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The Effect of Orbital Motions on Synthetic Aperture Radar Imagery of Ocean Waves

WERNER R. ALPERS ann CLIFFORD [ RUFENACH, MEMBER. IFEE

Abstract—The formation of wavelike patterns in synthetic apex-
ture radar (SAR) images of the ocean surface caused by orbital motons
is lnvestigated. Furthermore, the degradation in szimuthal resolution
due to these motions is caleulated by applying a ieast square fit to the
phase histary, Formulas ase given which describe the variation of
intensity in szimuthal direction in the image plane as well as the degra-
dation in azimuthal resolotion as a function of ocean wave amplitude,
wave frequency, direction of wave propagation, and radur wavelength,
incidence angie, and infegration time.

[ INTRODUCTION

OR THE LAST few years there has been considerdble

interest in imaging ocean waves by synthetic aperture
radar (SAR) from alreraft [1]1-{6]. More recently with the
faunch of the cceanographic satellite Seasat-1 on June 26,
1978, SAR images of the ocean have been {aken on a daily
basis. Though wavelike patterns are discernible on SAR
images of the ocean surface obtained from aircraft and Seasat-
I, there is still congiderable debate on how these images relate
to the actual ocean surface wave feld [7]1-[9].

More fundamentally, it is still controversial as to what phys-
jcal mechanism is causing the formation of wave-like patterns
on SAR images of the ocean surface. For a real aperture radar
system the modulation of the radar cross section by the long
ocean waves is responsible for the formation of wave images. If
the dominant scattering mechanism is Bragg scatiering, then
this cross-section modulation is attributed to titt and hydrody-
namic modulation [10]. The tilt modulation is due to the
change in the local depression angle induced by the long
waves, and the hydrodynamic modulation is due to the hydro-
dynamic interaction between the short Bragg scaltering waves
and the long waves, which resuits in a nonuniform distribution
of short waves with respect to the long-wave field [101-[12},
Furthermore, for higher ses states Rayleigh scattering has also
been suggested as a candidate Tor contributing to the cross-
section modulation by long ocean waves 147, {8, [12].

For SAR, however, in addition to the cross-section modula-
tion, the orbital motion of the water particles, associated with
the tong ocean surface waves, van zlso play a dominsnt roje in
the image formation as has been noted by several authors |8],
[13], [14]. In this paper we want Lo investigate in more detail
fhow these orbital motions can produce wave-like patferns in
SAR images. The investigation is carried oul for a mono-
chromatic deep ocean wave, and we expect that our theoreti-
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cal results should apply in particular to a swell propagating in
the cross-range direction, i.e., in the flight direction. In order
to get clearer physical insight into the mechanism causing the
image Tormation, we restrict our analysis to the case {@w7T/2) <
1, where @ is the radian frequency of the long ocean wave and
7 is the radar integration time,

Furthermeore, the orbital motions lead to o degradation in
azimuthal resolution due to defocusing, which cannot be
avoided when imaging ocean waves by SAR. By using a least
square fit to the phase history across the aperture we derive
this degradation in terms of ocean-wave amplitude, wave
frequency, direction of wave propagation, and radar wave-
length, incidence angle, and integration time.

[T. THEOQORY

Let us consider o moving target £ at the sea surface whose
location relative to the radar platform at r = 0 s given by the
distance in range direction R and by the azimuth or ¢ross-
range coordinate vg (projection in flight direction). Including
the motion of the target, the time history of the return signal
is governed by the phase of the scattering amplitude

Aln xg) =0 exp [ig(1 xg)l, ()
where
@1, xg) = 2k[(R ~ AR(r, xo})?

(Ve —xg = Ax(n, xg))? ] VR

+ Ag. {2}

ko= 2m/\ is the modulus of the radar wavenumber, V is the
ground track velocity of the platform, which is in the x direc-
tion, AR, Ax are the changes in range and azimuth of the tar-
gel position due to the motion of the ocean surface, and 0 is
the cross section associated with the target P. The effect of
moving targets on SAR imaging has been treated by Raney
{151 who approximated AR(:) and Ax(z) by using & Taylor
series expansion around ( = 0 and retaining only terms up to
the second order in £ One obtains for the phase perturbation
A due to the target motions

v
Ag = =2k | ur + (-%-a, L 1 (3)
R

where 1, and ¢, are the target velocity and acceleration in
range direction, respectively, and u, is the veloeity in azimuth
direction at ¢ = 0. In deriving (3) it has been agsumed that
w /¥ <€ i, If {3) is applied to ocean waves, however, Vi, /R <
4a,, and thus the last term can be neglected.

