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ABSTRACT: 2-D Fast Fourier transform (FFT) is the most time-consuming step for the modeling of time-varying sea surface using high-
order small slope approximation (SSA). In this paper, a parallel block splitting method is proposed to accelerate 2D FFT calculation. The
whole 2-D FFT matrix is divided intom×n blocks, and the traditional 2-D FFT is applied to each block in parallel. Finally, the complete
FFT result can be obtained by using the message passing interface (MPI) for data communication and superimposing phase factors. This
method can effectively reduce the communication overhead by combining symmetric domain decomposition and is more suitable than
traditional parallel libraries. Accordingly, both generations of the sea surface and computation of scattering using SSA can be accelerated.
Numerical experiments demonstrate that the proposed method exhibits strong scalability. Under a four-node configuration, the parallel
efficiency of sea surface generation reaches 61.2%, while the second-order SSA parallel efficiency achieves 80.7%. This effectively
resolves low-efficiency issues in large-scale sea surface generation and serial SSA computations.

1. INTRODUCTION

With the rapid development of marine environmental
research and defense needs, the rapid generation of

time-varying sea surfaces and the fast calculation of sea
surface electromagnetic scattering have garnered significant
attention [1, 2]. How to fully utilize computer resources to
rapidly simulate and calculate the electromagnetic scattering
characteristics of vast sea surfaces has become a current
research hotspot.
The methods for generating sea surfaces are primarily cat-

egorized into linear superposition method and linear filtering
method. The former treats sea waves as a linear superposition
of a series of harmonic waves with varying amplitudes, fre-
quencies, phases, and directions. However, this method cannot
accurately simulate the nonlinear characteristics of real-world
sea waves, such as wave crest sharpening, wave trough flat-
tening, and wave breaking. The latter utilizes the Fast Fourier
Transform (FFT) to simulate the undulation characteristics of
large-scale sea surfaces under different wind speeds and direc-
tions. It has the prominent advantages of high computational
efficiency, fast speed, and more distinct sea surface features,
and is widely applied to the field of sea surface electromagnetic
scattering calculation.
The commonmethods of sea surface electromagnetic scatter-

ing calculation can be broadly categorized into two types: nu-
merical methods and approximate methods. Numerical meth-
ods, such as the Method of Moments (MoM) [3], Finite-
Difference Time-Domain (FDTD) method [4], and Forward-
Backward Iterative Method (FBM) [5], have been widely ap-
plied in electromagnetic scattering research. Numerical meth-
ods offer high computational accuracy but suffer from draw-
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backs, such as fine mesh partitioning, massive memory require-
ments, and lengthy iteration times, and their accuracy is depen-
dent on the mesh structure, making them unsuitable for elec-
tromagnetic scattering applications involving electrically large
or ultra-large sea surfaces. Commonly used approximate meth-
ods include the perturbationmethod (SPM) [6], Kirchhoff plane
approximation method (KA) [7], and small slope approxima-
tion method (SSA) [8]. The approximation method is subject
to model constraints, such as incident wavelength, height vari-
ance of rough surfaces, correlation length, and rootmean square
slope. SSA is applied to electromagnetic waves of any wave-
length and for surfaces with small inclination angles, and it is a
relatively accurate approximation method. Different orders of
approximation yield different results. Under certain conditions,
they can degenerate into perturbation methods and Kirchhoff
approximations. Second-order SSA has been proven to have
good computational accuracy [9], but its computational com-
plexity reaches O(N2), resulting in high computational com-
plexity. For example, due to the high computational complexity
of second-order SSA, some researchers have proposed a simpli-
fied formula for backscattering to reduce computational work-
load [10].
With the development of computer technology, the demand

for rapid generation and scattering calculation of large-scale
and ultra-large-scale time-varying sea surface gradually ap-
pears, and FFT technology, which restricts the core perfor-
mance of the algorithm, has attracted attention. Several FFT
fast calculation algorithm libraries based on CPUs or GPUs
have been developed, such as FFT in the west (FFTW) [11]
and Math Kernel Library (MKL) [12] for CPUs, and CUDA
FFT (cuFFT) [13] and OpenCL FFT (clFFT) [14] for GPUs.
Among them, FFTW is a serial C program, an adaptive soft-
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ware package developed by the Supercomputing Group at the
Computer Science Laboratory of the Massachusetts Institute of
Technology, which is recognized as the fastest and most widely
used software package in the world. In distributed computing,
the main problem is communication overhead. Koopman and
Bisseling [15] proposed to reduce communication overhead by
limiting global communication to a single All-to-All operation
through specific data decomposition in multi-dimensional FFT.
Cayrols et al. [16] compressed the frequency domain data be-
fore MPI transmission, thus directly reducing the amount of
data transmitted by the network.
However, the first-order SSA only needs to consider the pri-

