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On the Development of a Second-Order Bistatic
Radar Cross Section of the Ocean Surface:
A High-Frequency Result for a
Finite Scattering Patch

Eric Gill, Senior Member, IEEE, Weimin Huang, and John Walsh

Abstract—The development of a model for the second-order
bistatic high-frequency (HF) radar cross section on an ocean
surface patch remote from the transmitter and receiver is ad-
dressed. A new approach is taken that allows a direct comparison
with existing monostatic cross sections for finite regions of the
ocean surface. The derivation starts with a general expression for
the bistatically received second-order electric field in which the
scattering surface is assumed to be of small height and slope. The
source field is taken to be that of a vertically polarized dipole, and
it is assumed that the ocean surface can be described, as is usually
done, by a Fourier series in which the coefficients are zero-mean
Gaussian random variables. Subsequently, a bistatic cross section
of the surface, normalized to patch area, is derived. The result is
verified by the following two means: 1) the complete form of the
bistatic HF radar cross section in backscattering case is shown
to contain an earlier monostatic result that has, itself, been used
extensively in radio oceanography applications; and 2) the bistatic
electromagnetic coupling coefficient is shown to reduce exactly to
the monostatic result when backscattering geometry is imposed.
The model is also depicted and discussed based on simulated data.

Index Terms—Bistatic cross section, Doppler spectrum, high-
frequency (HF) ground-wave radar.

1. INTRODUCTION

IGH-FREQUENCY (HF) radar has been an important
Htool for remote sensing the sea state for three decades.
Much of the pioneering activity as well as a preponderance
of ensuing analysis and experimentation rests on the work of
Barrick [1], [2]. Barrick’s monostatic radar cross sections of the
ocean surface incorporating a plane-wave source and based on
Rice’s perturbation method [3] have received wide acceptance
in the radio-oceanographic community. Subsequently, Walsh
et al. [4] produced monostatic results using a generalized func-
tion approach for the scattering of HF electromagnetic radiation
[5], [6] from rough surfaces. In [4], a pulse dipole source is
assumed and a finite scattering patch is incorporated. Validation
of these models has likewise been extensive (see, for example,
[7]-[10]). Hisaki and Tokuda [11], [12] have also presented
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an HF monostatic model to second order for scattering from a
finite ocean patch via a perturbation technique. Additionally,
theoretical work by Anderson et al. [13] has been validated by
bistatic field experiments [14], [15].

Most recently, based on [6] and [16], Gill and Walsh [17] de-
veloped HF bistatic models for the first- and second-order ocean
cross sections. Because of the lack of availability of bistatically
received HF field data, the work in [17] relies on its similarity to
earlier monostatic results as a form of validation. However, the
approach taken, which gave rise to a more general result than pre-
viously presented, precluded the possibility of exact comparison
of the bistatic and monostatic cases. In this paper, beginning with
the expression for the vertically polarized electric field appearing
in [6], a new approach is taken which produces a bistatic cross
section to second order for a finite patch of ocean which is dis-
tant from the source and receiver—called here “patch scatter.”
For the case of backscatter, the new result is seen to reduce ex-
actly to the extensively validated monostatic model appearing in
[4]. Furthermore, while there are several components to the scat-
tering cross section, it is the portion being calculated here that
is of the most significance for inversion processes used in ocean
surface interrogation (see [ 18]). The procedure for calculating all
orders of scatter, which formally gives results to third-order, is
given in [4] and [6]. In general, the first- and second-order spec-
trum dominates over the third- and higher orders.

