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Abstract: To extend the scope of high frequency (HF) radio oceanography, a new HF radar model,
named shore-to-air bistatic HF radar, has been proposed for ocean observations. To explore this
model, the first-order scattering coefficient and the second-order electromagnetic scattering coefficient
for shore-to-air bistatic HF radar are derived using the perturbation method. In conjunction with
the contribution of the hydrodynamic component, the second-order scattering coefficient is derived.
Based on the derived scattering coefficients, we analyzed the simulated echo Doppler spectra for
various scattering angles and azimuthal angles, operation frequencies, wind speeds, and directions
of wind, which may provide the guideline on the extraction of sea state information for shore-to-air
bistatic HF radar. The singularities in the simulated echo Doppler spectra are discussed using
the normalized constant Doppler frequency contours. In addition, the scattering coefficients of
shore-to-air bistatic HF radar are compared with that of monostatic HF radar and land-based bistatic
HF radar. The results verify the correctness of the proposed scattering coefficients. The model of
shore-to-air bistatic HF radar is effective for ocean observations.

Keywords: shore-to-air bistatic HF radar; scattering coefficient; Doppler spectra

1. Introduction

High frequency (HF) radars have been efficient tools for ocean current, wave, and wind
measurement, as well as target detection in the past four decades [1–4]. The interpretation of HF radio
scattering from the ocean surface in monostatic and bistatic mode has been developed for several
decades. A monostatic HF radar system consisting of a colocated transmitter and receiver operates in
backscattering case. The first-order and second-order scattering coefficients for monostatic HF radar,
derived by Barrick [5,6] based on Rice’s work [7], have been widely accepted [8,9]. Subsequently,
new monostatic HF electromagnetic scattering coefficients were proposed by Walsh using generalized
functions from rough surfaces [10]. Hisaki and Tokuda also presented the monostatic results using
the perturbation method when the illuminated area is finite [11,12]. In contrast to monostatic mode,
bistatic HF radar system operates in the non-backscattering case in general. Johnstone presented the
scattering coefficients of bistatic HF radar [13]. Anderson et al. [14] obtained a general solution to the
bistatic scattering problem and have published a number of papers applying the formulae to various
configurations and presenting computed spectra (e.g., [15]); however, they did not publish the details
of their derivation. Other theoretical results were proposed by Anderson et al. and validated by field
experiments [16–18]. Gill and Walsh developed the first-order and second-order scattering coefficients
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for land-based bistatic HF radar based on a generalized function [19–21]. Some theoretical results were
validated by Huang et al. using the wind direction measurements from the land-based bistatic HF
radar [22]. Recently, Bernhardt gave an incoherent scattering coefficient related to the wave-height
spectra for HF Ground-Ionosphere-Ocean-Space (GIOS) system [23].

Air-borne radars have the ability to detect large areas of the sea, which is meaningful to extend
coverage for ocean radars [23–25]. To extend the scope of HF radio oceanography and meet the
demands for large-area ocean observation, a new bistatic radar model so-called shore-to-air bistatic HF
radar is designed for ocean observation [26]. The configuration is shown in Figure 1: The transmitter
installed on the coast emits vertically polarized and narrow-beam electromagnetic waves to illuminate
the ocean patch in a grazing incidence; the electromagnetic waves are scattered to a radar receiver
deployed at an air platform (airplane or airship) owing to the rough sea surface; then the power spectra
are estimated from radar echoes to extract the sea state information.

Coast Ocean

Radar transmitter
Patch 1

Patch 2

Radar receiver

Figure 1. Model of shore-to-air bistatic high frequency (HF) radar.

In this paper, beginning with the establishment of the geometry of shore-to-air bistatic HF radar,
the electric field intensity is obtained for the perfectly conducting rough ocean surface. Then the
first-order and second-order electric field intensities are derived using Rice’s method. The electric field
near the observation point is obtained based on Kirchhoff theory [27]. The first-order and second-order
electromagnetic scattering coefficients are given. Finally, the second-order scattering coefficient is
obtained in conjunction with the contribution of hydrodynamic coupling. In order to validate the
proposed scattering coefficients, the Doppler spectra are simulated in various scattering and azimuthal
angles, operating frequencies, wind speeds, and wind directions.

