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Abstract—The second-order bistatic high frequency radar
cross section of ocean surface is derived for the case of a fixed
receiver and a floating transmitter. The second-order radar cross
section contains both the hydrodynamic contribution and the
electromagnetic contribution. The second-order hydrodynamic
contribution is obtained based on the first-order bistatic model
with antenna motion. The derivation of the second-order elec-
tromagnetic contribution begins with a general expression for
the bistatically received second-order electric field for the case
of floating antenna. A new bistatic electromagnetic coupling
coefficient, which unlike some earlier versions produces no non-
physical singularities in the radar cross section, is derived. The
new radar cross section model is simulated and compared with
that of monostatic case. The motion-induced second-order peaks
appearing in the spectrum are seen to have significantly less
energy than those in the first-order case.

I. INTRODUCTION

High frequency surface wave radar (HFSWR) has been
successfully applied in ocean remote sensing for over four
decades, and in more recent times attention has turned to
bistatic operation. In particular, Walsh and Gill analyzed the
scattering of high frequency electromagnetic radiation from
rough surfaces [1]. Then, Gill and Walsh derived the bistatic
form of the electric field equations and radar cross sections
of the ocean surface in [2], [3]. Following those analyses,
Gill et al. [4] developed a high frequency bistatic radar cross
section for scatter from a patch of ocean. Later, Huang et
al. [5] presented a technique to extract wind direction from
the bistatic high frequency radar data.

While earlier HFSWR analyses focused on fixed antennas,
interest in systems mounted on moving platforms has been
increasing. In 2000, Gurgel and Essen [6] presented surface
current measurements obtained from shipborne HF radar.
Then, Xie et al. [7] investigated target detection using a
shipborne HFSWR. Walsh et al. [8] proposed the monostatic
model for the first-order high frequency radar cross section
(HFRCS) for an antenna on a floating platform. In [9], a radar
cross section model for a floating HFSWR was presented and
the negative effects of antenna motion on the first-order Bragg
lines were illustrated. Later, Walsh et al. derived the second-
order monostatic model for patch scatter and foot scatter for
a floating antenna in [10] and [11], respectively. This paper
extends the work in [11] to include the bistatic case.

As in the various existing cross section models, the second-
order bistatic radar cross section contains two portions: the hy-
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drodynamic contribution and the electromagnetic contribution.
The second-order hydrodynamic contribution is caused by the
signal from the transmitter being scattered once by second-
order ocean waves before being received. The second-order
electromagnetic contribution arises from the double scattering
from first-order ocean waves. It should be mentioned that only
scatter scattering from a portion of the ocean surface which is
remote from both the transmitter and receiver — the so-called
patch scatter case — is addressed in this paper. This means that,
for the double scatter case, the two scattering points are very
close to each other compared to the distance between them and
the antennas. The derivation of the hydrodynamic contribution
is given in Section II. Section III contains the derivation
of the electromagnetic contribution. The total second-order
electric field equation and the bistatic radar patch scatter cross
section are deduced in Section IV. Section V contains model
simulations and the effects of various factors on the radar cross
section are discussed. Conclusions and the direction for future
work appear in Section VI.

II. THE SECOND-ORDER HYDRODYNAMIC CONTRIBUTION

The first-order bistatic scattered field for the case of a
floating transmitter and a fixed receiver appears in [12] as
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with the various parameters and variables being identified as
follows:
e 7)o represents the intrinsic impedance of free space;
o Al is the length of the vertical dipole;
e Iy, wo and ko are the peak current, the radian frequency
and the wavenumber of the pulsed dipole, respectively;
o Pp is the Fourier coefficient of a surface component with
its corresponding wave vector K = (K,0k), K and 0
being the magnitude and direction, respectively;
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The citable Proceedings of the Conference will be published in
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o pis a distance vector with the magnitude p and direction
0, pointing from transmitter to receiver;

e po2, po2o and pos are the representative values of po,
p2o and pg = £ 142"’2 , with ps and pog being the distance
from the transmitter to the first and the second scattering
points, respectively;

e g is the representative bistatic angle, related to pgs;

o Aps = T is the patch width, depending on the radar
pulse duration 7, and c is the free space speed of light;

e 0pg = (6po,b) is the sway motion vector for the
transmitter;

o F' represents the Sommerfeld attenuation function;

o Salz] = sin(z)/x.