In Section II, the second-order scattering field equation is
presented as an asymptotic two-dimensional (2-D) double-
convolution form [6]. The equation is expanded in integral form
first to give the second-order field for scattering from a rough
time-invariant surface for a dipole source. By specifying a
surface to be time-varying and representable by a Fourier series
whose coefficients are random variables, the field for double
scattering on a patch of ocean is presented. Earlier results from
the first-order models [17] are combined with the new analysis
to give the total patch scatter cross section to second order in
scatter. Section III outlines how the new bistatic result reduces
exactly to that of the monostatic case when the bistatic angle
is chosen to be zero—i.e., the condition for backscatter. This
involves first a comparison of the general cross-section forms
and second the reduction of the second-order electromagnetic
coupling coefficient to that for backscatter. Section IV depicts
the derived cross sections for a variety of radar and ocean sur-
face parameters. A brief summary and the direction of ongoing
relevant work are addressed in Section V.
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Fig. 1. Second-order bistatic scatter geometry.

II. SECOND-ORDER RADAR CROSS SECTION FOR
PATCH SCATTER

A. Second-Order Field for a Time-Invariant Surface

The small height, small slope analysis carried out by Walsh
and Gill [6] for the scattering of vertical polarized HF radiation
from a good-conducting rough surface gives the general form of
the second-order field (see [6, eq. (54)]) as

(Ed)s ~ —jkoo{vmy@)
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T Vay [P : zy(g) (p) 27['/) * (p> 27rp
zy e_jk”
F . 1
*F(p) o7 } ¢))

This is the starting point of the current analysis. Here, V., is the

. ooy .
planar gradient operator while * represents a 2-D spatial convo-
lution. The surface £ is a function of spatial variables = and y or,
equivalently, p and € in polar coordinates. The F'() is the usual
Sommerfeld attenuation function, & is the wave number of the
radar transmitted signal, Cj is a source-dependent constant in
the temporal Fourier transform domain, and since in this work, a
dipole source of length A/ and carrying a current [ is being con-
sidered, its expression is well-known to be I ALE2 /jwen where
w and ¢ are radian frequency of the radiation and the permit-
tivity of free space, respectively. As shown in Fig. 1, the ra-
diation from the radar transmitter position 7°(0,0) scatters in
all directions from a general point (x1,y; ). Some of the energy
scatters again at point (2, 92 ), and a portion of this is received at
R(x,y). The field scattering from (x4, y; ) and reaching (z2, y2)
is represented by the inner convolution of (1). The dot product of
the gradient (V) of this convolution with the surface gradient

(Vy(€)) represents the scatter from (x2, y2). The final convo-
lution gives the received field at R(z,y). Therefore, as noted
in [6], (1) includes two scatters from any and all points on the
surface.

Equation (1) is an asymptotic 2-D spatial-convolution expres-
sion, which is valid for the received field when the scattering oc-
curs a great distance from the source—i.e., when p; is large. Gill
and Walsh [17] used this equation to develop the second-order
bistatic HF radar cross section for patch scatter. However, as al-
ready noted, because their total analysis was intended to reveal
other components of the scatter, their result could not be shown
to reduce exactly to earlier monostatic models. This can be at-
tributed to the order of carrying out the inner convolution and
its gradient appearing in (1). In [17], the identity

V. (A¥B) = A”vzy(B)

=B¥V,,(4) @)

was used and the inner convolution in (1) was performed after
application of the gradient. While the form of the result was
comparable to the monostatic models, the approximations in-
volved did not produce the usual form of the backscatter elec-
tromagnetic coupling coefficient. Here, the general result in (1)
is again implemented to produce a bistatic patch scatter cross
section at HF, but this time the result is established by carrying
out the inner convolution before its gradient.

Using analysis involving a 2-D stationary phase approach
[19] similar to that in [6], the field equation for patch scatter
becomes (3), as shown at the bottom of the page, where P,,,
is the Fourier coefficient of a surface component whose wave
vector is I?mn = Nmz + Nnj, I?pq is the wave vector of the
second surface component, and I?m is the sum ([? mn + K pq)
of the scatter wave vectors whose direction is 6,.;. The funda-
mental surface wave number appears as N.