This paper is organized as follows. The derivation of the first-order scattering coefficient and
second-order scattering coefficient is given in Section 2. In Section 3, the simulated Doppler spectra in
various operating modes and sea states are presented and analyzed. In Section 4, the singularities that
occur in the simulated Doppler spectra are discussed. Conclusions are drawn in Section 5.

2. Model and Scattering Coefficients

2.1. The Geometry of Shore-To-Air Bistatic Hf Radar

The geometry of shore-to-air bistatic HF radar is shown in Figure 2. The x axis is assumed as the
direction of the radar beam and the y axis is perpendicular to the x axis. The z axis is vertical to the sea
surface. The incident electromagnetic wave (the wavenumber vector is

−→
k0 ) lies on x-z plane and the

incident angle θi is the angle of the incident radar wave from the z axis. For the near-grazing incident
wave, θi ≈ π

2 . θs is the angle of the scattered radar wave (the wavenumber vector is
−→
ksc) from the z

axis. ϕs is the azimuthal angle of the scattered radar wave from the incidence plane. The half angle
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between the transmitter and the projection in the x-y plane of the receiver as viewed from the scatter
patch is ϕ0, which satisfies the equation ϕs=180◦ − 2ϕ0. The scattering coefficients of bistatic HF radar
can be approximated as the sum of the first-order and second-order scattering coefficients

σ(ω) = σ(1)(ω) + σ(2)(ω). (1)

The equation of the perfectly conducting rough time-varying surface z can be expressed as a
Fourier series:

z = f (x, y, t) = ∑
mnl

P(m, n, l)exp
{
(−j(

2πm
L

x +
2πn

L
y)− jωlt)

}
(2)

where the triple summation extends from−∞ to +∞ for l, m, and n, P(m, n, l) are the Fourier expansion
coefficients, and T = 2π/ω is the time period of the Fourier expansion and corresponds to the spatial
period L (assumed to be large).

x
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i

s

Incidence direction

Scattering 

direction

( , )f x y

s
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z

-y
L

L

Point of 

observation

Figure 2. Geometry of shore-to-air bistatic HF radar.

2.2. Electromagnetic Scattering on the Rough Sea Surface

As shown in Figure 3, the magnitude of the vertical polarized incident wave is assumed to be
unity. The electric-field vector of the incident wave can be expressed as:

−→
Ei (x, z, t) = (cosθi x̂ + sinθi ẑ)exp(−jk0sinθix + jk0 cos θiz− jω0t) (3)

where x̂ and ẑ are unit vectors along with the x axis and z axis, respectively, k0 is the magnitude of
radar radio wavenumber vector

−→
k0 , which is defined by the equation k0= 2π/λ (λ is the wavelength

of incident wave), ω0 is the circular frequency, and t is the time.
The total scattering field is the sum of reflected fields for lack of surface roughness (specular

scattering), and scattered fields due to the roughness of sea surface (nonspecular scattering).
The specular scattering fields can be expressed as:

−→
E1(x, z, t) = (−cosθi x̂ + sinθi ẑ)exp(−jk0sinθix− jk0 cos θiz− jω0t). (4)
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The components of nonspecular scattering fields
−→
E2 in the x, y, and z directions can be

expressed as: 
E2x = ∑

mnl
AmnlE(m, n, z, l)

E2y = ∑
mnl

BmnlE(m, n, z, l)

E2z = ∑
mnl

CmnlE(m, n, z, l)

(5)

where Amnl , Bmnl , Cmnl are constants, and

E(m, n, z, l)= exp(−j
2πm

L
x− j

2πn
L

y− jb(m, n)z− jωlt). (6)

The reflected wave field should satisfy the wave equation

b2(m, n)=k0
2−(2πm

L
)2−(2πn

L
)2 (7)

and the divergence of the reflected field should be zero. Therefore, the coefficients Amnl , Bmnl , and
Cmnl are determined by the relation

2πm
L

Amnl +
2πn

L
Bmnl + b(m, n)Cmnl = 0. (8)

E(m, n, f , l) can be expanded as exponential series and Amnl can be expressed using the
perturbation method

E(m, n, f , l) = E(m, n, 0, l)[1− jb(m, n) f+ . . .] (9)

Amnl = A(1)
mnl + A(2)

mnl + ... (10)

where f = z , A(1)
mnl denotes o( f ) , and A(2)

mnl denotes o( f 2). Bmnl , and Cmnl can be expressed in a
similar way.

