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Abstract—In order to analyze the Doppler spectrum of three-
dimensional (3-D) moving targets above a time-evolving sea surface, a
hybrid method with acceleration techniques is proposed to simulate the
electromagnetic (EM) scattering from the composite moving model.
This hybrid iterative method combines Kirchhoff approximation (KA)
and the multilevel fast multipole algorithm (MLFMA) to solve the EM
backscattering from the rough sea surface and the targets, respectively,
then mutual EM coupling effects between them are taken into account
through an iterative process. To overcome the vast computational
cost in the iterative process, acceleration approaches which can greatly
reduce the calculation time are applied. Coupling area on the sea
surface is truncated according to geometrical optic principle. Then
a fast far-field approximation (FAFFA) is applied to speed up the
mutual interactions between the targets and the sea surface. A
successive iteration method is proposed to reduce the convergence
steps for the MLFMA process. The accuracy and efficiency of this
hybrid method with accelerations are demonstrated. Doppler spectra
of backscattering signals obtained from such numerical EM simulations
are compared for different incident angles, target velocities and surface
models. The broadening effects of the Doppler spectra due to the
mutual EM coupling interactions are studied.

1. INTRODUCTION

Doppler spectra are of great value in moving target detection and
remote sensing. Numerical studies of the Doppler spectra are
based on accurate and efficient electromagnetic (EM) backscattering
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simulations [1, 2]. The specific environments have great impact on
the EM backscattering of the targets as well as the Doppler spectra
from them [3–5]. Many EM methods have been proposed to calculate
the scattering from the target including the influence induced by the
background [6–8]. When a target is above a three-dimensional (3-
D) sea surface at a low altitude, the EM scattering from the sea
surface as well as the mutual EM coupling interactions between the sea
surface and the moving target has to be considered. This is a typical
composite scattering problem which has been widely studied [9, 10].
In pervious studies, there are two main types of algorithms based on
integral equation method, one applies half space Green function in
a specified environment [11, 12], the other uses an iterative method
which calculates the EM scattering from the target and the sea
surface separately, then solves the mutual EM coupling between those
two parts using an iterative process [13, 14]. The former type of
algorithms spends lots computation time on finding the half space
Green function which varies with the movement of sea surface. As a
result, these algorithms require large computer memory as well as huge
computational cost in Doppler spectral simulations. The latter type of
algorithms is more flexible and allows calculating EM backscattering
from the sea surface and the targets by using different computational
methods. Moreover, the efficiencies of these methods can be notably
improved by applying some acceleration techniques. This is critical for
Doppler spectral simulations for 3-D composite scattering problem.

In this paper, an iterative method is applied to solve the 3-D
composite scattering problem. Different computational EM methods
are applied on the targets and sea surface. Due to its flexibility
and accuracy for complex target, multilevel fast multipole algorithm
(MLFMA) [15] is applied to compute the EM scattering of the targets.
Whereas, due to its fast computation, Kirchhoff approximation
(KA) [16] is used to calculate the scattering of electrically large sea
surface. However, the computational load is still a big problem due
to the mutual coupling interaction process between the targets and
the sea surface. Especially when there are several targets over the
surface, it is rather time-consuming to solve the mutual interactions.
In order to improve the efficiency of the method, coupling area of the
sea surface is truncated according to geometrical optical principle [17].
Then, a fast far-field approximation (FAFFA) [18] is used to calculate
the mutual EM coupling interactions between the targets and the sea
surface. Also, a successive iteration method [19] is firstly proposed in
this algorithm to reduce the convergence steps for MLFMA. Thus, the
currents on both the sea surface and the targets will reach a stable
state in short time. These techniques remarkably speed up the EM
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calculation process.
By using this efficient method, Doppler spectral simulations from

3-D targets above a 3-D sea surface are performed. Quasi-stationary
algorithm [20, 21] is used to obtain the time-evolving EM scattering
field from the composite model. Then the Doppler spectra are analyzed
by using a standard spectrum estimation technique. Due to the mutual
EM coupling interactions between the targets and the sea surface, a
broadening of the spectra is studied. In the simulations, the spectral
broadening as well as the influence induced by incident angles and sea
states is investigated.

