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�is paper proposed a new radar echo simulation method for ultra-low altitude targets in far-�eld conditions. Based on the
electromagnetic (EM) scattering calculation of target and environment, combined with the weighted four-path model, the
scattering data of target, environment, and multipath are obtained. �e Range-Doppler ring partitioning method is used to
determine the size of the minimum resolution units, and then the environment is divided into several scattering elements. By
using the method of temporal decomposition, the wide-time pulse is decomposed into a plurality of narrow pulse signals, and the
narrow pulses act on scattering elements with di�erent distances and orientations in space. �e total echo is obtained by a linear
superposition of the responses of each scattering unit. In addition, the numerical results with di�erent parameters, including
signal bandwidths, target types, and target height, are simulated and analysed. �e simulation results demonstrate that the
proposed method can provide a better description of the scattering characteristics of sea-skimming targets in complex scenes in
far-�eld conditions. Meanwhile, it can be applied to the detection and recognition of ultra-low altitude targets above the
sea surface.

1. Introduction

With the rapid development of radar observation of sea
targets in military and civil �elds, the research of elec-
tromagnetic (EM) scattering echo in the composite en-
vironment of the target sea surface has attracted more and
more attention. Due to the interference from environ-
mental clutter and multipath echo between target and sea,
it is di�cult for radar to detect ultra-low altitude sea-
skimming targets accurately. At present, simply studying
the EM scattering characteristics between the target and
the environment cannot meet the needs of analyzing the
radar characteristics in complex scenes. �erefore, based
on the accurate EM model and taking into account the
interaction between the target and the sea background, the
simulation of the radar echo signal under the complex
background has the advantage of being direct and clear
and has become a hot spot for radar simulation research in
recent years.

�e echo signal obtained by radar is actually a signal
transmission process. �e echo signal received by the radar
results from the convolution of scattering data and the
transmitted signal. �e traditional sea clutter simulation is
usually obtained by �tting the measured sea clutter data [1].
Although it conforms to the statistical characteristics, it lacks
the scattering mechanism and cannot re�ect the relationship
between the sea clutter and the transmitted signal. At the
same time, when the target �ies at ultra-low altitudes, it is
di�cult to obtain an accurate result due to the strong
coupling between the target and the environment. A target
radar echo is usually simulated based on the point scattering
center and multiscattering center models.�eir idea is to use
the radar cross-section (RCS) of the scattering center to
represent the overall scattering amplitude of the target.
However, in the ultra-low altitude scene, the echo received
by the radar includes target echo, clutter, and multipath
echo. It is di�cult to accurately describe the radar echo
characteristics of ultra-low altitude targets through several
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scattering centers. Based on the scattering mechanism, the
application of theEM calculation to echo simulation has
practical application value. In Reference [2, 3], the modeling
and simulation of sea clutter are carried out by using the EM
calculationmethod.-is kind of method is mainly applied to
the ocean Doppler [4, 5] and the original echo signal of
synthetic aperture radar [6, 7]. Reference [8, 9] studied the
radar echo of a target on a dynamic sea surface. -e above
studies have completed the echo simulation analysis based
on the EM calculation method. However, on the one hand,
due to the limitation of the computational efficiency of the
EMmodel, it is difficult to simulate the echo of targets above
a large-area sea surface. On the other hand, the radar scene
parameters are not considered in the actual detection
process of ultra-low altitude targets. From the current re-
search, the simulation of a radar echo for complex scenes is
obviously insufficient.

To better analyze the radar echo in a complex scene, this
paper proposes a new radar echo simulation method for
ultra-low altitude targets in far-field conditions. Based on the
EM scattering calculation of target and environment,
combined with the weighted four-path model, the scattering
data of target, environment, and multipath are obtained.-e
scattering results present the original echo, and the echo is
processed by the signal processing. -e innovation of this
paper is to combine complex EM calculations with echo
simulation. -e simulation results demonstrate that the
proposed method can provide a better description of the
scattering characteristics of sea-skimming targets in com-
plex scenes. Meanwhile, it can be applied to the detection
and recognition of ultra-low altitude targets above the sea
surface.