The total electromagnetic field above the surface is expressed as a sum of the incident field and
scattered field (including the specular scattered field and nonspecular scattered field). For the vertical
polarized incident wave illuminating the ocean surface, the components of total electromagnetic fields
E(x, y, z, l) in the x, y, and z directions can be expressed as

Ex = 2j cos θi[sin(k0 cos θiz)]e−jk0 sin θix−jω0t+

∑
mnl

(A(1)
mnl + A(2)

mnl + ...)[1− jb(m, n) f + ...]E(m, n, 0, l) (11)

Ey = ∑
mnl

(B(1)
mnl + B(2)

mnl + ...)[1− jb(m, n) f + ...]E(m, n, 0, l) (12)

Ez = 2 sin θi[cos(k0 cos θiz)]e−jk0 sin θix−jω0t+

∑
mnl

(C(1)
mnl + C(2)

mnl + ...)[1− jb(m, n) f + ...]E(m, n, 0, l). (13)

Substituting Formulas (11)–(13) into Rice boundary conditions [7] and separating the first-order
and the second-order terms in these formulas, Amnl

(1), Bmnl
(1), Cmnl

(1) and Amnl
(2), Bmnl

(2), Cmnl
(2)

can be solved. Then the electric components of the reflected electromagnetic waves can be obtained.
According to the relationship between the electric field and the magnetic field of Maxwell’s equation
∇×−→E = −jωµ

−→
H , where ∇ denotes the Hamilton operator, and µ is the permeability to the volume

material, the magnetic components of the reflected electromagnetic field can be obtained.
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Figure 3. Fields above the sea surface. The total field is the sum of incident field, specular scattering
field, and nonspecular scattering field. Êi denotes the magnitude of vertical polarized incident wave,
which is assumed to be unity.

The electric field of the observation point can be derived based on Kirchhoff theory [27]

−→
E (−→r ) = ∇×

∫
S′

−→
N×−→E (

−→
r′ )G0(

−→
r′ ,−→r )dS′ − j

ωε
∇×∇×

∫
S′

−→
N×−→H (

−→
r′ )G0(

−→
r′ ,−→r )dS′ (14)

where S′ is the patch of ocean surface,
−→
N is the unit normal to the surface S′ ,−→r is the position vector

designating point of observation,
−→
r′ is the position vector designating source field, ε is the permittivity

of the volume material, and G0(r′, r) is the Green function:

G0(
−→
r′ ,−→r )=

exp(−jk
∣∣∣−→r −−→r′ ∣∣∣)

4π
∣∣∣−→r −−→r′ ∣∣∣ . (15)

The scattering coefficient of the vertical polarized waves can be defined by the equation in [13]

σv =
4π
∣∣∣Es

2
∣∣∣ R2∣∣∣Ei

2
∣∣∣ L2

(16)

where Es is the vertically polarized components of scattered electric field in the position of observation,
and R is the distance from scattering patch to the receiver.
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2.3. The First-Order Scattering Coefficient

The first-order electric field and magnetic field can be calculated using Amnl
(1), Bmnl

(1), Cmnl
(1).

Then the first-order scattering coefficient derived from Formulas (14) and (16) can be expressed as

σ(1)(ω, θs, ϕs) = 24πk0
4 × (sinθs − cosϕs)2

× ∑
m=±1

S[k0(sinθscosϕs − 1), k0sinθssinϕs]δ(ω−mωB)
(17)

where S(·) denotes the ocean directional wavenumber spectrum. The delta-function δ(·) represents
the condition in which Bragg resonance occurs. Thus, ideally, the first-order Bragg peaks located at the
the Bragg frequencies of ±ωB, are defined by the dispersion equation for deep water

ωB=
√

gkB =
√

g
(

kx
2 + ky

2
)1/4

(18)

where kB denotes the magnitude of Bragg wavenumber vector
−→
kB , g is the gravitational acceleration,

and kx, ky are the component of
−→
kB in the x and y directions, respectively:{

kx = k0(sinθscosϕs − 1)
ky = k0sinθssinϕs

. (19)

Assuming that the angle of Bragg wave from x axis is β , the tan β can be expressed as

tan β =
ky

kx
=

sinθssinϕs

sinθscosϕs − 1
. (20)

For the shore-to-air bistatic HF radar, the magnitude of the Bragg wavenumber vector is
determined by the radar wavenumber, the scattering angle and the azimuth angle. The direction of the
Bragg wavenumber vector is determined by the scattering angle and the azimuth angle.