Instead of approximating the phase angle by g Taylor serles
around ¢ = @, it is more realistic to approximate the phase
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error A¢ caused by the motlions of the scatterers by a phase
error function Ag which provides the best approximation to
A¢in the least square sense across the synthetic aperture with
length L= V¥ where T is the integration time. The approxi-
mating function is taken as 4 second order polynomial of the
form

A =g - k(U0 b § ), (4)

whare o is independent of time. The approximation in the
least square sense fmplies that

w172 -
/ {AG -~ Ad)® oy 15)
T

s a minimuem. From condition (3) the linear and quadratic co-
elficients U, and o, respectively, are given by the integrals

_ |12 [ =T . L
U, == — (A1) dt £33
’ 2k T'{ T )

! 180 T4 15 +Tr2
; s [ r"l;jgf) gt “1 f Ads dr

B L S -y
(71}
The linear term in ! ciuses a shift of the position of the
scatterers in azimuthal direction, while the quadratic term in
¢ glves rise to defocusing in the image plane and thus to a
degradation in the azimuthal resolution {2], [7], {16]~[ 18],
The phase shifts incurred by the motion of the ocean waves
are to the first order due to the orbital motions associated
with these waves, For deep water waves these mations are
circular, The phase change indL}Ceci by a monochromatic deep
water wave with wavenumber k, frequency 0, and amplitude
{o superimposed on a surface current v, which lor simplicity
is assumed to be time independent, is given by

t
A == ”2/ k(Y + vy
o

.

= —lkfn{"*sin 0 sin @ sin (k- Xy~ 8)
+ cos 8 cos (k - Xg ot By
=Xkl vd e sin 4 osin by, (8)

where 4 is the orbital velocity, k = by ky &) = K(0, sin @,
cos #) is the radar wavenumber,  is the incidence angle of the
antenna axis (0 = 0 for nadir leoking antenna), & is the angle
between the flight direction and the direction of wave propa-
gation, ¢, is the angle between the flight direction and the sur-
face current direction, and 8 is a constant phase which we
choose to be zero. The first term in (8) origirates from the
herizontal and the second term from the vertical motion of
tire scatterers, The vertical motion has often been disregarded
in the literature [7]. [14], bul for a large portion of the
existing SAR imagery of ocean waves which were taken at
incidence angles around 20° (e.g., from the Marineland
experiment [2), [3] and the Seasat-1 satellite) it is the
dominant term. Inserting {(8) into (6) and (7) and inlegrating
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aver [ yields
. w7
U, =ty e

(sin @ sin b cos k - x,

treos @ sink - xg) + v, {9)
Ar = fgufay | —— {sin @ sin b sin k - x,

= cosf cos K - xg), (10)
where
U = v isin @ sin g,
AT T\ B Y ARY wT
ay =3[ §in e e g e | (1)
2 2 2 2 2
wT Wr s BTN o
LN B L =4 sin v
2 - 2 2
wr wl
e cas e (12)

These resulls are restricted to A¢ variations which can be
approximated by a linear and quadratic vardation in time.

For the harmonic variations of (8) this reguires  that
(e3TF2) <
In thé limit 0772 = 0 we obtain
im o« Bl (13}
T -
' w7
i ¢ e =
i e = =1, (14)
w0 “

and thus in this case I, = u, *+ v, and 4, = g, where u, is
the orbital velocity and a, is the arbital acceleration in the
ook direction of the antenna at ¢ = 3. The functions aq and
ag account for the fact that the perturbation of the phass
history caused by the motion of the scatterers is recorded over
a fipite time interval 7.

The avernge linear and parabolic phase conlents of the
signal during the inlegration time T are the more relavant
quantities to describe azimuthatdisplacement and degradation
in azimuthal resolution than their values at a fixed time [15].
ay and ag are plotted in Fig. | as a function of <37/,

The scattering amplitude received by the antenna js weighed
by the antenna pattern function which we assume to be
Gaussian:

UK = xg)?

L?

({r xg) = exp - (15)

I order not to complicate the mathematics we shall ignore
here the dependence of the scattering amplitude on range,
which is irrelevant for this discussion.
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Fig. 1. Plot of'ay and gg defined by (1) and (12) as 3 functiovn of 2 =
w2, Seale for plotis marked on left-hand side. Function z%a42)
is plotted, which appears in {11), Right-hand scale applies ta this
plat.