Equation (3) may now be treated using a one-dimensional
(1-D) stationary phase procedure. The stationary phase integra-
tion is accomplished via an elliptic coordinate (u,6) transfor-
mation similar to that described in [16]. That is (with reference
to Fig. 1), the following is true:

1) rotation of the axes by 6, i.e.,
To =xhcosf — yhsinf

Y2 =T sin 0 + yh cos b; 4)

2) shift of the origin in the (z%,y5) plane to a position
halfway along p

2y =ap— L
Ys =Ys &)

—kCy

) )[f?pq

([('mn — kp2)] eI P2 [Krs cos(8rs—62)—k]—jkp2o

()2 ~

D Pu

mn. pq 292

27r2

dxgdyg
Kon — 2kp2) P2P20

3



742

then
_ " 4 "o
Ty = (:172 + 5) cosf — ys sind
Yp = (zg + g) sin 6 + 44 cos 6; (6)

3) conversion to elliptic coordinates
1

Ty = g cosh pcos é

1

gl = g sinh y sin 6. 7

This results in

he

22 = =[(1 + cosh p1 cos §) cos § — sinh p sin § sin 6]

[\

Y2 = g[(l + cosh p cos §) sin f + sinh psin § cosf].  (8)
This gives

p2 = =(cosh p + cos 8)

NN

p20 = =(cosh p — cos 8) 9)

92 = tarFl <%>
T2

ton- L [(l—i-coshucosé) sin § + sinh p sin 6 cos §
= tan

(1 + cosh prcos §) cos @ — sinh prsin §sinf |
(10)

By using the above transformation, (3) becomes (11), as shown
at the bottom of the page, whence we write for the ¢ integral
(12), as shown at the bottom of the page.

For bistatic operation, where p will be on the order of tens
of kilometers, (pK,.s/2) will be a large parameter for quite an
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Fig. 2. Depiction of the geometry associated with the second-order stationary
phase condition. R and T are receiver and transmitter, respectively.

acceptable range of surface wave numbers K. Furthermore,
the Sommerfeld attenuation functions are slowly varying, es-
pecially for the ocean surface at HF. Thus, a stationary phase
integration may be used in (12) to yield (13), as shown at the
bottom of the page. Additionally, a stationary phase condition
on 4 is given by

tanh = tanh ptan (6,5 — 6). (14)

Gill and Walsh [16], [17] have shown that at the patch scatter
position the surface wave vector I?Ts is along the normal (IN)
to the scattering ellipse (see Fig. 2), and the angle between the
transmitter and receiver as viewed from the scatter point is bi-
sected by the ellipse normal at that point. Each portion of this
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bisection is seen in Fig. 2 as angle ¢. Based on these results,
(13) becomes

(Rﬁm-ﬁzﬂﬁzq.(ﬁym._kp”]< L )
Is = Vor

.F(pQ)F(p20>eijp521Kr5 COS¢e:F7T/4

(15)
V KrsﬂsQl
where
pon = 2L = L cosh (16)

On inserting (15) and (16) and rewriting the g integral in terms
of ps21, (11) becomes (17), as shown at the bottom of the page.
Equation (17) is the result when the source is a continuously ex-
cited dipole. Employing a pulsed dipole source in this equation,
after the manner explained in detail in [17], results in a time-de-
pendent E-field of the form

ALk
et Y P
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Here, Sa(z) = sinz/x, Iy is the peak current on a pulsed dipole
of length A/, Apsoq is the patch width, and ¢¢ and kg are rep-
resentative values of the bistatic angle and the radiation wave

number, respectively. The factor I' g p, commonly referred to as
an electromagnetic coupling coefficient, has the form

. 1_‘EP K’r‘s COS¢

(18)

_(kmn : ﬁ2>[kpq ) (]—('mn - kO/aZ)] )

This is the factor which distinguishes (18) from a similar expres-
sion derived in [17, eq. (7)]. As already intimated and as is dis-
cussed in Section III, this form of the bistatic electric field equa-
tion allows for direct comparison between bistatic cross sections
obtained in Section II-B and the earlier monostatic results de-
rived from this theory.