2.4. The Second-Order Scattering Coefficient

Similar to the derivation of the first-order scattering coefficient, the second-order electromagnetic
scattering coefficient can be derived using Amnl

(2), Bmnl
(2), Cmnl

(2)

σ(2)
EM(ω, θs, ϕs)=24πk0

4(sin θs − cos ϕs)2

× ∑
m,m′=±1

∫ +∞
−∞

∫ +∞
−∞

∣∣∣ A+B
2

∣∣∣2S(m
−→
k1 )S(m′

−→
k2 )δ(ω−m

√
gk1 −m′

√
gk2)dxdy (21)

where A and B are

A =
− (

−→
k0 ·
−→
k1 )(
−→
k2 ·
−→
ks )

(sin θs−cos ϕs) sin θs ·k0
2 − (k0

2 − (
−→
k0 +

−→
k1 )(
−→
ks −

−→
k2 ))√

k0
2 − (

−→
k0 +

−→
k1 )(
−→
ks −

−→
k2 )

(22)

B =
− (

−→
k0 ·
−→
k2 )(
−→
k1 ·
−→
ks )

(sin θs−cos ϕs) sin θs ·k0
2 − (k0

2 − (
−→
k0 +

−→
k2 )(
−→
ks −

−→
k1 ))√

k0
2 − (

−→
k0 +

−→
k2 )(
−→
ks −

−→
k1 )

. (23)

In practice, it is impossible for a vertically polarized wave to propagate exactly parallel to any
surface that is imperfect, and satisfy the required boundary conditions at the interface. Both roughness
and finite conductivity of the medium below the surface force an effective boundary condition at
the mean interface that gives an apparent vertical wave vector component −k0∆. For the rough and
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imperfect sea at HF, a typical value of normalized surface impedance ∆ is ∆ ≈ 0.011− i0.012 [28,29].
The second-order electromagnetic scattering coefficient involving −k0∆ can be expressed as

σ(2)
EM(ω, θs, ϕs)=24πk0

4(sin θs − cos ϕs)2

× ∑
m,m′=±1

∫ +∞
−∞

∫ +∞
−∞

∣∣∣ A1+B1
2

∣∣∣2S(m
−→
k1 )S(m′

−→
k2 )δ(ω−m

√
gk1 −m′

√
gk2)dxdy (24)

where A1 and B1 are

A1 =
− (

−→
k0 ·
−→
k1 )(
−→
k2 ·
−→
ks )

(sin θs−cos ϕs) sin θs ·k0
2 − (k0

2 − (
−→
k0 +

−→
k1 )(
−→
ks −

−→
k2 ))√

k0
2 − (

−→
k0 +

−→
k1 )(
−→
ks −

−→
k2 )− k0∆

(25)

B1 =
− (

−→
k0 ·
−→
k2 )(
−→
k1 ·
−→
ks )

(sin θs−cos ϕs) sin θs ·k0
2 − (k0

2 − (
−→
k0 +

−→
k2 )(
−→
ks −

−→
k1 ))√

k0
2 − (

−→
k0 +

−→
k2 )(
−→
ks −

−→
k1 )− k0∆

. (26)

Electromagnetic coupling coefficient ΓEM can be defined as

ΓEM=
A1 + B1

2
. (27)

The second-order electromagnetic scattering process can be illustrated as in Figure 4. Figure 4 is a
view of Figure 2 in the x-y plane. The direction of the radar beam

−→
k0 is in the x direction.

−→
ks is the

projection vector of scattering wave vector
−→
ksc in the x-y plane. The incident radar wave (wavenumber

vector is
−→
k0 ) interacts with the first ocean wave

−→
k1 , to produce an intermediate scattered wave

−→
k . The

interactions between an intermediate scattered wave and a second ocean wave
−→
k2 , produce a scattered

wave
−→
ks . These waves obey the constraints

−→
ks =

−→
k0 +

−→
kB (28)

and −→
kB=
−→
k1 +

−→
k2 . (29)