mary scattering effect on the rough surface of electromagnetic
waves, and the second-order SSA needs to consider the multi-
ple scattering effect on the rough surface, so the current parallel
research is mainly used for the first-order SSA calculation. For
example, the MPI parallel method proposed byWang et al. [17]
is for the first-order SSA, and the GPU parallel method pro-
posed by Jiang et al. [18] is also for the first-order SSA, while
the second-order SSA is not applicable. Second-order SSA has
a large amount of calculation and needs to store a large amount
of data, which makes the existence of a super-large sea surface
in a single machine unbearable and requires regional decom-
position. However, if the mainstream FFT parallel library is
directly used after domain decomposition, it will lead to seri-
ous communication overhead and seriously reduce parallel ef-
ficiency.
Therefore, based on the above problems, in order to solve the

problem of large single-machine memory demand, this paper
uses MPI + symmetrical domain decomposition to slow down
the memory pressure. In order to solve the problem of incom-
patibility of the general FFT parallel library, a block FFT paral-
lel method is proposed to reduce communication overhead. Fi-
nally, in order to further accelerate the second-order SSA, the
integral calculation is accelerated by combining OpenMP.

2. PHASE COMPENSATION PRINCIPLE OF BLOCK
FFT METHOD

Because of the superior performance of the FFTW library, this
paper makes use of parallelism on the basis of this library. First,
thematrix requiring FFT is decomposed intomatrix blocks with
the same size according to the number of nodes and assigned to
each node. Each node completes a two-dimensional FFT and
then aggregates to the master node for phase compensation. In
order to facilitate the understanding of the principle of block
FFT splitting and phase compensation, this paper will extend
from one dimension to two dimensions.

2.1. Principle of One-Dimensional FFT Chunking

First, let’s discuss the one-dimensional block method
of FFT. Suppose that there is a discrete sequence
{xn} = {x, x1, . . . , xN−1} that needs to be divided
into k parts. First, N must be a multiple of k. Per-
forming a discrete Fourier transform on it will yield

{Xm} = {X,X1, . . . , XN−1}. Then,

Xm =

N−1∑
n=0

xne
−j2πm n

N . (1)

where m = 0, 1, . . . , N − 1. Here, N is a multiple of k. The
calculation process of Equation (1) is divided into k parts ac-
cording to the modulo k congruence of the xn.

Xm =

k−1∑
r=0

N
k −1∑
n=0

xkn+re
−j2πm kn+r

N

=

k−1∑
r=0

e−j2πrm/N

N
k −1∑
n=0

xkn+re
−j2πmn/N

k

(2)

In the formula, the r term can be regarded as the Fourier trans-
form of the sequence {xkn+r}, where r = 0, 1, . . . , N/k − 1,
n = 0, 1, . . . , N − 1. Let

Xr
m =

N
k −1∑
n=0

xkn+re
−j2πmn/N

k , (3)

Since the sequence length is reduced to 1/k of the original,
when {XrN/k,XrN/k+1

, . . . , X(r+1)N/k−1} is calculated, the
Fourier transform expression can be written as

Xm+ rN
k

=

k−1∑
s=0

e−j2πs(m+ rN
k )/NXs

m+ rN
k

=

k−1∑
s=0

e−j2π sr
k e−j2πsm/NXs

m

(4)

The above is the principle of one-dimensional block partition-
ing of k, whereinN is the sequence length; n is then-th element
in the sequence;m is them-th element in the sequence after the
Fourier transform; k is the number of blocks of the sequence;
r is the r-th sequence after blocking. For one-dimensional se-
quences, phase loss or phase splitting occurs when the FFT is
completed in each sub-block sequence Xm. It is necessary to
calculate and then compensate for the two-phase factors accord-
ing to Equation (4), which is the one-dimensional FFT phase
compensation operation.