B. Second-Order Bistatic Cross Section of the Ocean Surface

The process of determining the actual bistatic radar cross sec-
tion from the electric field expression is well understood and
presented in detail in, for example, [17]. It essentially involves
the following steps: 1) introducing the ocean surface into (18) by
allowing the Ps to become time-varying, zero-mean Gaussian
random variables; 2) finding the autocorrelation of the total elec-
tric field expression (all relevant orders of scatter); 3) Fourier
transforming the result to obtain the power spectral density;
and 4) using the result from step 3) in the radar range equa-
tion to write down the cross section. Carrying out these details
with respect to (18) leads to the second-order HF bistatic “patch
scatter” cross section as given by (20), shown at the bottom of
the page, where S(-) is the ocean spectrum, K and K, are
ocean wave vectors of magnitude K;, Ko and direction 6 7
0, respectively, wq is the Doppler frequency, and 6(-) is the
delta function constraint. The factor I' p is a symmetricized cou-
pling coefficient consisting of the sum of an electromagnetic
term ['gp and a hydrodynamic term ['y; given by

Ty =

(K1K;y — K, 'f—('2)

st o)

1
—{K1+K2—|-
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where w; and ws are angular frequencies of the ocean waves
responsible for the scattering. I'g; arises from a single electro-
magnetic scatter from second-order ocean waves. This feature
has been extensively addressed by several 1nvest1gators (e.g.,[2]
and [17]) Last, it should be noted that K 1 and K o are the same

Iep= = = (19) as K mn and K pq> Tespectively, and are wave vectors of the scat-
K, cos ¢ \/Kmn (Kmn — 2kop2) terers on the patch.
—kC e
+ ~ 0 /2-Krs
(Eon)2 (2r) (27)3/2 Z Z ac”
mn pq

—J32psa1k (Km" /32)[1(1"1 (Kmn _kpAQ)]

1 F(p2)F (p20

e:l:jpslers C05¢e:F”/4dp521 (17)

./p/ 26 \/ Ko -

)
Ko = 2k)  TVEr 89 o102~ (5)7

oapp(wa) =2°Thi Apsa Z Z / / /_O;S(mll?l)s(m2k2)

mi1= :|:1 ma= :|:1

Aps K,
2K?2, cos ¢ Sa’ [ Ps21 <

-|T
ICr| 2 COs g

— 2k0>:| (5(&1(1 +mi\/gKi + mQ\/gKQ) KldKldth-‘ldKrs (20)



744

III. ANALYTICAL VERIFICATION OF CROSS SECTION

A. Comparison With Monostatic Forms

It is readily checked that (20) has the same form as the result
derived by Gill [17] but with a different electromagnetic cou-
pling coefficient, this difference arising from the order of anal-
ysis taken in (1) as discussed in Section II. We now proceed to
show that (20) reduces to the general form of the monostatic re-
sults given by Barrick’s perturbation method [2] and the gener-
alized function approach taken by Walsh et al. [4]. To facilitate
this and in keeping with those works, we seek a result for a large
scattering patch. In particular, using the relationship

lim Sa*(Mz) = 76(x)

M — o0

2

in (20), where it is assumed Apgz1 — 00, allows us to write

Aps21 K’r‘s
Apgo1 S 2 — 2k
peat [ 2 <COS¢0 0)}
Apgai 2 Apgor
=2 S K., — 2k
€08 ¢02cos b0 “4 2 cos ¢g (Kr. 0 ¢0s go)

=2m cos o (Krs — 2ko cos dy) . (22)

Inserting this expression into (20) and using the Dirac delta
function to evaluate the K, integral result in (23), as shown
at the bottom of the page. For monstatic operation, ¢y = 0 and
(23) simplifies to (24), as shown at the bottom of the page. While
the notation and normalizations used by Barrick [2] differ from
this work, the final results are identical in form. Furthermore,
(24) is exactly the same—in detail as well as in form—as that
given in [4]. To prove this, the electromagnetic coupling coeffi-
cient must be further examined.