2. GEOMETRIC MODELS

As shown in Fig. 1, the composite model is a combination of 3-D
targets with arbitrary geometrical model and a 3-D time-evolving
sea surface. The time-evolving surface is generated by using spectral
method. It assumes that the sea surface is a superposition of harmonics
whose amplitudes are proportional to a certain sea surface roughness
spectrum. Pierson-Moskowitz (PM) spectrum [22] is adopted in the
simulation, which can be expressed as
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in which, K is the spatial wave number and U19.5 the wind speed at
a height of 19.5 m above the sea surface. α = 0.0081 and β = 0.74.
The angle ϕ is with respect to x axis in xoy plane, and ϕw is wind
direction. For simplify, ϕw is assumed as zero in the simulation. The
sea surface can be realized by Fourier transform of the sea spectrum.
The spatial Fourier components at time t can be expressed as
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Figure 1. An illustration of the geometry of the composite model.
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where w(K) =
√

gK(1 + (K/Km)2) is the water wave dispersion
relationship, Km = 363.2 rad/m the maximum spatial wave number of
the sea surface, R(K) a set of independent complex random numbers
with unit variance, K = (Kx, Ky) the vector spatial wave number, and
g = 9.81m/s2 the gravity acceleration constant.

3. ELECTROMAGNETIC METHODS

3.1. The Composite Scattering Field

The EM scattering from this composite model in Fig. 1 includes
three parts. The first part is the EM scattering from the sea
surface. The second part is the EM scattering from each separate
targets taking account of inter-target EM coupling interactions. The
third part is the coupling scattering effects between the targets
and their underlying rough sea surface. The hybrid method allows
calculating EM backscattering from the sea surface and the target using
different algorithms. Because MLFMA can efficiently compute the EM
scattering from geometrically arbitrary object with high precision, it is
used to calculate the scattering of the targets. While for the electrically
large sea surface, the approximate method KA is applied.

Refer to Johnson’s four-path scattering model [13], the EM
coupling interactions between the targets and the sea surface are
computed in an iterative way. This stratagem for the 3-D composite
EM scattering problem can obtain an accurate result with less
computing resources. Suppose the excitation fields on the sea surface
(Ss) and the target surface (St) are Ei

s and Ei
t separately. For

the targets the induced currents are excited by the incident wave
and the scattered wave from the sea surface. While for the sea
surface, the induced currents are excited by the incident wave and the
scattered wave from the targets. This stratagem reflects the scattering
mechanism of the composite scattering between the sea surface and
the targets. The updating processes are expressed as:

Ei(n)
s (r) = Ei(r) + Es(n−1)

st (r), r ∈ Ss, (3)

Ei(n)
t (r) = Ei(r) + Es(n−1)

ts (r), r ∈ St, (4)

where n = 1, 2, . . . denotes the n-th sea-target iteration step and Ei

the incident field. The interaction fields Es
st and Es

ts are the scattering
fields from target to rough surface and from rough surface to target,
respectively. The iteration process can be terminated when the induced
currents on the sea surface and targets tend stable. The total scattering
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electric field in far zone Es
total can be acquired through Equation (5).

Es
total = −j

ωµ0

4πr
e−jkr
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 (5)

where k̂s is the scattered wave vector and k the wave number of the
incident wave. Jt(r′) and Js(r′) are the electric currents on the surface
of the targets and the sea surface, respectively.

3.2. Acceleration Approaches

The hybrid method can solve the 3-D composite scattering problem
with less computer memory. However, usually it takes a rather long
time to get the EM backscattering due to the mutual EM coupling
process between the targets and the sea surface. Therefore, some
acceleration approaches are always very helpful. The following three
acceleration approaches in this paper greatly improve the efficiency of
the hybrid method in updating the mutual EM coupling fields between
the electrically large sea surface and the targets.