2. The Modified Four-Path Model

-e scattering characteristics of ultra-low altitude sea-
skimming targets are complex and variable; the radar echo
basically contains target echo, sea clutter, and multipath
echo between target and sea. -e four-path model is an
efficient way to describe the composite scattering mecha-
nisms. However, the antenna beam of the radar seeker has a
certain width, and the multipath interference entering from
the main lobe or side lobe of the antenna will affect the
detection ability of the radar seeker. In this paper, we adopt
the Gaussian pattern [10] to modify the traditional four-path
model, and its main lobe function expression is as follows:

GMB(θ) � exp
−2 ln 2θ2

θ2B
 , |θ|≤ μ,

μ � θB

��������
lng3

(−2 ln 2)



,

(1)

where θB is the half-power lobe width of the antenna and μ is
the azimuth angle value when the main lobe gain is equal to
g3. In the Gaussian antenna pattern, there are mainly two
side lobes around the main lobe, which can be expressed as
follows:

θB1 � 0.5μ

���������
(−2 ln 2)

ln g3/g1( 



,

θB2 � 0.5μ

���������
(−2 ln 2)

ln g3/g2( 



.

(2)

In the simulation of this paper, g1 � 0.01, g2 � 0.00316,
g3 � 0.001. -e peak values of the gain of the first side lobe
and the second side lobe are G1 � 10 log10g1 � −20dB and
G2 � 10 log10g2 � −25dB.-e other side lobe gains are set to
Gr � 10 log10g3 � −30dB. -e half-power beam width is
taken as 5°, and the antenna pattern is obtained as shown in
Figure 1.

Based on the traditional four-path model, the antenna
pattern is introduced to modify it. Also, the modified four-
path model is shown in Figure 2.

In Figure 2, hseeker represents the vertical height of the
seeker from the sea surface; Htarget represents the vertical
height of the ultra-low altitude target; R represents the
spatial distance between the seeker and the target; and D
represents the horizontal distance between the seeker and
the target. -e various parameters shown in Figure 2 meet
the following relationships:

hseeker � R cos θ1 + Htarget

D � R sin θ1

θ2 � θ3 � tan− 1 D

Htarget + hseeker 
⎡⎢⎣ ⎤⎥⎦

θ4 � θ1

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

. (3)

Assuming that the main lobe of the seeker antenna is
aligned with the target, the included angle between the
multipath echo direction and the maximum gain direction
of the main lobe is Δθ, and Δθ � θ1 − θ2. -e maximum
gain of the main lobe is GMB(θ)|θ�0∘ � 1. -en, the cor-
rection coefficient of the antenna pattern can be expressed
as follows:

ξ(Δθ) �
G(Δθ)

GMB(θ)
θ�0∘

�

GMB(Δθ) , |Δθ| ≤ μ

GB1(Δθ), μ≤ |Δθ| ≤ 2μ

GB2(Δθ), 2μ≤ |Δθ|≤ 3μ

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

, (4)

where E(ki,
ks) and E′(ki,

ks) represent the scattering fields
from the target and the mirror target, respectively; ki and ks

represent the unit vectors of the incident direction and
scattering direction, respectively, and ρ represents the
Fresnel reflection coefficient. In Figure 2, the four paths can
be described as follows:

Path 1: Radar seeker-target-radar seeker. -is path is
the direct echo of the target, which is recorded as:
E1(

ki 1,
ks1).
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Path 2: Radar seeker-target-environment-radar seeker.
-e target echo on this path is reflected by the envi-
ronment and is recorded as: ρE2′(ki 2,

ks2).
Path 3: Radar seeker-environment-target-radar seeker.
-e EM wave on this path first passes through the
reflection of the environment and then reaches the
target. -e echo is recorded as: ρE3(

ki 3,
ks3).

Path 4: Radar seeker-environment-target-environ-
ment-radar seeker. -e EM wave on this path first
passes through two reflections of the environment, and
the echo is recorded as: ρ2E4′(ki 4,

ks4).

