviation (root  mean-square  error) of a measured 
estimate. Using statistical data analysis [SI, the  equation 
shown  below provides  an  approximation to this  standard 
deviation : 

where C is the limiting value of the measured  correlation, 
B is the  bandwidth of the signal entering  the  correlator 
(approximately 300 Hz) and  Tis the  integration time (0.3 s). 
This value is  approximately 0.1 or less, and while not 
negligible, it  does  not seriously degrade  the  observation. 

Flight measurements were conducted  in  June, August, 
and November of  1974 using the NASA Johnson Space 
Center NC-130B (NASA 929) aircraft. Fig. 5 is  a  photo- 
graph of the  instrument  mounted  in  its  measurement 
position  on  the lowered cargo  ramp  of the  aircraft.  During 
the course of a complete flight, data were acquired with the 
aircraft  direction successively varied from  parallel, 45", 
go", or 180" with respect to the wave propagation direction. 
The  ground speed  was in  the 8&95 m/s range  for all of  the 
flights, depending  on  the relative wind  speed and direction. 
Aircraft attitude  parameters were recorded so that  antenna 

alignment errors  could be accounted  for.  Measurements 
have been conducted at altitudes of 2000,  5000, and  10000 
ft (610, 3524, and 1049 m) and  for incidence angles that 
varied from  nadir to 53". Two different antenna  beam- 
widths have been used, one of 1.5" and the  other of 3.0". 
Laser wave profile data were obtained  from  an  altitude of 
100 m on each flight for  comparison with the  DFS results. 
During  the  June flights in the central  Atlantic off the  east 
coast of the U.S., smooth sea conditions (H,, ,  EZ 1.0 m) 
existed. In August, a tropical depression, which later  became 
hurricane  Carmen,  formed in the  Caribbean  and provided 
the  opportunity to conduct measurements with HI,, r 2.8 
m. The highest sea state  conditions thus  far z 6.1  m) 
were  seen in  the North Sea  during  November. Typical 
results  from  the  June 1974 flights are  shown in Figs. 6, 7, 
and 8. Measurements at nadir (0, = 0) barely detect the 
presence of the very small roughness. Fitting  the  theoretical 
curves to  the  data indicates an rms wave height of about 
0.3  m.  Significantly, the  data sets for off nadir angles follow 
the theoretical  predictions with regard to decorrelation 
versus frequency separation.  Comparing Figs. 6 and 7, a 
stronger  decorrelation effect is seen at loo00 ft  than at 
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Fig. 7. Flight  measurements,  June  1974, H = 10 OOO ft; 0, = 1.5"; 
Bi = off nadir alignment,  variable; RMS height  inferred from Fig. 8. Flight  measurements,  June 1974, H = 5000 ft; 0, = 3.0", et 
Br = 0 data: u = 0.326 m. variable,  theoretical  curves  use u = 0.326 m. 
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Fig. 9. Flight  measurements,  August  1974, low sea state, H = 5000 ft, 6, = 1.5". 

WIND SPEED 20 - 30 KNOTS 
0 DOWNWIND 

UPWIND 
TYPICAL STANDARD DEVIATION - .OS Af < 20 MHz 

m x  - .I7 Af < M MHz 
--THEORErICAL GAUSSIAN CURVE $.- 

\ lRms HEIGHT = 0.7 METERS. 

- 0  
'' H 113 = 2.8 METERS) 

MEASURED *. m 
"\ L. a 

0 

I I I I 
0 10 20 30 40 

FREQUENCY DIFFERENCE -Af-hlHz 

Fig. 10. mgbt measurements,  August 1974, moderate sea state, H = 10 OOO ft, 0, = 1.5" 

5000 ft due  to  the induced range  spreading of the scattero- negligible decorrelation,  compared with the  natural data 
meter. Figs. 6 and 8 show  the  same  phenomena  induced by scatter (Fig. 9). 
enlarging the  antenna  beamwidth  from 1.5" to 3.0" at a The  moderately  rough sea results were acquired near a 
fixed altitude.  During one mission in early  August, ex- Storm in the  Caribbean in late August. The  data shown  in 
tremely smooth seas were encountered from 5000 ft using Fig. 10 are  in excellent agreement with a  theoretical curve 
the  narrow beamwidth, and these conditions resulted in a using an  rms height estimated from laser wave profile data. 
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for comparison with these results. The influence of pre- 
cipitation between the  aircraft  and  the  surface  should also 
be evaluated experimentally. A sensor  operating at this 
microwave wavelength should have advantages over optical 
or laser techniques in heavy precipitation  or  other un- 
favorable  conditions which make low flying surveys difficult 
or  undesirable. It is expected that  future missions will 
yield definitive answers to these  questions and  further 
support  the  conclusions  drawn  from  the  results  presently 
available. 