SAR processing (see [(19] and [201) includes o dechirping
af the received amplitude, which eliminates the quudratic
phase term {0)2728 {see [2)). The dechirping is achieved by
applying a matched filter whose trunsfer function is

k ;
My = exp fR 22 (16)

This matched filter is adapted to targets having no motions
(stationary targets), Thus the gcatiering amplitude of the
target £ having a stationaty uzimuthal coordinate xg, after
applying matched filiering, is given by

e(x, xg) =A% - A, (17)
where the asterisk denotes convolution in the time domain and
x == ¥r, where x s the azimuthal position of the larget tn the
image plane. In other words, after SAR processing has been
applied to the signal, the target, which in tase of no motion
would be located at xg, is now located at v. | e(x, Xg) |2 can be
caleulated by inserting (1), {23, {4), {15}, and (16) into (17).
As a result one obtains for the power density in the image
plane

, LA P
Pe(r, xg)1* = = To{xg) =
3

= a

e R 2
PR F {jr

where

(19)

is the theoretical azimuthal or Rayleigh resolution for stu-
tionary targets (see [15]) and

qn [T \* 2puz

Rl et I I (20}

ﬁq( = Ry [ N 2

is the azimuthal resolution if the target is in motion (de-

phase error due to targel motion and d, = g, (#, is called the
degradation in azimuthal resolution,
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fFoguution (18} is restricted to phase varlations which can be
approximated by @ Hnear and quadratic variation with rime,
Far @72 2 1, (18) is not valid any more. We note that this
situation can oceur when lmaging ocean waves by existing
SAR's. However, an analysis of the case «w¥/2 2 3 requires
extensive numerical caleulations and obscures the insight into
the physical mechanism involved, This case is beyond the
scope of the present paper and will be considered separately,
Furthermore, {18} shows that the true azimuthal position and
the apparent azimuthal position of the target in the image, xq
and x, respectively, do not coincide, but are related by

R

x:xo+;¢Mnm (21)

The reason for this is that the synthetic aperture radar finds
azimuth locution via the Doppler coordinate, and the motion
of the scatterer in the range direction belies this relation. If
the radisf velocity component O, is nol uniform in azimuth,
i.e., if U, is a function of xg, then the scatterers are shifted in
¢ nonuniform manner in the image plane along the azimuthal
direction, Positive and negative /. lead to opposite shifts of
the facets in the image plane, thus giving rise to regions which
are depleted of scattererrs. More precisely, the backscattered
microwave power per unif length in azimuthal direction
(“scatter Liiﬂﬁi{y”) varies with xq if the radial velocity of the
scatterers U s a function of xg. The term “velocity bunch-
ing" has been used by Lurson ef ol [12] to describe this
effect, Assuming that adjacent resolution cells are uncor-
related, see [18], the total power per resoluiion cell, or the
intensity in the image plane /(x), is given by

I

flxy = i / c{x, xy) degl = / | efx, x0) 12 dxg

O St 7 s
= f Olxg) =T wxp | TGl TN
B - on Py {'\.(3) P ("‘ﬂ)-
R E
---- l— Llxg) dxg. £22)
ar, alter changing the inlegration variable x4 to
, L. .
Xg = xg ok V Ulxgh, (23)
by
7 A P boo(x
fx) = — T"‘[ ; Ee (‘ o) .
2 e Py (Xg) R a _
L+ — U (xg)
¥odxg
”2
Texp | s (v g ) dg (24)
By ('\‘O)ﬁ

In order to carry out the integrstion, the argument xg in
p., o, and {(DJdxo)0, has ta be expressed in terms of xg'
aceording to (33). 1011 4+ R/VAU, J8xg 174, g, (xg) and alxg)
do not vary very much within the azimuthal resolution cell,
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then the idegral (240 can be approsimaied by

i - Glxg)
f(x) == X e, e - . } = 125}
2 ¢ d :
b g )
Fodag i

where vy must be expressed in lerms of x according to (21}
For the case where the gradient of the rwdial velocity come-
ponent (':"',. in the azimuthal dircetion varies with xg, iU is evi-
dent from this equation that even for o uniform cross seetion
(o = constunt} fler will change with x and thus will produce
contrast in the image.