B. Electromagnetic Coupling Coefficient

While the deep-water hydrodynamic coupling coefficient ap-
pears in all similar analyses (see, for example, [20]), the elec-
tromagnetic term differs. In particular, here we wish to establish
that while the expression given in (19), with the new symbols in-
troduced for the scattering wave vectors, is

—(K1 - p2)[Ka - (K1 = kopa)]
K, cos ¢0\/[?1 (K1 — 2kopa)

I'ep = (25)
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it can be shown to reduce in a symmetricized fashion to the
monostatic coupling coefficient

N o2
—jK1XK2

lep = ———v=
2K2\/ K, - K»

given by Walsh et al. [4]. It should be noted that in (25) K,.s =
2kq cos ¢y as dictated by the delta function in (22). For monos-
tatic operation ¢9 = 0 and since K in (26) has a value of 2k,
it is obvious that, for this case, K,.; cos ¢¢ and K are identical.
Furthermore, it is clear that ;I" g p is either positive real or imag-
inary (and never complex). Thus, when it is added to "7, which
is itself positive real, the magnitude of the sum will be greater
than or equal to either of the individual contributions. While this
is true, it is the hydrodynamic portion which is most significant
in ocean parameter applications (see [18]).

It is easy to show from the patch-scattering geometry (see
Fig. 2) that

(26)

p2 = T cosfy + 4sin by 27)

can be written as

p2 = N cos do + O sin ¢ (28)

where the unit normal N and its orthogonal angular counterpart
6N may be written as

A

N =z COS(92 + ¢0) + g}sin(ﬁg + ¢0)

Oy = — Zsin(fs + ¢o) + G cos(ba + ¢o). (29)
For backscattering (¢9 = 0) and
po = N (30)

In Section I, it was established that K rs 18 along the N direction
so that (on dropping the 7s subscripts to conform to the notation
in Walsh et al. [4])

K = 2kgcos poN = 2koN (31)
and
. K.
P2 kg (32)
Furthermore
K+ Ky = 2kK. (33)

ng(wd)ZQG’szkg Z Z

m1::|:1 mz::l:l -

/ / S(miK1) S(m2Ks)|Dp|? cos* do 6(wa + miy/gK1 +mary/gKs) KidK1dfg .

(23)
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Substituting (32), (33), and ¢y = 0° into (25)

—(By - K)[Ky - (R, — koK)
K\/Ry - (By - 2koK)

—(K1 - K)[K - (2K; = 2koK)]

2K2\/ K, - (—K>)
— K, - (K, + Ky)|[Ks - (K1 - K>)]
2K\ Ky - Ky
B JK1 2 + K1 Ko cos(z, —0z.)]
2K2\/ K, - K,

[K1Kzcos(0p —0g)) — K5?)

2

T'ep=

—j | K1 x Ks iRy Ko(Kq2 — Ko2
_ + Jn1 2( 1 2 ) (34
2K24\/ K, - K» 2K2\/ K, - K»
Implementation of the cross section in (24) involves a sum-
mation over all wave numbers and as a result a “symmetricized”
form of the coupling coefficient may be written as

L . Tpp(K,Ky)+Tgp(Ky K
Tep(Ry, Ky) = ep(K1, 2)-; ep(K>, 1). (35)
Applying this to (34) allows us to write
. L2
—Jj| K1 x Ko
(36)

STep = ————=
2K2\/ K1 - K>

which is clearly identical to (26). Therefore, the bistatic radar
cross section of (20) properly reduces in all respects to the ex-
isting monostatic models. These models have been extensively
validated during experiments carried out on the Canadian east
coast [7]-[10].