In addition to the contribution of the second-order electromagnetic scattering, the second-order
scattering also contains the contribution of hydrodynamic coupling. The process of hydrodynamic
coupling arises from the combination of two ocean waves to produce a second-order ocean wave that
generates Bragg scattering. The hydrodynamic coupling coefficient ΓH in deep water can be found
in [30,31]

ΓH=
−i
2
[
(
−→
k1 ·
−→
k2 − k1k2)(ω

2 + ω2
B)

mm′
√

k1k2(ω2 −ω2
B)

+ k1 + k2]. (30)

Therefore, the second-order scattering coefficient can be written as

σ(2)(ω, θs, ϕs)=24πk0
4(sin θs − cos ϕs)2

× ∑
m,m′=±1

∫ +∞
−∞

∫ +∞
−∞ |Γ|

2
S(m
−→
k1 )S(m′

−→
k2 )δ(ω−m

√
gk1 −m′

√
gk2)dxdy (31)

where the value of m and m′ denotes the four cases of how the two ocean waves are combined. Γ is the
sum of the electromagnetic coupling coefficient and the hydrodynamic coupling coefficient

Γ = ΓH + ΓEM. (32)
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Figure 4. Illustration of the second-order electromagnetic interaction process.

3. Simulation Results and Analysis of the Echo Spectrum

To explore the dependence of the scattering coefficient of a single ocean patch on the
environmental parameters, we have employed the Pierson–Moskowiz wave spectrum model [32]
with the Longuet–Higgins directional distribution [33] for a wind-driven sea. Many factors, including
scattering and azimuthal angles, operating frequencies, and wind speeds and wind directions, are input
to the model to examine the effects on the Doppler spectrum.

Figure 5 shows four simulated Doppler spectra for different scattering angles and azimuth angles.
The radar operating frequency and wind speed are set to 18 MHz and 12 m/s, respectively. The wind
direction is 90◦, which is referenced to the direction of the Bragg wave. The first-order Bragg peaks,
which have the maxima amplitude, can be seen from the figure at the normalized Bragg frequency
FB=1. Figure 5a shows the Doppler spectrum when the scattering angle and azimuth angle are
θs = 90◦, ϕs= 180◦, which is in a monostatic case. Figure 5b shows the Doppler spectrum when the
scattering angle and azimuth angle are θs = 90◦, ϕs= 120◦, respectively, which is in the land-based
bistatic case. The singularities at ±

√
2FB= 1.414 result from the second-order electromagnetic

coupling and the hydrodynamic coupling discussed in [29]. Other singularities at the normalized

frequency of±23/4FB for monostatic HF radar and at fd = ±23/4

√
(1±sinφ0)

1/2

cos φ0
FB for land-based bistatic

radar, resulting from “corner reflection” condition of second-order electromagnetic scattering [21,29].
Figure 5c,d show the Doppler spectrum in the shore-to-air bistatic radar configuration. Except for the
singularities at the normalized frequency of±

√
2FB , there are other singularities resulting from “corner

reflection” in the Doppler spectrum. They will be discussed in next section. In addition, the Doppler
spectrum is asymmetric about the zero frequency when the wind direction is perpendicular to the
direction of reference. This asymmetry is caused by second-order electromagnetic scattering, which is
different from monostatic and land-based bistatic cases.
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(a) (b)

(c)

1.414

1.68

1.414

2

1.52

1.524

2.006

1.414

(d)

1.55

2.03

0.748
-1.32

1.414

Figure 5. Simulated Doppler spectra for different scattering angles and azimuth angles.The scattering
angle and azimuth angle are (a) θs = 90◦, ϕs= 180◦, (b) θs = 90◦, ϕs= 120◦, (c) θs = 75◦, ϕs= 120◦, and
(d) θs = 60◦, ϕs= 120◦.

Figure 6 shows the Doppler spectra at different operating frequencies. The wind speed,
wind direction, scattering angle, and azimuth angle are set to 12 m/s, 90◦, 60◦, and 120◦, respectively.
It can be noted that the magnitude of the Bragg peaks does not dramatically vary with the change
of operating frequency since the Bragg wave is in the saturated zone of the wave height spectrum.
The Bragg frequency increases with the operating frequency. The relation between the Bragg frequency
and operating frequency can be given by

fB =

(
g f0

2πc
φ

)1/2
(33)

where f0 is the frequency of the electromagnetic wave emitted by radar, c is the speed of light,
and φ=

√
sin2θs + 1− 2sinθscosϕs. In addition, the magnitude of the Doppler spectra near the

first-order peaks increases with the operating frequency as well.
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(a)

(b)

(c)

Figure 6. Simulated Doppler spectra at different operating frequencies. The operating frequencies are
(a) 8 MHz, (b) 18 MHz, and (c) 25 MHz.