P DESCUSSEON
A Velocity Hunching

The troplications of the above destred equations for ocean
wave imagery by SAR can now easily be discussed. Acconding
to (93 and {21) the shift in azimuth (Aight dircction) of the
scatterer position in the image plane s a harmonie function of
xg- This i Qlustrated in Fig. 2 for an ocean wave traveling in
azintuthal direction (b = Q) From this figure it cun be sven
that the scatter density changes periedically as o function of
Yy. The periodicity in szinmvuth ds piven by ik cos @, Thus
positive and negative velocity bunchings alternate, which give
rise to wave-like patterns in the image [Hm, The scatter density
is determined by the azimuthal gradient of the scatterer
velocily in range direetion 967 /vy (sve (2410 We have (rom
(93

av. .. Wi
mr s el R ey = 1 cos d{—sin & sin b
dxg 2

csin (K |y cos )+ cos 0 cos (| K | xg cos by,

(26}

8(:-",.;‘%0 is zero for awave traveling in range direction, bul it is
not Zero for @ wave traveling in azimuth. Thaough the first term
(representing the horizontal component of the orbital motion)
vinishes in this case the second term {representing the verlical
7, i0x g atlains its
maximum value for small incidence angles 7 and for waves
traveling in azimuth (b= 03 For arbitrary # and <, 20,7
is proportional to

component) does not vanish for & =

gyl 0 = cos b {sin & sin $YF b cos® (] HE

Thus velocity bunching is lurgest for waves traveling in azimuth
and vanishes for waves traveling in runge direction. We note
further that velocity bunching s independent of rdar wave-
length and that it increasex with wave amplitude {n. In the
range G772 & 1 we have 90 fdvg ~ (AT while for
Wl 1 we abtain 0678y = 0. In the latter case velocily
bunching dissppears in our model since the bnear term is @
teasl square fit to o harreonic function which vanishes Tor large
arguments,

The combined elfects of velocity bunehing and degradation
in azimuthal resolution {xee 200 lead (0 well-defined contrast
patterns in the image plane. The relevant quantity s the total
power or intensity per azimuthal resolution cell, ), which is
givert by (22), It the variation of |1+ R/F2/2x 0 170 s
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Fig, 20 Hiustration of veloeiny bunching, ta) Surfave clevation associ-
ated with ocesn wave traveling in azimuthal direction, (b SAzi-
it had shift o seatlerers i omiage plane. vg i< azimuthel axis on read
surtaee and x oe supped surtace, Lein dmage plane, Shiftx - g s
piven by velounty o, seatterers in e direction, B s propartoml
ter watve ameplitade £ and for &) | alss o wave frequency o
fo) Relative power dintensityd per owzimuthal resolution cell ax func-
tion of azimuthal position g for different values of ¢ defined by
128y

is negligibly smelt, then From C23) and £26) we olitain

Mxflotey= 11 4+ ccos ([ Pk xy cosd) + 3] 1, {28y

where g is the power per azimuthal resolution cell in Lhe
absence of wave maotions,

RO . Wt
oo ; ol k| wa, ol {tb 107, {29)
and
a = tan” ! (ran 0 sio g, (2

o i usually of the arder of 107! (occasionally of the order 17
and thus gives rise to very prosounced conirists in the image,
In Fig, 2 we have inserted a plot of 2y for ¢ = 0.3 0.6, and
0.9 for = (. Since the wave amplitude of he ocean wave is
given by

§: = f‘n cos (] k| g - eos by, (3

we  obseve fromy (280-1303 that for azimulhally traveling
wiaves f{v)and { are oul of phase by . This means that maxi-
mum intensity in the image plane is located @t the troughs of
the wave, For arbitzoy ¢ and & the phose shift 1w given by
(301 For ¢ I alouble peaks of Ha) evolve in the
interval {0 < v

Lo

7 the seafe tength of L2 R7VAE Jvg |77 becomes caom-
parable to ﬂa'. then the approximation (28} does pot hold.
The convolution (24) implics that the width of the peaks of
fv) s ulso determined by o, As we will see below, the
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moving targel azimuthal resobution g, increases with rmldor
wavelength if g, is kept fixed. As @ consequence, the inten-
sily peaks in the image plane due to vetocity bunching hecome
broader (or longer radar wavelengths, Thus we cxpect that
velocily bunching can better be seen with radars operating at
shorter wavelenglhs.