2.2. Principle of Two-Dimensional FFT Chunking
Suppose that there is a set of two-dimensional discrete se-
quences {xmn} = {x0, x0,1, . . . , xM−1,N−1}, where M
and N are multiples of k and l, respectively. Performing a
two-dimensional discrete Fourier transform on this set yields
{Xpq} = {X0, X0,1, . . . , XM−1,N−1}, then

Xp,q =

M−1∑
m=0

N−1∑
n=0

xm,ne
−j2π pm

M e−j2π qn
N . (5)
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FIGURE 1. Schematic diagram of 4-node matrix splitting.

where p = 0, 1, . . . ,M − 1, q = 0, 1, . . . , N − 1. Since M is
a multiple of k, and N is a multiple of l, the Fourier transform
can be decomposed into

Xp,q =

M
k −1∑
r=0

N
l −1∑
s=0

M
k −1∑
m=0

N
l −1∑
n=0

xkm+r,ln+se
−j2πp(km+r)/Me−j2πq(ln+s)/N,

(6)

Due to

Xr,s
p,q =

M
k −1∑
m=0

N
l −1∑
n=0

xkm+r,ln+se
−j2πpm/M

k e−j2πqn/N
l , (7)

it can be expressed as the two-dimensional Fourier
transform of the data block in row r and column s.
Therefore, the two-dimensional Fourier transform of
{x0, x0,1, . . . , xM/k−1,N/l−1} can be expressed as

Xp,q =

M
k −1∑
r=0

N
l −1∑
s=0

e−j2πpr/Me−j2πqs/NXr,s
p,q. (8)

The two-dimensional Fourier transform of {xrM/ksN/l, . . . ,
x(r+1)M/k−1,(s+1)N/l − 1} can be expressed as

Xp+ rM
k ,q+ sN

l

=

M
k −1∑
r=0

N
l −1∑
s=0

e−j2π(p+rM
k )r/Me−j2π(q+sN

l )s/NXr,s

p+rM
k ,q+sN

l

=

M
k −1∑
r=0

N
l −1∑
s=0

e−j2π r2

k e−j2π s2

l e−j2π pr
M e−j2π qs

N Xr,s
p,q.

(9)

The above is the principle of two-dimensional partitioning.
Among them, M and N are the sizes of matrix rows and
columns, respectively; m and n are the matrix rows and
columns; p and q are the rows and columns of the matrix after
the Fourier transform; k and l are the numbers of row and
column partitions; r and s are the row and column values after
blocking. For a two-dimensional matrix, when the FFT is
completed in each submatrix Xp,q , phase loss occurs, that is,
phase splitting. It is necessary to calculate and then compensate
for the four phase factors according to Equation (9), which is
the two-dimensional FFT phase compensation operation.

2.3. Parallel Strategies for Block FFT Methods

In this paper, four nodes are taken as examples, and thematrix is
divided into four small matrices according to the parity of rows
and columns, and the splitting rule of Equation (6). As shown
in Figure 1, an 8×8matrix is split into four 4×4 small matrices,
and each small matrix is assigned to each node to complete the
FFT operation independently. Finally, the four small matrices
after the FFT operation are aggregated into one node for phase
compensation through Equation (9).
Firstly, the performance of the proposed method is analyzed

theoretically. Taking a two-dimensional complex matrix of size
Nx ×Ny as an example, the complexity of the traditional two-
dimensional FFT method is O(N2 logN). If it is divided into
M × M sub-matrices to perform block FFT calculations, re-
spectively, the computational complexity of each submatrix can
be reduced to O(N2 log(N/M)). In addition, block process-
ing implements the parallel computation of the FFT algorithm.
However, this method requires phase compensation at the end,
which introduces additional computational overhead and re-
duces efficiency. However, this method implements block par-
allel computation of FFT, thus improving the overall parallel
efficiency of the program. At the same time, in order to divide
the number of blocks evenly, a small amount of continuation
will be performed according to the number of nodes when the
sea surface is generated.
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3. APPLICATION OF THE BLOCK FFT METHOD IN
THE CALCULATION OF ELECTROMAGNETIC SCAT-
TERING AT SEA SURFACE
In this paper, the linear filtering method is used to generate the
sea surface in real time. At time t, the height value at linear sea
surface r(x, y) can be obtained by the standard spectral method,
that is

h(r, t) =
1

LxLy

∑∑
AL(k, t) exp(jk · r), (10)

Among them

AL(k, t)=G(k)π ·
√
2LxLyW (k, ϕ)ejω(k)t

+G∗(−k)π ·
√
2LxLyW (k, π−ϕ)e−jω(k)t.