IV. DEPICTION AND DISCUSSION OF THE
CROSS-SECTION MODELS

The computation of the models developed in Section II is
aided by adapting monostatic techniques presented by Lipa and
Barrick [20] to the bistatic case as is discussed by Gill and Walsh
[17]. The radar cross section, normalized to patch area, is calcu-
lated, as is commonly done, using a Pierson—Moskowiz model
[21] with a cardiod directional distribution for the directional
ocean waveheight spectrum of a wind-driven sea. For compu-
tations of the bistatic cross section, wind speed and direction,
radar frequency, patch width and location, and bistatic angle are
input to the model. The effects of bistatic angle, wind speed
and direction, and operating frequency are examined. Finally,
because of its relevancy to the overall discussion of the cross-
section plots, the first-order bistatic cross section derived in [17]
and [22] is given as

. K5/2
o1(wa) = 2* Tk Aps Z S’(mK)$¢0
m==%1 \/g

2 [ Aps K _
-Sa |: 5 (COS¢0 2k0):| (37

where patch width has been labeled as Aps andwg = —m+/gK.
An example of how the scattering patch width affects this first-
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Fig. 3. Effect of radial patch width on the first-order cross section. The wind
is outward along the ellipse normal at the scattering patch resulting in nonzero
results for the negative Doppler region only.

order result appears in Fig. 3 where the oscillatory features of the
Sa?( ') function have been smoothed using a Hamming window.
The spectral smearing that is evident as the patch width dimin-
ishes would translate into a similar effect at each second-order
Doppler point had the Sa?( ) function been retained in calcu-
lating o2p (wd) .

Fig. 4 shows the effect of increasing bistatic angle for an op-
erating frequency of 25 MHz, wind speed of 15 m/s, wind direc-
tion of 180°, an ellipse normal angle of 90°, and patch width of
2 km. The wind direction is referenced to the z-axis. Peaks B~
and BT are first-order maxima positions (Bragg peaks) which
from (37) may be seen to occur when the Doppler frequency is
(£v/2kog cos ¢g)/(2m) Hz. As the bistatic angle increases, both
of these Bragg frequencies (fp) move closer to zero Doppler.
The singularities labeled P;” and P;" are the £v/2fp posi-
tions resulting from second-order hydrodynamic effects as ex-
tensively discussed by Lipa and Barrick [20] in the monostatic
context and Gill and Walsh [17] for earlier bistatic analyses. The
Pss and Pss are corner reflector peaks which can be shown, as
in [17], to appear at Doppler frequencies (f;) given by

(1 =+ sin ¢pg)1/2

= 423/4
Ja oS ¢g

/B. (38)
For the monostatic case [Fig. 4(a)], P»>s and Pss obviously re-
duce to single positions in the regions fq > |fg|. Also, as the
bistatic angle increases, the second-order patch scatter effects
are greatly diminished and when ¢y = 75°, the highest con-
tribution to the corner reflector phenomenon is masked by the
V2 fB singularity. In the latter case, the second contribution to
the corner reflector is far removed from any region of interest in
the Doppler spectrum.

Fig. 5 shows the relationship between the Doppler spectrum
for a bistatic angle of 30° with that for monostatic operation
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Fig. 4. Bistatic patch scatter Doppler spectra for different bistatic angles with wind direction of 0° and wind speed of 15 m/s. The bistatic angle is (a) 0°, (b) 30°,
and (c) 75°.
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Fig. 5. Comparison of bistatic (solid line) patch scatter Doppler spectra with monostatic (dashed line) result.

when the wind direction referenced to the z-axis is 180° (or 90° 15 m/s. For a complete monostatic system located at the trans-
to the ellipse normal which has figured significantly in this anal-  mitter site of the bistatic radar, the look direction for the stated
ysis), the operating frequency is 25 MHz and the wind speed is  scenario is 60° and the wind makes an angle of 120° with the
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Fig. 6. Bistatic patch scatter Doppler spectra under different wind speeds with wind direction of 180°. Wind speed is 15 m/s (solid line), 10 m/s (dotted line), and

5 m/s (dashed line).

assumed narrow radar beam, with a component being inward
along the beam. It may be seen from the figure that simulta-
neous bistatic and monostatic interrogation of the same patch of
ocean provides a basis for extracting unambiguous directional
information from the radar signal. This may be deduced by con-
sidering the fact that had wind been 0° to the z-axis, the bistatic
spectrum would be unaffected but the relative powers in the
monostatic Bragg peaks would shift (i.e., in the latter case, the
left peak would be higher than the right) as a result of the wind
having a component outward along the beam.