Finally, we note that if A/Vd quivalently,

X a
<€ 1 we can replace ¢ |1 F RYFBE D [ in 025) by
, Roall
o = e . (32
¥ d-\'() dolagay

With 907,/8x given by {26} one sees that the variation in the
cross section due to wave molion is linear in wave amplitude,
Thus this variation can be described by a linear modulation
rransfer function. Therelore, in this case, the results obtained
in this paper can be applied o 4 Hinear ocean surluce wave
Specteum,

B Degradation in Azimwihal Resolution

The azimuthal resoiution g, in the presence of deep ocean
waves is given by (20) with o, defined by {10} We can rewrite
(207 as

by dr . fw\®
i, =1t T Uq
a2y S 2
2 e

ceas (ks oxg kb oal ‘ (333

where the geometrical function gy ks given by

gol0, ) = (sin® & sin® b + cos® )12 {343

and the phase o is given by (30}, The dependence of ¢, on the
direction of wave propagation is not very proneunced for most
geometries, since g3(d, th) varies between cos 0 for azimuthally
traveling waves znd | for range traveling waves. The Tunction
(T 21 2a4 (T2 is plotted in Fig, 1. 1t can be seen from
this plot that for large<07/2 the functional dependence of the
parabolic phase error on 7 deviates considerably from ~ 2,
which is a conseyquence of the approximation of the phase
error across the aperture by a sceond order polynominal in g
least square sense. Equation (33) shows that for fixed 7 the
degradution in szimuthal resolution decreases with radar wave-
fength and increases with wave amplitude Q'U.

The function ey in (33) is approximately | for GT/2 5 1.
If we then express 72 in ferms of p, (see (19}) we obtain

T /R 2§: ., A 04
dy =L p [ b o gD, )
a PR G -”“,' AN !
2y
seos (ko o : 135y

This shows that for p, fixed, the degeadation in azimuothal
resolution increases with radar wavelength X, ocean wave
amplitude §g, snd oceun wave frequency .

[§hie]

V. CONCLLESION

The ahove fovestigntions have shown that the orbital
motions  assoviated  with ovean surface waves lead to the
formunion  of wave-like patterns in SAR jmages {velocity
bunching) even for o uniform radur scattering vross section as
well as Lo o degradation in radar resolution,

fnothe present work we have emphasized these orbital
motion effects, However, the actusd image-forming process oy
SAR i the combination of {wo cifects:

a)cross section modulabion dae to the fong waves,
) velocity bonchmye custsed by the erbital wmotions which is
in SAK inherent artifact.

The first effect dominates for waves lraveling perpendicular to
the flight direction, while the second vanishes in this case and
is hargest tor waves troveling parallel to the flight direction.

For oeean waves raveling at an arbitrary angle both effects
compele with each other, Including  the Jegradation o
azimuthal resolution, this can lead either 1o ) a reduction in
intensity contrast in the wave image (ond eventually to a grey
image), b} an enhancement of ocean wave patterns, ar ¢ the
oecurrence of {wa (or possibly three) intensity peaks per true
wavelength interval (not necessarily equally spaced), depend-
ing on the ovean wave snd radar parameters.
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Synthesis of Antenna Arrays with Spatial and Excitation Constraints

N, BALAKRISHNAN. P K MURTHY . ano S, RAMAKRISHNA

Abstracr~Synthesis of antenns arrnys subject to spatiat and excita
tion constraints o yield acbitrarily prescribed patteens in both the
mean-sguared and minimax sense are discussed, The spatizf consteaints
may require that the interelement spicings be greater (ban o presceibod
value or that the element locations lie within a specified region, The
excitation constraints ace of the form where the current-taper catio is
constrained {0 be lexs than or cqual to a prescribed value. The tech-
nique employed consists of reducing the constrained optimization
problem into an unconstrzined one by the use of simple transtorma-
tions ol the independent variabies, In such cases where explicit rans-
formations are not available, o created respanse surface technigue
LCRST) has been used to convert the constrained optimization problem
into a series of unconstrained optimizations. The eptimization has been
carried out using & nonlinear simplex algorithm, Numerical examples
are given wharein both the linear and ciraddar aroays ure synthesized
suliject to constinins,
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LINTRODUCTION

HE PROBLEM of synthesizing nenuniformly  spaced

antenna arrays has been studied quite extensively, and
comprehensive accounts of the techniques emploved have
appeared in booeks (1], [?]. These techniques include the
Fourier series expansion, melhods of approximation theory,
and tnlerpolation.

Very few attempts have been made where synthesis has
been carried oul subject 1o cafstraints on clement positions,
currents, or pattern characteristics such as sidelobe level or
beamwidth, Schuman and Strait {3} have described an itera-
tive approach te synthesize arrays whose elements are con-
strained to lie within specificd limits. Sandrin, Glatt, and
Hague {4] have reported a method employing o computerized
multivariute search technique wherein constraints on sidelobe
levels, beamwidths, and interelement spacings may be imposed.
Perini [51 has emploved the steepest descent lechnique to
design arrays with large interelement spacings. Schiaer-Jacob-
son and Madsen (6] have described a nonlinear minimax
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