Figure 7 shows the results for different wind speeds. The radar operating frequency, wind
direction, scattering angle, and azimuth angle are set to 18 MHz, 90◦, 60◦, and 120◦, respectively.
It can be found that the magnitude of the Bragg peaks does not significantly change when the wind
speed varies. As aforementioned, this is because the circular frequency of the Bragg wave is about
2.44 rad/s in the above operating status, which indicates that the Bragg wave is fully developed.
However, the magnitude of Doppler spectrum near the first-order peaks is sensitive to the wind
speed. It indicates that the long ocean waves corresponding to this part of the Doppler spectrum
have more energy when wind speed above the ocean surface becomes higher. Just as for monostatic
radar, the second-order spectrum can be applied to extract the information of ocean waves [34–37].
Additionally, the magnitude of the second-order spectra far away from Bragg peaks (e.g., at 0.2 Hz
and 1.8 Hz) is hardly influenced by the wind speed, since the ocean waves responsible for this portion
of the Doppler spectra stay in the saturated region of the ocean spectrum.



Remote Sens. 2019, 11, 2978 11 of 17

(a)

(b)

(c)

Figure 7. Simulated Doppler spectra with different wind speeds. The wind speed is (a) 8 m/s,
(b) 12 m/s, and (c) 15 m/s.

Figure 8 shows the simulated Doppler spectra for different wind directions when the wind speed,
scattering angle, and azimuth angle are 12 m/s, 60◦, and 120◦, respectively. It can be noted that the
ratio of the magnitude of the left and right Bragg peaks in the Doppler spectrum varies with the change
of wind direction. In the monostatic case, the energy of left and right Bragg peaks is equivalent when
the wind direction is perpendicular to the direction of radar beam. In other cases, the energy of one
Bragg peak is enhanced and the other will be weakened. For shore-to-air bistatic HF radar, a similar
phenomenon occurs, in which the two Bragg peaks do not carry similar amounts of energy when wind
direction is not perpendicular to the direction of the Bragg wave. Some researchers have used the ratio
of the left and right first-order Bragg peaks to estimate wind direction [38–40].
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(a)

(b)

(c)

(d)

(e)

Figure 8. Simulated Doppler spectra with different wind directions. The wind direction is (a) 0◦,
(b) 45◦, (c) 90◦, (d) 135◦, and (e) 180◦.
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4. Discussion

The singularities results from “corner reflection” [41], except for the singularity at ±
√

2FB in
Figure 5c,d. Taking Figure 5d for example, where the scattering angle and the azimuth angle are
θs = 60◦ and ϕs= 120◦ respectively, additional singularities appear in the simulated Doppler spectrum.
The normalized constant Doppler frequency contours are determined by formula (29) and the delta
function in (31). Each point on the constant Doppler frequency contour gives a pair of

−→
k1 and

−→
k2 ,

as shown in Figure 9. The p axis is parallel to the direction of the Bragg wave, and the contours of
constant normalized frequency ω for

−→
k1 and

−→
k2 satisfy the formulas (29) and (31). The case of “corner

reflection” is presented by the black dashed curve, where
−→
k1 and

−→
k2 satisfy the relation

k0
2 − (

−→
k0 +

−→
k2 )(
−→
ks −

−→
k1 )=0 (34)

or
k0

2 − (
−→
k0 +

−→
k1 )(
−→
ks −

−→
k2 )= 0. (35)

The singularities occur where the frequency contour is tangential to the circle of dash curve.
Figure 9a shows the normalized constant Doppler frequency contours for |ω| > ωB. The frequency
contour whose normalized frequency equals 1.32, 1.55, and 2.03 is tangential to the circle of the dash
curve. In addition, the singularity at |ω|=

√
2ωB occurs when the contours separate. Figure 9b shows

the normalized constant Doppler frequency contours for |ω| < ωB. The normalized frequency equals
0.748 when the frequency contour is tangential to the circle of the dash curve. Therefore, there are ten
singularities in the simulated Doppler spectrum at the normalized frequency of ±0.748, ±1.32 , ±1.44,
±1.55, and ±2.03, which is the same in Figure 5d.