With respect to Fig. 5, it is also worthwhile to consider
the seemingly unnatural behavior of the spectrum near-zero
Doppler. The second-order integration in the near-zero Doppler
region was carried out using a variable-step Simpson’s rule.
Repeatability of the results was checked by comparing the
output for a range of integration steps. There are several rea-
sons why the near-zero Doppler values here do not precisely
match field data in this region. 1) This paper presents only the
patch scatter portion of the second-order cross section. As noted
in [17], there are other contributions to the total cross section
(due to scattering near the antennas) which especially affect
the near-zero Doppler region and increase the overall spectral
value above that caused by patch-scatter alone. 2) There are
often land echoes in real data. Clearly, these will contribute
increased energy at zero Doppler. 3) There is often evidence
that the transmit signal leaks into the receiver and while this
signal is greatly diminished compared to the full signal it is
strong enough to appear in the already relatively low scatter
signal in the region being considered. It is thus not surprising

that in the near-zero Doppler portion of the spectrum, there is
an apparent discrepancy between simulations and field data.

From (20) and (37), it is clear that the radar cross sections
are functions of the wave spectrum and hence of wind speed.
Fig. 6 shows cross-section results for a variety of wind speeds,
an operating frequency of 25 MHz, a wind direction of 180°,
and a bistatic angle of 30°. It might be noted that the magni-
tudes of second-order bistatic Doppler spectra adjacent to the
Bragg peaks are very sensitive to the change of wind speed.
This reflects the fact that long ocean waves whose radar sig-
natures are found in this Doppler region will carry a significant
amount of spectral energy at higher wind speeds. Thus, as for
the monostatic case, the second-order Doppler spectral values
in this near-Bragg portion are very important in the process of
inverting the cross sections to extract ocean surface state pa-
rameters such as the nondirectional wave spectrum, waveheight,
and wind speed (see, for example, [8], [23], and [24]). The
high-Doppler tails do not change significantly with wind speed.
This is because the ocean waves responsible for the scattering
associated with this portion of the Doppler spectrum lie in the
saturated region of the ocean wave spectrum where the spectral
energy is almost independent of wind speed. Also, as long as
the Bragg wave stays within the saturated region of the ocean
spectrum (this will depend on the length of the Bragg wave and,
hence, on the operating frequency), the size of the first-order
peaks is not significantly affected by wind speed.

Fig. 7 gives the bistatic cross sections under different wind di-
rections with a constant wind speed of 15 m/s. Other parameters
are the same as those in Fig. 6. At HF, the Bragg waves are gen-



748

-15 -1 -05 0 0.5 1 1.
Doppler Frequency f(Hz) (a)

4]

-15 -1 -05 0 0.5 1 1.
Doppler Frequency f(Hz) (c)

Normalized Doppler Spectrum (dB)
[6)]

-80 - : - - -
-15 -1 -05 0 0.5 1 1.5
Doppler Frequency f(Hz) (e)

IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 31, NO. 4, OCTOBER 2006

A

-15 -1 -05 0 0.5 1 1.5
Doppler Frequency f(Hz) (b)

-15 -1 -05 0 0.5 1 1.5
Doppler Frequency f(Hz) (d)

Normalized Doppler Spectrum (dB)

ol

-15 -1 -05 0 0.5 1 1.5
Doppler Frequency f(Hz) (f)

Fig. 7. Bistatic patch scatter Doppler spectra under different wind directions with wind speed of 15 m/s. The wind direction is (a) 45°, (b) 90°, (c) 135°, (d) 180°,

(e) 225°, and (f) 270°.