The Fourier series for the second-order ocean waves can be
expressed as [3]
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where gI' is the hydrodynamic coupling coefficient [13]
accounting for the coupling of two first-order ocean waves,
whose wave vectors and radian frequencies are I_ﬁ, 1?2,
w1 and wo, respectively. Using the time-varying ocean wave
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III. THE SECOND-ORDER ELECTROMAGNETIC
CONTRIBUTION

A. General Second-Order Field Equation

Under the assumption of a good conducting surface and
imposing the usual small height and small slope constraints
for the ocean waves, the second-order HFSWR scattered field
for a floating transmitter and a fixed receiver can be written

as [10]
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Fig. 1. Second-order bistatic scatter geometry with antenna motion

In Cartesian coordinate, dA, = dx1dy; and dAs = dzadys.
The dipole constant, Cy, is expressed as
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where ¢ is the permittivity of free space, I is the transmitter
current with radian frequency w and wavenumber k.

B. Patch Scatter Field Equation

Following the analyses in [1], [2] for patch scatter, it is clear
that p12 < p1, p2. The geometry parameters are depicted in
Fig. 1. By using the approximations p; =~ ps and 01 = 65
(the direction of pi and p3, respectively) in the magnitude
factor, (4) may be derived to be
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where A is the intrinsic impedance of the surface.
As in [2], where the bistatic HF radar cross section for
a stationary antenna was derived, by transforming the x-y
coordinate system into the -9 elliptic coordinate (see Fig. 2)
and applying a stationary phase method, a final asymptotic
form for the bistaticly received electric field may be written

as
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where p, = pﬁ%. The bistatic angle ¢, shown in Fig. 2,

bisects the angle between p) and pog [14]. It is also shown
in [14] that for second-order patch scatter 6 = 6y, where
O is the direction of the scattering ellipse normal.
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Fig. 2. Geometry associated with the second-order stationary phase condition.
T and R are the foci of the scattering ellipse.

C. Pulsed Radar Field Equation

Following the analysis given for a pulsed dipole source
in [3], [12] and taking the inverse Fourier transform of (6),
the time domain result for the second-order electric field is
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where gl'p = % is the electromagnetic coupling co-

efficient. Replacing the time-invariant rough surface by the
time-varying ocean surface, (7) can be written as
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where an expression for the symmetrical electromagnetic
coupling coefficient can be written as
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IV. SECOND-ORDER RADAR CROSS SECTION FOR PATCH
SCATTER

From (3) and (8), the total second-order scattering field,
including both the electromagnetic portion and the hydrody-
namic portion, can be expressed as
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where ['p=gpl'p+pyI'. A similar process, as was used
n [3], [12], is used to obtain the radar cross section from
the electric field equation. The initial step of the approach is
to write the autocorrelation, Rop(7), as
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210
where A, = (A\3/4m)G,, with G, being the gain of the
receiving array; 7 represents the interval between samples and
* indicates complex conjugation.

In keeping with [10], it is assumed that the sway motion
8py = asin(wyt)p,, which is caused by the dominant ocean
wave. The sway frequency can be expressed as w, = /9K,
where K, is the dominant ocean wavenumber, and a is the
sway amplitude depending on the sea state. In addition, w,, and
a are assumed to be constant during the sets of observations.
The direction of 5?)0 is represented by the hatted vector p,, or
Ok,

After Fourier transforming the autocorrelation and compar-
ing directly with the radar range equation, the radar cross

section, oop(wy), may be written as
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where wy represents the radian Doppler frequency. S;(K)
indicates the spectrum of the first-order ocean surface waves



and ¢ is the Dirac delta function. The .J,, are Bessel functions
of order n.

Equation (12) is the final result for the second-order bistatic
radar patch scatter cross section with a floating transmitter and
a fixed receiver. If there is no antenna motion (i.e. 5;0 =0),
the radar cross section reduces to that of the case with both
transmitter and receiver fixed shown in [3]. If the bistatic angle
¢ is taken to be 0, then the bistatic cross section can be shown
to reduce to that of monostatic swaying antenna case.