When the scattering angle and the azimuth angle are θs = 90◦ and ϕs= 180◦, the first-order and
second-order scattering coefficients for shore-to-air bistatic HF radar using the perturbation method
will be reduced to the scattering coefficients for monostatic HF radar, which are identical to the result
in [29]. The characteristic of the simulated echo spectrum (see Figure 5a) is similar to the characteristic
of the simulated spectrum in [29]. Meanwhile, the scattering coefficient for shore-to-air bistatic radar
will be reduced to the scattering coefficient of land-based bistatic radar when the scattering angle is
θs = 90◦. While the scattering coefficient for land-based bistatic radar in [21] differs from this work,
they have the same forms. The reason is that additional contributions have been incorporated in [21].
The characteristic of the simulated echo spectrum (see Figure 5b) is similar to the characteristic of the
simulated spectrum in [21]. It indicates that the scattering coefficient for shore-to-air bistatic radar
incorporates the cases of monostatic operation and land-based bistatic operation.

The first-order and second-order scattering coefficients of shore-to-air bistatic HF radar are
derived based on the perturbation method. The sea surface needs to satisfy the perturbation condition:
0.2 < Hsk0

2 < 1, where Hs is the significant wave height, and k0 is the wavenumber of the radar
electromagnetic wave. Therefore, the radar operating frequency determines the limitations of the
wave height measurement [42]. For instance, when the operating frequency is 8 MHz, the upper and
lower limits of the corresponding significant wave height measurement are about 12 m and 2.4 m,
respectively. Whereas at 25 MHz, the upper and lower limits of significant wave height measurement
are about 0.7 m and 3.8 m, respectively.

For the bistatic HF radar system where the receiver is deployed on the land or a buoy, the coverage
of radar will not be significantly improved comparing with monostatic HF radar since radio waves
scattered from the ocean surface to the radar receiver propagate along the sea surface and the
attenuation of radio in the receiving path is the same as monostatic HF radar. However, for the
shore-to-air bistatic radar, the attenuation of radio in the receiving path is quite small since the radio
waves scattered from the ocean surface to the radar receiver propagate in the free space. This advantage
will significantly increase the maximum detection range of the radar. In addition, the transmitting and
receiving antenna of shore-to-air bistatic radar can be placed in different areas, and this configuration
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is flexible, which will reduce the space requirements for radar deployment. Nonetheless, since the
receiver is placed on the airborne platform, the size of the receiving antenna will be greatly limited.
Therefore, higher requirements are placed on the design of the receiving antenna. A smaller antenna is
needed to meet the requirements of size.
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Figure 9. The normalized constant Doppler frequency contours when the scattering angle and the
azimuth angle are θs = 60◦ and ϕs= 120◦ , for (a) |ω| > ωB (m = m′ ) and (b)|ω| < ωB (m 6= m′ ).
The blue bold arrow denotes the vector of Bragg wave. The normalized constant Doppler frequency
contours of ω for ~k1 and ~k2 are determined by Formulas (29) and (31) as shown in thin arrows.
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5. Conclusions

A new model we have named “shore-to-air bistatic HF radar” has been proposed for ocean
observation. The first-order and second-order scattering coefficients for the shore-to-air bistatic radar
are derived using the perturbation method. The scattering coefficient of shore-to-air bistatic HF radar
can be reduced to the case of monostatic radar when the scattering angle and the azimuth angle are
90◦ and 180◦ respectively, which is identical to the result in [29].

The scattering mechanism presented herein between the radar electromagnetic waves and the
sea surface may be the foundation for shore-to-air bistatic HF radar development and validation.
The Doppler spectra are simulated for various operating conditions and sea states based on the
proposed scattering coefficients, which may provide a guideline on the extraction of sea state
information using shore-to-air bistatic HF radar. The characteristic of the simulated echo spectrum is
similar to the characteristic of the Doppler spectrum for the monostatic and land-based bistatic radar,
which verifies the correctness of the developed scattering coefficients. In addition, the singularities
in the Doppler spectrum for shore-to-air bistatic radar are analyzed using the normalized constant
Doppler frequency contours. Further research will be conducted to apply the proposed scattering
coefficients to practical situations.
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