3.2.1. Reducing the Coupling Areas

The coupling process between the sea surface and the targets takes
the majority of the computing time in solving the composite problem.
For example, if the numbers of the unknowns of the targets and the
sea surface are N and M1, respectively, then the computation of the
coupling is O((M1 ∗ N)2). In this paper, specular reflection property
of the rough sea surface scattering is applied to reduce the coupling
area on the sea surface. This property shows that the main scattering
energy is concentrated at the specular direction which is 10 dB higher
than the scatterings at other directions [17]. Therefore, the coupling
area on the sea surface can be truncated according to the specular
reflection. According to geometrical optical principle, the truncated
coupling area is shown as shown in Fig. 2. The unknowns M2 in the
coupling area will be only a small fraction of M1. The complexities of
multiplication will be decreased to O((M2 + N)2).

The coupling area of the sea surface corresponding to each target
is

x′min − h tan θi ≤ x ≤ x′max + h tan θi,

y′min − h tan θi ≤ y ≤ y′max + h tan θi,
(6)
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Figure 2. Illustration of the coupling area on the sea surface.

where is the incident angle, x′max, x′min, y′max, y′min are the maximum
and the minimum locations in x and y directions of the target.

3.2.2. Fast Far-field Approximation

To further accelerate the coupling process between the targets and
the sea surface, fast far-field approximation (FAFFA) is applied to
calculate the two far coupling groups. Suppose that rt is an observation
point located in an observation group m, and rs is a source point that
is located in a source group n. rm and rn represent the centers of
the observation and the source groups, respectively. Under the far-
field condition, i.e., |rtm + rns| ¿ |rmn|, the scalar Green’s function is
approximated as

e−jk|rt−rs|

4π|rt − rs| =
e−jk|rtm+rmn+rns|

4π|rtm + rmn + rns| ≈
e−jk|rmn|e−jkr̂mn·(rtm+rns)

4π|rmn| , (7)

where r̂mn = rm − rn/|rm − rn|.
For the iterative process, the observation point and the source

point are located on different surfaces (Ss or St). In terms of
FAFFA, the interactions are separated into the following three steps:
aggregation, translation, and disaggregation in far regions. The
matrix-vector multiplication can be accelerated by using the fast
multipole method (FMM) [23]. And the complexity of multiplication
greatly is greatly reduced to O((M2 + N) log(M2 + N)).

3.2.3. Successive Iteration Method

A successive iteration method is firstly proposed in this paper to further
expedite the coupling process. There are two iterative processes in
computing the composite scattering problem. One is the sea-target
iterative process existing between the targets and the sea surface. The
other one is the inter-target iteration to solve the matrix equation
of the target when uses MLFMA. Successive iteration method is
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applied in the inter-target iteration process to reduce the iteration
steps of MLFMA while solve the matrix equation. At the first sea-
target interaction process, the unknowns on the target surface are
initialized as zeros and the excited field is the incident wave and the
scattering wave from the sea surface. At the later sea-target interaction
processes, the unknowns on the targets are initialized using the results
obtained in the former iteration. This successive method can greatly
accelerate the convergence of the inter-target iteration at each sea-
target interaction process. Because the currents on both the sea surface
and the target surface turn stable and do not change much at each sea-
target interaction process. The currents on the targets are initialized
as

J(1)
t |init = 0, J(n+1)

t |init = J(n)
t , (8)

where n is the n-th sea-target interaction process.
An experiment is performed to show the validity and efficiency of

this hybrid iteration method. The bistatic radar cross section (RCS)
from a target at a altitude of 5m above a rough sea surface is simulated
at the incident angles of 30◦ and 45◦, respectively. The radar working
frequency is 300 MHz. The validity of the computational algorithm
with accelerations is shown in Fig. 3. Compared with the conventional
hybrid method without accelerations, the bistatic scattering radar
cross sections are consistent with a relative error of less than 0.32% in
a range of −90◦ to 90◦. The efficiency of this method is demonstrated
in Fig. 4 when the incident angle is 30◦. The successive iteration
method has reduced the convergence steps for the inter-target MLFMA
process. For each sea-target interaction process, the MLFMA process
need about 130 steps to reach convergence by using the method without
successive iteration method. As a contrast, the number of iteration

(a) (b)

Figure 3. The validity of the acceleration techniques. (a) 30◦, (b) 45◦.