(11)

whereG(k) is a two-dimensional random sequence, which con-
forms to a complex Gaussian distribution with zero mean and 1
variance; G ∗ (−k) is the reverse-order conjugate of G(k); Lx

and Ly are the lengths of two-dimensional sea surface in x-axis
direction and y-axis direction, respectively; spatial wavenum-

ber is k =
√
k2x + k2y , whose propagation frequency and spatial

wavenumber satisfy the dispersion relationship:

ω(k) =
√
g0 |k| [1 + (k/km)2]. (12)

Among them, g is the gravitational acceleration; km is related
to the surface tension T and density ρ of seawater, and can be
expressed as km = (ρg0/T )

1/2. In this paper, km is taken as
363.2 rad/m.
For a two-dimensional rough surface z = h(r), the scattering

amplitude expression for the second-order SSA is

S2(ks, k0)

=
1

(2π)
2

2 (q1q01)
1/2

√
Pinc (q01 + q1)

∫
T [r, h(r)]

exp [−j(ks − k0) · r + j(q01 + q1)h(r)] dr

×
[
B1(ks, k0)−

j

4

∫
M(ks, k0, ξ)h(ξ) exp(jξ · r)dξ

]
,

(13)

Among them:

M(k
s
, k

0
, ξ) =B2(ks, k0, ks − ξ) +B2(ks, k0, k0 + ξ)

+ 2(q1 + q01)B1(ks, k0).
(14)

where r is the projection of the spatial position vector R on the
x-y plane; k0 and q01 are the horizontal and vertical projection
components of the incident wave in the air, respectively; ks and
q1 are the horizontal and vertical projection components of scat-
tered waves in the air, respectively; h(ξ) is the Fourier trans-
form of sea surface height;M matrix is the multiple-scattering

term;B1(ks, k) andB2(ks, k, k+ξ) are first-order and second-
order polarization factors, which are derived from the deriva-
tion of SPM coefficients and represent the influence of Bragg
scattering on the results. The specific expressions can be found
in [19].
Then, a statistically significant analytical expression is used

to obtain the normalized radar cross section (NRCS), defined
as

∆S(ks, k0) = S(ks, k0)− ⟨S(ks, k0)⟩ , (15)
Among them, ⟨·⟩ denotes the set average, and * denotes the con-
jugation. Therefore, the second-order SSA normalized radar
cross section can be expressed as

σ = 4πq0qk ⟨∆S(ks, k0)×∆S∗(ks, k0)⟩ . (16)

For the second-order SSA, the computational complexity
reaches O(N2). Although applying the Fourier transform to
the integral termM in Equation (13) can achieve acceleration,
the parallelism of SSA will be broken by using the Fourier
transform. In order to consider the general-purpose type, the
common FFT parallel library generally needs to ensure that
the master node has complete data and then perform FFT,
which leads to serious communication overhead in the case
of domain decomposition. To solve this problem, parallelism
can be achieved by using domain decomposition for the sea
surface and block FFT splitting for the FFT.
At the same time, since the FFT-shift operation is required

after FFT, and the essence of two-dimensional FFT shift is dou-
ble circulant permutation, in order to avoid the communication
overhead caused by FFT shift, symmetrical domain decomposi-
tion can be used, as shown in Figure 2, which can avoid commu-
nication between nodes. As shown in Figure 2, taking the 8×8
sea surface divided into four nodes as an example, the interme-
diate axis of the horizontal axis of the matrix is the symmetry
axis, and the sea surface is decomposed into symmetrical areas
for each node to complete the operation independently.
When FFT calculations are required in the computation, each

node is divided into the matrix shown in Figure 3 according to
the rules in Equation (6) to perform independent FFT calcula-
tions, and only the necessary data needs to be distributed during
each communication. For a complexmatrix ofM∗N size, if the
FFTW parallel library is used, one distribution and one result
aggregation are required. During FFT calculation, the strategy
of the FFTW library is to perform one-dimensional FFT first,
then transpose, and then perform one-dimensional FFT to re-
alize two-dimensional FFT calculation, and one communica-
tion is also required during matrix transposition. Therefore, the
traditional parallel library needs three complete data commu-
nications under the strategy of domain decomposition, that is,
24M ∗ N bytes of communication. The block FFT splitting
method only needs to send the required data when distribut-
ing data (as shown in Figure 3), send 3/4 of the data volume
when distributing, and one complete data set when recovering,
totaling 14M ∗ N bytes of data, which can effectively reduce
the fixed communication overhead, while the FFT calculation
overhead remains consistent.
When the FFT operation is finished, it needs to be aggregated

to one node for phase compensation, and finally distributed to
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FIGURE 2. Schematic diagram of symmetric domain decomposition.