V. SIMULATION AND DISCUSSION

A technique similar to that in [14], [15] is used to compute
the radar cross sections. Based on a Pierson-Moskowitz (PM)
spectral model [16], the simulation result is shown in Fig. 3
to illustrate the relative contributions of the second-order
hydrodynamic and electromagnetic radar cross sections as
well as the peaks caused by antenna motion. The operating
frequency is 15 MHz, the bistatic angle is 30° and the wind
speed is 20 knots. The ellipse normal and the wind direction
are 90° and 180°, respectively, as measured from the positive
z axis (the line connecting the transmitter with the receiver),
respectively. In keeping with [10], [12], the platform sway is
assumed to be due to the dominant ocean wave. The sway
amplitude and frequency depend on the wind velocity and are
given in Table I in [8]. The sway direction is chosen to be the
same as the wind direction.

Fig. 3(a) and Fig. 3(b) show the second-order hydrody-
namic results without and with antenna motion, respectively.
h1 represents the hydrodynamic peak at Doppler frequency
+v2wp. The physical meaning of this peak is a single
scatter from a second-order ocean surface component of wave
length Ap. From Fig. 3(b), extra hydrodynamic peaks h2
at :l:\/ﬁwB =+ wy, due to the platform motion are observed.
Fig. 3(c) and Fig. 3(d) depict the second-order electromagnetic
results without and with antenna motion, respectively. el and
e2 occur for [14]

K, =K,

and

For monostatic operation, (i.e. ¢9 = 0), the four peaks are
reduced to two peaks at wg = iQ%wB, which is the well
known ‘corner reflector’. From Fig. 3(d), it can be seen that
the electromagnetic peaks are shifted by £w,. In these figures,
motion effects may be considered only up to second-order for
the first-order radar cross section and up to first-order for the
second-order radar cross section. This is because the energy
of the motion-induced peaks in the second-order radar cross
section is relatively lower than that of the first-order result. In
total, the second-order hydrodynamic contribution is greater
than that of the electromagnetic. The discussion regarding
the first-order bistatic result for the case with a floating
transmitter and a fixed receiver can be found in [12]. The
total bistatic radar patch scatter cross sections for stationary
antennas and floating antennas are shown in Fig. 3(e) and
Fig. 3(f), respectively.
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Fig. 3. (a) the second-order bistatic hydrodynamic contribution without
antenna motion. (b) the second-order hydrodynamic contribution without
antenna motion. (c) the second-order electromagnetic contribution without
antenna motion. (d) the second-order electromagnetic contribution with an-
tenna motion. (e) the total bistatic radar cross section without antenna motion.
(f) the total bistatic radar cross section with antenna motion.

The difference between the bistatic and monostatic radar
cross sections with antenna motion is depicted in Fig. 4.
Keeping the location of the transmitter and the wind direction
fixed, comparison is made by varying the antenna operating
geometry (bistatic or monostatic). By comparison, it can be
seen that the frequencies of the first-order and the second-
order peaks are closer to zero Doppler frequency in the bistatic
case than those in the monostatic case. This is also true for
peaks induced by the platform motion. It may be observed
that in the monostatic case, the peaks (including the Bragg
peaks and the motion-induced peaks) in the negative Doppler
frequency region have less energy, while the peaks in the
positive Doppler frequency region have more energy than
those of bistatic case. This is because, for the example chosen
here, the angle between the wind direction with the look
direction 67 in the monostatic case is larger than the angle
between the wind direction with the ellipse normal 6y in the
bistatic case.

VI. CONCLUSION

The development of the second-order bistatic radar patch
scatter cross section of the ocean surface has been presented
for the case of a fixed receiver and a transmitter being mounted
on a floating platform. Both the hydrodynamic and the
electromagnetic contributions are derived. The hydrodynamic
contribution has singularities at :I:\/Qo.)B, while the modified
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Fig. 4. Compare the radar cross sections with floating platform for the bistatic
case with bistatic angle of 30° and for the monostatic case. Wind direction
is 180°, ellipse normal 6 = 90° for bistatic geometry and look direction
61, = 60° for monostatic geometry.

electromagnetic coupling coefficient produces no non-physical
singularities. Based on the new model, simulations have been
made to illustrate the effect of motion-induced peaks on the
radar cross section and to compare the bistatic model with the
monostatic case. It is found that sway-motion-induced peaks
appear in the Doppler spectrum and are more significant in
the first-order radar cross section than that in the second-order
case.

This analysis presented here for pulsed radars is cur-
rently being extended to frequency-modulated continuous-
wave (FMCW) systems which presently are in widespread use
in ocean remote sensing.
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