358 Qi, Zhao, and Nie

Figure 4. The speed of convergence for the successive iteration
method.

Table 1. The comparison on time consumptions.

Incident angle With accelerations (s) Without accelerations (s)
30◦ 717 13321
45◦ 1034 16814

steps decreases to about half the number in the former sea-target
interaction. Table 1 shows the comparison of the time consumptions
with and without acceleration techniques. It demonstrates that when
using these acceleration approaches, the time consumption is less than
7% of the time used without these accelerations. These robust and
efficient techniques make large scale Doppler simulations from 3-D
targets and sea surface possible.

4. DOPPLER SPECTRUM ANALYSIS

Quasi-stationary algorithm is applied to obtain the Doppler spectra
of this composite time-evolving model. During a time period T , the
evolving model is separated as a series of time-frozen surfaces with
a short time interval τ . How to choose this time interval is given in
Ref. [20]. Repeat this EM scattering procedure for INT (T/τ) times
to get a time-varying field from this composite evolving model, then
the Doppler spectrum can be obtained by using the standard spectral-
estimation technique,

S(f) =
1
T

∣∣∣∣
∫ T

0
Es

total(t)e
−i2πftdt

∣∣∣∣
2

, (9)
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where Es
total(t) is the vertical (or horizontal) polarization of total

scattering field at the time t.
In order to analyze the EM scattering characteristics of the

composite model of the moving targets and the time-evolving sea
surface, the EM coupling effects to the Doppler spectra are illustrated
first in the following simulation. Then, Doppler spectra of one target
moving above the rough sea surface under different conditions are
simulated and analyzed. Finally, the Doppler spectra are examined
when there are two targets above sea surface.

All the following simulations are performed at the frequency of
300MHz. The sea surface is seen as dielectric, whereas the targets are
regarded as perfectly electric conductor. At moderate incident angles,
the vertically polarized (VV) EM backscattering from sea surface is
much higher than horizontally polarized (HH) field. The incident and
received electric fields are both vertically polarized. Doppler spectra
are computed from 500 backscattered field time samples spaced in
intervals of 0.01 s. The sea surface is with a length of 200m and width
of 30 m. In the following figures, the vertical dashed lines (fB) are
theoretical Bragg frequencies. Whereas, the vertical dashed lines (ft)
are Doppler frequencies when the target is treated as a point target.

4.1. The Coupling Effects to the Doppler Spectra

To examine the coupling impacts on Doppler spectra, simulations
are firstly performed on a target moving above the sea surface. For
simplicity the target is moving towards x axis at a low altitude of 5 m
above the sea surface. Fig. 5 shows the Doppler spectra from a moving

(a) (b)

Figure 5. The coupling effects between the sea surface and the target.
(a) 30◦, (b) 45◦.
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target with a velocity of 20m/s above the sea surface. During the
observation time T = 5 s, the target moves from x = 20 m to x = 120 m.
The wind speed U19.5 is 5 m/s. The incident angles are 30◦ and 45◦.
When counting the coupling mechanism between the target and the
sea surface, a broadening of the Doppler spectra is shown. There
are two main peaks centered at the theoretical Doppler frequencies
corresponding to the velocity of the target and the evolution of the sea.
The coupling effects to the left peak are much more evident than that to
the right peak. It can be concluded that the EM scattering from the sea
surface greatly affects the backscattering of the target. By contrast,
the target has little influence on the sea surface scattering. When
taking the mutual coupling between the two parts into account, the
transmitting paths of the EM wave are much more complex. Thus more
spurious scattering can be found in the Doppler spectra. At certain
frequencies some spikes are found in the Doppler spectra. However,
compared to the Bragg peak, these spikes are much lower.