erally short enough to respond quickly to changes in the local
wind conditions. It is well known that the ratio of the intensities
of the positive and negative peaks is highly sensitive to the wind
direction. Taking a monostatic radar system for example, if the
wind is perpendicular to the radar beam direction for a signifi-
cant period of time, the Bragg peaks will carry similar amounts
of energy. In the other extreme, the negative/positive Bragg peak
will be enhanced when the wind direction is parallel/antiparallel
to the radar beam direction. The same is true for bistatic opera-
tion provided the reference is taken with respect to the scattering
ellipse normal rather than the radar beam direction. That is, the
negative/positive Bragg peak will be enhanced when the wind
direction has a component that is parallel/antiparallel to the el-
lipse normal direction. The antisymmetry that exists when wind
direction y changes to ¢y + 180° is obvious from, for ex-
ample, Fig. 7(b) and (f). The ratio of the approaching to receding
Bragg energy is indicative of the (ambiguous) wind direction as
has been discussed by several investigators (see, for example,
[25]-[29D).

While the analysis here is suitable for the entire HF band, it
is seen from Fig. 8 that there is a significant reduction in the
near-Bragg second-order energy as the frequency drops—other
parameters are the same as those in Fig. 6. This is again a
well-known phenomenon and it dictates which part of the band
should be employed for particular purposes. For example, the
upper HF band is ideally suited to ocean wave measurement
because this depends on the near-Bragg Doppler regions, but
the useful range is reduced (to several tens of kilometers) due

to the larger attenuation at these frequencies. On the other
hand, for current measurements, which depend on the Bragg
frequencies, a lower operating frequency may be used to obtain
useful data well beyond a 200-km range [30]. It is seen that the
strength of the Bragg peaks does not change significantly when
operating frequency varies for the operating parameters given
in the figure. As noted previously, the Bragg waves generally lie
in the saturated region of the ocean wave spectrum. Of course,
as the bistatic angle becomes very large, the cos ¢ factor in
(37) along with the relationship

fB = 0.1024/ fo cos ¢g

where fj is the radar operating frequency in megahertz, dictate
that both the Bragg frequency and its energy become signifi-
cantly diminished.

(39)

V. SUMMARY

In this paper, the development of a new second-order cross
section model for the bistatic operation of HF radar in an ocean
environment is undertaken. It begins with the second-order elec-
tric field equation for scatter from a time-invariant rough sur-
face derived by Walsh and Gill [6]. Unlike previous work [17],
the analysis here allows for a direct comparison to be made be-
tween the final result and earlier monostatic models [4] when a
value of 0° is used for the bistatic scattering angle. This compar-
ison is carried out at two levels. First, the complete form of the
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Fig. 8. Bistatic patch scatter Doppler spectra for different operating frequencies with wind direction of 0° and wind speed of 15 m/s. The radar frequency is

(a) 25 MHz, (b) 15 MHz, and (c) 7.5 MHz.

bistatic HF radar cross section is shown to reduce to the general
form of the monostatic models when appropriate geometry for
backscatter is introduced. Second, the electromagnetic coupling
coefficient for the bistatic case is seen to incorporate its mono-
static counterpart.

The cross-section model is depicted and discussed based on
a variety of simulated operating and environmental parameters.
The utility of using a complete monostatic system in conjunc-
tion with a bistatic radar to eliminate the usual directional am-
biguities is also briefly noted.

While measured sea-echo Doppler spectra invariably contain
additive noise, such effects are not considered here. This is the
subject of ongoing research and preliminary work has been pre-
sented by Gill and Walsh [31] in which white Gaussian noise is
added to a time-domain model of the ocean clutter. Encouraging
results on the recovery of ocean surface parameters by inverting
noisy bistatic cross sections appear in [18] and [32]. With the
ongoing expansion of the HF radar network on the Canadian
east and west coasts, the recently developed models will be im-
portant in deducing environmental and surveillance information
when these systems are operated in a bistatic mode.
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