FIGURE 3. FFT data distribution diagram.

each node for the next operation according to the symmetric
decomposition rule in Figure 2.
Therefore, the sea surface generation process of the block

FFT parallel algorithm based on symmetric domain decompo-
sition is as follows:

1. According to the splitting rule in Figure 2, the task is dis-
tributed to each node to complete the superposition of the
sea spectrum and white noise in each region.

2. Distribute the obtained sea spectrum frequency domain
signal matrix to each node according to the rule of Fig-
ure 3.

3. Each node independently completes the inverse Fourier
transform calculation of some regions.

4. The complete sea surface height h(r) is obtained by con-
verging the calculation results of each node into the four
phase factors in the main node compensation formula (9).

Since the second-order SSA needs FFT integration operation
on theM matrix and FFT-shift operation, the FFT parallel strat-
egy of sea surface generation and second-order SSA is consis-

tent with the above strategy, and symmetric domain decompo-
sition is still adopted. When the sea surface is generated, the
parallel strategy of the second-order SSA is shown in Figure 4,
and the calculation process of each node is consistent with that
of Node2. Communication is performed only during the block
FFT calculation. At the same time, in order to further accel-
erate the calculation, it is considered to introduce OpenMP to
further accelerate the calculation when solving the M matrix
and S matrix. After the calculation, the scattering amplitude S
is recovered to calculate NRCS.
Due to the regional decomposition of the sea surface, the ta-

pered wave also needs to be divided according to the division
method of the sea surface area. That is, the electromagnetic
wave irradiating each sub-area of the sea surface belongs to
a part of the tapered wave that can cover the whole sea sur-
face, and it is a complete cone wave after splicing. The de-
tailed derivation method can be found in [20]. In this way, the
scattering field of the whole sea surface can be obtained only
by calculating the scattering field of each sub-region of the sea
surface separately, and the final result is consistent with that
directly calculated by formula (13).
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FIGURE 4. Second-order SSA parallel flowchart.

4. NUMERICAL RESULTS
Numerical experiments were conducted on Intel Core desktop
Xeon E312xx (16-core) processors with 32GB of memory per
node and Windows 10 as the operating system; the MPI envi-
ronment uses MPICH2.

4.1. Numerical Performance Testing of Block FFT Based on
OpenMP

Firstly, the acceleration effect of this method is tested by a sin-
gle machine and multiple threads. The matrices with different
data sizes are divided into 2 × 2, 2 × 4, and 4 × 4 blocks, re-
spectively, and each sub-matrix is divided into different threads

by OpenMP for independent FFT parallel calculation. Finally,
phase compensation was performed.
The numerical results show that the more the blocks are, the

higher the acceleration ratio is; the highest acceleration ratio
can reach 7.31, but the parallel efficiency shows a downward
trend. The highest parallel efficiency of 2× 2 blocks can reach
91.5%, and the highest parallel efficiency of 4 × 4 blocks is
45.7%. The block FFT method in this paper divides the matrix
in parallel, and its copy overhead is also allocated in parallel,
which significantly improves the parallel efficiency and accel-
eration ratio compared with the standard FFTW-3.3.5 library
(calling 16 threads). Moreover, the acceleration ratio of this
method gradually increases with the increase of data scale, and
the more the blocks are, the more obvious the growth trend is,
which can realize the fast parallel calculation of the FFT algo-
rithm.
At the same time, in Figure 5, the acceleration ratio increases

sharply at the scale of 5 × 107. The main reason is that it trig-
gers the bottleneck of memory read speed, which leads to the
sharp increase of serial FFT calculation time, but parallel FFT
does not trigger the bottleneck of memory read speed, which
leads to the sharp increase of acceleration ratio. With the in-
creasing scale, the memory bottleneck gradually weakens, and
the acceleration ratio gradually increases after decreasing.