Finally, the four-path model based on modified antenna
pattern can be expressed as follows:

Es � Epath1 + Epath2 + Epath3 + Epath4

� E1
ki 2,

ks2  + ξ(Δθ)ρE2′ ki 2,
ks2 

+ ξ(Δθ)ρE3
ki 3,

ks3  + ξ(Δθ)
2ρ2E4′ ki 4,

ks4 .

(5)

3. Target and Environment
Electromagnetic Model

-e physical optics (PO) method is easy-to-use and ef-
ficient, suitable for echo simulation with a large amount of
calculation. In high frequencies, the scattering of the
target mainly comes from surface scattering and edge
diffraction. -e PO method is used to calculate the surface
scattering of the target, and the method of equivalent

current (MEC) is used to calculate the edge diffraction of
the target. According to the PO method [11], the far-field
scattering of the target can be expressed as follows:

Es ≈
jk0

4π
e

− jk0r

r
s × Ms + η0s × Js(   · ΔA · I, (6)

where Js andMs represent the electric and magnetic current
on the surface, ΔA is the area of the triangular facet. I is the
electric current, j represents the imaginary unit, k0 repre-
sents the EM wave number in free space, η0 represents the
wave impedance er in free space, r represents the modulus of
the field position vector.

When calculating the far-field scattering of an ultra-low
altitude target, the edge structure contained in the target
model must also be fully considered. Based onMEC [12], the
edge diffraction field is obtained by substituting the
equivalent electric and magnetic currents into the radiation
equation, as shown in

Ed
�

jk0

4π
e

− jk0r

r


C

η0s × s × J r
→′(   + s × M r′(  e

− jk0s·r′dl, (7)

where J(r′) and M(r′) represent the equivalent edge of
electric and magnetic current. r represents the modulus of
the field point position vector in the far field. s is the unit
vector of the direction of observation. r′ is a radial vector
from the origin to a point on the edge. dl is the arc length
increment along edge C.

-e two-scale model (TSM) is mainly used in the
scattering calculation of rough surfaces with a large spatial
scale range. -is method has the advantage of not relying on
the size of a large contour panel, which is convenient for the
flexible division of scattering units in radar echo modeling.
As shown in Figure 3, the environment surface contains the
spatial spectrum distribution of high and low frequency.-e
low-frequency part corresponds to the large-scale contour
distribution, and the Kirchhoff approximation (KA) method
is used for its calculation. -e high-frequency part corre-
sponds to the small-scale local contour of the sea surface,
and the EM scattering coefficient is calculated by the Small
Perturbation method (SPM). At the same time, the small-
scale part is modulated by the inclination of the large-scale
part, and the total scattering cross section can be considered
as the combination of the two parts.

-e two-scale model can be expressed as [13, 14]:

σαβ � σKA
αβ +〈σSPM

αβ 〉

�
πk

2
0|q|

2

q
4
z

U
KA
αβ




2
P zx, zy  + 

∞

−∞

∞

−cot θi

σSPM
αβ θi
′(  1 + zx tan θi( P zx, zy dzxdzy,

(8)

where q � k0(
ks − ki). P(zx, zy) is the joint probability

density function of the slope of the rough surface. UKA is a
factor related to the reflection coefficient and polarization
[15]. θi and θi

′ are the global and local incidence angles,
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Figure 1: -e schematic diagram of a Gaussian antenna pattern.
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respectively. σSPM
αβ (θi
′) is the backscattering coefficient of the

panel in the local coordinate system [16].

4. Electromagnetic Model Verification

To verify the correctness and effectiveness of the PO+MEC
algorithm, its calculation results are compared with those of
the multilevel fast multipole algorithm (MLFMA) based on
the accurate numerical algorithm. -e operating frequency
of the radar is 15GHz in the Ku band.-e calculation object
is a missile-like target with a length of 5.56m. -e missile
head faces the x-direction and is placed along the x-axis.-e
incident angle is set as follows: θi � −90∘ ∼ 90∘, φi � 0∘. -e
monostatic scattering RCS of the two algorithms under
vertical-to-vertical (VV) polarization is shown in Figure 4.