I I I I I h ’ l  
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0 5 1 0 1 5 X 2 5 3 0 3 5 4 0 4 5 M  

Af, MHz Since 
Fig. 11. Flight measurements, comparison of North Sea results 

(November, 1974) with lower sea state observations, H = 10 OOO ft, 
eb = 1.50. 

An upwind and  a downwind run  are  presented,  and  as 
expected fight direction  has  no affect on this measurement. 
Two flights over  the North Sea in  late  autumn  provided 
an  additional  moderate sea state case and  one high sea 
state  condition. These results  are  contrasted with each  other 
and  one of the low sea state  measurements  in Fig. 11. The 
solid theoretical curves shown here take  into  account all 
beam  and  platform geometry and  are  computed using an 
rms wave height that provides the best  fit to the data of 
each set. Each data point is the mean of  ten independent 
correlation measurements at  that A$ Surprisingly, the data 
set for high sea state shows that the  correlation at the  larger 
Af does not  fall off as rapidly  as expected based on  a 
Gaussian  distribution of specular  point elevations. This 
effect  may  well  be due to the limited diameter of the il- 
luminated  area  (about 250 ft  at  an altitude of 10000 ft) 
which is smaller than  the  larger  surface wavelengths that 
dominate  the  surface roughness. This  condition  could 
result in a  large  variation  in  the  specular  point height 
extent  during  a  particular  observation  period.  Walsh [6] 

R(Ak) = /Im p(h)[expj2(Ak)h] d h  (A11 

then 

lR(Ak)I2 = R(Ak)R*(Ak) 
m m  

- - 1-  1- P(u)[exPj2(Ak)ulP(v) 

. [exp -j2(Ak)v] du dv. (A2) 

If this  double  integral  is differentiated twice with respect 
to (2Ak), and  evaluated at Ak = 0, it follows that 

Measurements of IRI2 versus Af can readily yield the second 
derivative at the origin which is  then scaled to provide  the 
right  hand side of this  equation.  This  result  demonstrates 
that the correlation measurements can be used directly 
to determine  the  rms wave height,  independently of the 
symmetry of p(h) and  without having to perform an in- 
version to obtain  the  functional  form of p(h). 

APPENDIX B 
has been studying  this  restriction on beam limiting radars. D~~~~~~~~ I R ~  FROM H~~~~~~~ D~~~~~~ sIGNALs 
Future flights are  planned to evaluate  this  contention  and 
explore  this effect further. Consider  the  normalized  cross  correlation, 

VI. CONCLUDING REMARKS 

Progress  has been made in understanding  the  underlying 
theory of this  technique  and  applying  this measurement 
to the  ocean  surface  using an airborne  instrument.  Results 
to  date have demonstrated  the  accuracy  and simplicity of 
the measurement and data reduction  procedures. Using the 
carrier envelope correlation  method, no correction or con- 
cern  for  aircraft  altitude  fluctuations is needed. Optimum 
instrument design information is now available. 

Some uncertainties  due to the  character of the ocean 
surface still  need to be explored further, such as the possible 
effect of  large  foam coverage or spray  and  the  relation 
between the ocean wavelength and  the  illuminated  area 
diameter. Effort is continuing to obtain highly accurate 
wave height statistics  from  laser profilometer measurements 

where u1 and v, are given in (10). Keeping in mind that 
A ,  and A ,  are Rayleigh distributed while 8, and O2 are 
uniformly distributed over a 2.n rad  range, it then follows 
that 



WEISMAN AND JOHNSON: RADAR MEASUREMENTS OF OCEAN WAVES 

The second term vanishes because averaging for the  am- 
plitudes can be separated  from  the  term  containing 8, + e,, 
and the  latter averages to  zero  for  any amount of correlation 
between these phases. The remaining term can  be expanded 
as 

( v 1 u 2 )  = ~ ( A J ,  cos (e, - e,)) COS (a - 8) 

+ +(A1A2 sin (e, - e,)) sin (a - 8). (B5) 

Therefore the normalized correlation becomes 

C ( A f )  = R,(Af) cos (a - 8) f Ri(Af) sin (a - 8). 
(B6) 

Since the value of (a - ,B) is unknown as  is the  ratio of Ri  
and R,, a measurement of C(AJ) is not sufficient to infer 
1RI. However, if just one phase term a: or ,B is shifted by plus 
or minus go”, and the new correlation value C’(Af)  is 
measured, this  information  combined with C ( A f )  can yield 
IR(Af)l, since 

[C(Af)]’  + [C’(Af)]’ = Rr2 + Ri2 = IR(Af)I2. (B7) 

This analysis demonstrates how IRI can be determined by 
measuring two  cross  correlations between homodyne 
detected signals under simple phase quadrature  conditions 
on  one of the local oscillators. 
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