4.2. MPI Parallel Performance of Sea Surface Electromagnetic
Scattering Computation Based on FFT Block Method

This section uses a conical wave with an incidence angle of θ
and an azimuth angle of 0◦ as the incident source; the tapered
wave factor is taken as Lx/4, and Lx is the sea surface width.
The mesh density is divided into λ/6 and electromagnetic scat-
tering on the sea surface of the PM/EL sea spectrum with a di-
electric constant of (71.0835,−21.3089) by second-order SSA
calculation.
Figures 6–7 present the bistatic NRCS for 50 realizations of

10 × 10m2 random sea surfaces generated with the PM and
EL spectra, plotted versus incidence angle θ, frequency f , and
wind speed U . Figure 8 gives the backscattered NRCS for 50
such realizations obtained with the PM spectrum at 4GHz and a
wind speed of 6.5m/s. The parallel and serial computations are
indistinguishable, confirming that the parallel algorithm pre-
serves accuracy.
Table 1 shows the acceleration ratio and parallel efficiency of

sea surface generation at different frequencies when using FFT
technology on a 40 × 40m2 sea surface utilization block and
calling MPI at four nodes. The results indicate that the larger
the computational load is, the higher the sea surface generation
efficiency is. At a frequency of 12GHz, the parallel efficiency
of sea surface generation can reach 61.2%, thereby accelerating
sea surface generation.
Table 2 shows the calculation of two full-polarization bistatic

NRCS acceleration ratios and parallel efficiencies under two
40×40m2 sea surfaces using 4-node callingMPI for block FFT
acceleration and without calling OpenMP. Multi-scale results
analysis is carried out by setting different frequencies to adjust
the sea surface mesh density. The results show that the accel-
eration ratio and parallel efficiency gradually increase with the
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TABLE 1. Sea surface parallel generation performance table.

Frequency (GHz) Serial time (s) Parallel time (s) Acceleration ratio Parallel efficiency (%)
4 8.03 3.79 2.12 52.9
8 35.81 15.13 2.37 59.2
12 79.12 32.34 2.45 61.2

TABLE 2. Comparison of serial and parallel performance of sea surface generation and electromagnetic scattering calculation based on MPI.

Frequency (GHz) Serial time (s) Parallel time (s) Acceleration ratio Parallel efficiency (%)
4 40232 13513.7 2.98 74.4
8 168166 53914.8 3.12 78.0
12 374268 115917.2 3.23 80.7

FIGURE 5. Trend chart of parallel acceleration ratio for two-dimensional
FFT chunking.

FIGURE 6. Comparison of serial-parallel bistatic NRCS with different
polarizations on the Pierson-Moskowitz spectrum (PM) sea surface.

FIGURE 7. Comparison of serial-parallel bistatic NRCS with different
polarizations on the Elfouhaily spectrum (EL) sea surface.

FIGURE 8. Comparison of serial-parallel backscatter NRCS under dif-
ferent polarizations of PM sea surface.

increase in the amount of computation. At 12GHz, the parallel
efficiency reaches 80.7%.
Table 3 shows the use of 4-node calling MPI for block FFT

acceleration, calling OpenMP to calculate the full-polarization

bistatic NRCS acceleration ratio, and parallel efficiency under
two 40 × 40m2 sea surfaces. Multi-scale results analysis is
carried out by setting different frequencies to adjust the sea sur-
face mesh density. The results show that the acceleration ratio
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TABLE 3. Comparison of serial and parallel performance of sea surface
generation and electromagnetic scattering calculation based onMPI+
OpenMP.

Frequency
(GHz)

Serial time
(s)

Parallel time
(s)

Acceleration
ratio

4 40232 6377.43 6.31
8 168166 25471.3 6.60
12 374268 55091.9 6.79

and parallel efficiency gradually increase with the increase in
the amount of computation. At 12GHz, the acceleration ratio
reaches 6.79, which can effectively improve the computational
performance of second-order SSA.

5. CONCLUSION
In this paper, a block FFT splitting method for time-varying
sea surface generation and parallel calculation of sea surface
electromagnetic scattering is proposed. The method splits the
data into small blocks and uses MPI to distribute them to in-
dividual nodes for independent FFT computation, followed by
phase compensation. In a single-machine scenario, no com-
munication is required, and the FFT module achieves a max-
imum acceleration ratio of 7.31. In multi-machine scenarios,
this method combines symmetric domain decomposition to en-
able the rapid generation of large-scale time-varying sea sur-
faces and parallel electromagnetic scattering calculations, alle-
viating memory pressure on a single machine. As data scales
increase, parallel efficiency also improves progressively. Un-
der conditions of a 12GHz incident wave, a 40 × 40m2 sea
surface, and four nodes, the overall parallel efficiency reaches
80.7%. When being combined with OpenMP acceleration, the
acceleration ratio improves to 6.79, effectively enhancing the
computational performance and capacity of the second-order
SSA method.
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