4.2. Doppler Spectra from One Moving Target above the
Sea

The Doppler spectra of a low moving target with different velocities
above the same sea surface is shown in Fig. 6. The incident angles
are 30◦ and 45◦ corresponding to (a) and (b). These two peaks are
corresponding to the sea state and the velocity of the target. The
Doppler frequency peaks are centered at fB and ft. The center Doppler
frequency of the target ft is directly proportion to its velocity. It can
be acquired by ft = 2v sin θi/λ, where v is the velocity of the moving

(a) (b)

Figure 6. Different target velocities with wind speed of 5m/s. (a) 30◦,
(b) 45◦.
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target. When the velocity of the target is 20m/s, ft is −20Hz, which
obeys the Doppler effects.

The center Doppler frequency of the sea surface is Bragg frequency,
which indicates that the Bragg scattering is dominate in the EM
backscattering from the sea surface. If the deep water gravity waves
of length Λ travel at a given phase velocity vp =

√
gΛ/2π. Then the

Bragg frequency can be acquired by

fB = 2vp sin θi/λ =
√

2gk sin θi

/
2π, (10)

When the incident angle is small, the sea echo is much stronger
than the backscattering of the target. It is obvious that if the target’s
velocity is very small or the incident angle is small, the Doppler
frequency peak of the target will be submerged in the Bragg peak.
Since flying target usually moves much faster than the sea surface,
velocity-sensitive radar can eliminate unwanted sea clutter. However,
the influence induced by the EM coupling effects can not be neglected.

Comparisons of the Doppler spectra from this target with a
velocity of 20 m/s moving under different sea states are shown in
Fig. 7. The broadening of the Doppler spectra for rougher sea surface
is much more evident. As the incident angle gets larger, the EM
backscattering from the sea surface is smaller, the spectral broadening
becomes weaker.

(a) (b)

Figure 7. Different sea states with target velocity of 20 m/s. (a) 30◦,
(b) 45◦.

4.3. Doppler Spectra from Multiple Moving Targets above
the Sea

As another numerical example, Doppler spectra from two moving
targets above the time-evolving sea surfaces are simulated. The
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incident angle is 30◦. One target is at a height of 3 m with a velocity of
30m/s. The other one is at a height of 8 m with a velocity of 20m/s.

Figure 8 shows the Doppler spectra of two targets moving with
different velocities above a PM sea surface. The wind speed is 5m/s.
The Doppler spectral peaks locate at the Bragg frequency (fB) which
is induced by the evolving of the sea surface. The other two peaks
centered at the Doppler frequency when the target is seen as a point
target (ft1 and ft2). When the targets move at the opposite direction,
the Doppler spectral peaks will turn out on the positive frequency axis.
In Fig. 8, the two targets can be clearly distinguished from the Doppler
spectra.

Comparisons of the Doppler spectra corresponding to different sea
states are shown in Fig. 9. It can be seen from the two curves that

(a) (b)

Figure 8. The Doppler spectra of two targets. (a) In the same
direction. (b) In the opposite directions.

Figure 9. Comparison of Doppler spectra under different sea states.
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when the wind speed gets higher (e.g., U19.5 = 7 m/s), the Doppler
spectral broadening is more evident especially when the target signal
is weak.

5. CONCLUSION

The Doppler simulation of moving targets at low altitude above a 3-D
time-evolving sea surface is a challenging problem for the complicated
EM scattering mechanism of the composite model as well as the vast
computational requirements. In this paper, a hybrid iterative method
is applied to solve the composite EM scattering from the targets
and the sea surface. Considering the precision and the efficiency,
the sea surface is computed by using analytical method while the
complex 3-D targets are calculated by using numerical method, then
the coupling between sea surface and the targets is obtained by
using an iterative process. To reduce the huge computational cost,
three acceleration techniques are applied. Examples show that the
acceleration techniques can greatly improve the computing efficiency,
thus this method makes the Doppler simulation for this 3-D problem
possible.

The Doppler spectra from moving targets at low altitude above
3-D time-evolving sea surface under different sea states are simulated.
Doppler spectra are greatly influenced by the EM coupling effects
between the targets and sea surface. Due to the mutual interaction
between the sea surface and the targets, the Doppler spectra of the
targets are not a single line. A spectral broadening can be found in
the results. Such numerical simulations for the 3-D composite time-
evolving model can serve as a useful tool in studying the Doppler
spectra for the cases that experimental results are scare and expensive.
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