As shown in Figure 4, the PO+MEC algorithm can well
reflect the scattering of triangular facets and edges of the
target. -e simulation results can obtain accurate solutions
compared with the MLFMA. At the same time, the com-
puting time of PO+MEC is 386 s, and the computing time of
MLFMA is 1654 s. From the comparison results of the two

algorithms, the PO+MEC method, on the basis of ensuring
the calculation accuracy, it can effectively save the calcu-
lation time, which is applicable to the calculation of target
echo in this paper.

To illustrate the rationality of the TSM algorithm, the
scattering results of the Elfouhaily sea surface [17] are
simulated and compared with the measured experimental
data of the flume in reference [18]. -e size of the sea surface
is 200m∗ 200m.-e dielectric constant is (46–j36), taken as
the value when the seawater temperature is 20°C, and the
salinity is 35‰.-e wind speed at 10m above the sea surface
is 5m/s. -e radar operating frequency is 15G Hz in the Ku
band. -e normalized backscattering results are shown in
Figure 5.
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5. Radar Echo Signal Model

5.1. Space Decomposition Method. In the range of radar
antenna illumination, the clutter area cannot be simply
considered as a single scatterer.-erefore, the scattering area
is divided into several scattering elements using the Range-
Doppler ring partitioning method [19]. -e antenna gain,
Doppler frequency shift, distance, incidence angle, and
clutter scattering rate of each element are constant. As
shown in Figure 6, the environment is divided into multiple
units within the radar-illuminated area.
ΔR is the width of the distance ring, which is determined

by the distance resolution, which can be written as follows:

ΔR �
c

2BW

, (9)

where c is the propagation speed of the EM wave and BW is
the frequency modulation bandwidth. Δφ is the azimuth
interval, which is related to the Doppler resolution, which
can be written as follows:

Δφ ≈
λfr

4KvR cosφ
, (10)

where fr is the pulse repetition frequency, K is the number
of pulses in a coherent processing interval (CPI), vR is the
seeker speed, and φ is the pitch angle of a certain Range-
Doppler unit. -e area of the unit is set asAc, and the RCS of
the clutter scattering unit can be written as follows:

σc � σαβAc. (11)

5.2. Temporal Decomposition Method. Pulse radar is adop-
ted, and the transmitted signal st is expressed as follows:

st(t) � u(t) exp j2π f0t +
Kt

2

2
  , (12)

where f0 is the carrier signal frequency, K � B/Tp is the
linear frequency modulation frequency, B is the linear
frequency modulation signal bandwidth, and u(t) is the
rectangular modulation pulse.

In the process of detecting targets, the radar transmits a
wide-time pulse-linear frequency signal. A single pulse
contains multiple pulse resolution units. Using the method
of temporal decomposition, the wide pulse is decomposed
into a plurality of narrow pulse signals, and the narrow
pulses act on scattering elements with different distances and
orientations in space. -e decomposed emission signal can
be expressed as follows:

st(t) � 

Nb−1

i�0
exp j2π f0t +

Kt
2

2
  rect

t − iτp

τp

  0≤ t≤Tp,

(13)

where τp is the width of a narrow pulse, and Nb is the
number of narrow pulses. rect[·] is the envelope of the
rectangular pulse.

-e echo response of each scattering unit on the narrow
pulse is calculated, and the total echo is obtained by linear
superposition of the responses of each scattering unit, as
shown in Figure 7.

-e target is divided into several triangular facets, and
the environment is composed of a series of Range-Doppler
units. -e total echo signal is equal to the vector superpo-
sition of the echo signals of each small unit, and the echo of
each small unit can be regarded as the echo of its center
point. Formonostatic radar, the radar echo at a certain time t
can be expressed as follows:

sr(t) �

��������

λ2

(4π)
3
R
4
L



Gcst(t − τ) exp j2πfd(t − τ) , (14)

where R represents the distance between the seeker and the
target. L represents the amplitude attenuation factor.G is the
radar antenna gain. c is the Radar complex scattering cross-
section, which can be expressed as c �

��
σ

√
exp (jϕ). fd is the

Doppler shift.

sr(t) � Arect
t − 2R/c

Tp

 φ t −
2R

c
 exp −j

4πR

λ
 exp j2πfdt( .

(15)

In Equation (8) the signal is processed with zero in-
termediate frequency (zero-IF), and the zero-IF signal is
obtained as follows:

sr(k, t) � A(k)rect
t − 2R(k)/c

Tp

 φ t −
2R(k)

c
 exp −j

4πR(k)

λ
 , (16)

where φ(t) � exp (jπKt2) and A represent the reflectivity of
each scattering point. (15) represents a single pulse echo
from a point target that moves relatively slow. For a high-
speed moving target, the echo from the kth unit after zero-IF
processing can be expressed as follows:

-e target speed information is contained in the change
of R(k). -e target and environment are composed of N
units, and the total echo is expressed as follows:
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Figure 5: -e normalized backscattering results of the two
methods.
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sr(k, t) � 
N

i�1
Ai(k)rect

t − 2Ri(k)/c
Tp

 φ t −
2Ri(k)

c
 exp −j

4πRi(k)

λ
 .

(17)

Figure 8 shows the location relationship of target, en-
vironment, and radar. -e radar position vector is Sp
(1000m, 0m, 250m), and its velocity vector is Vs (−500m/s,
0m/s, 0m/s). -e target position vector is Tp (0m, 0m,
50m); its velocity vector Vt is (300m/s, 0m/s, 0m/s).

Figure 9 shows the echo signal modeling process. -e
detection radar adopts the active system, and the peak values
of the gains of the first side lobe and the second side lobe are
G1 � −20 dBand G2 − 25 dB.-e other side lobe gains are set
to Gr � −30 dB. -e half-power beamwidth is taken as 5°.
-e operating frequency is 15G Hz in the Ku band, the
number of accumulated pulses is 512, and the frequency
modulation bandwidth is 60MHz.-e antenna beam points
to the center of the target, and both the incidence and re-
ceiving antennas are vertically polarized. -e target model is
a missile-like target with a length of 5.56m. -e wind speed
at 10m above the sea surface is 5m/s, and the relative di-
electric constant of the environment is (46–j36). Unless

otherwise specified, the parameters of the later examples
remain unchanged. Figure 10 shows the two-dimensional
Range-Doppler diagram of the total echo in this scene.

6. Numerical Analysis

-is section discusses the influence of different bandwidths,
target heights, and target types on the echo signal. -e
simulation results show that the clutter effect is strong and
the signal bandwidth affects the total echo.

Example 1. -is example is used to verify the effectiveness of
the target echo model in this paper. -e targets are a
conductor metal ball with a diameter of 0.6m, and its RCS
can be calculated directly, σ � πr2 � 0.2827m2, a point
target with an RCS of 0.2827m2, and a missile-like target
with a length of 5.56m, respectively. -e Range-Doppler
spectrum of different targets under different bandwidths is
shown in Figure 11.

As shown in Figure 11, when the radar bandwidth is
5M Hz, the range resolution is 30m. Also, as the diameter
of the conductor ball target is 0.6m, it can be regarded as a
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Figure 6: (a) Diagram of the Range-Doppler ring partition method; (b) top view.
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point target. Figures 11(a) and 11(b) show that, under the
same range gate, the echo of the conductor metal ball
obtained by the EM calculation method is the same as that
of the point target, which verifies the effectiveness of the
target model. Figures 11(c) and 11(d) show the Range-
Doppler spectrum of a missile-like target under different
bandwidths. In the case of a narrow band, the target echo
power is within the same range gate. When the bandwidth
is increased to 60M Hz, the range resolution is 1.5m, the
echo power of the target center is reduced, and the echo
energy is dispersed in different range gates. At the same
time, the target splits on the range gate, which shows that
the echo model in this paper can show the Range-Doppler

spectrum distribution of the extended target under dif-
ferent bandwidths.

Example 2. -is example studies the effectiveness of mul-
tipath echo. Change the height of the target and the
bandwidth of the transmitted signal, and other conditions
remain unchanged. -e Range-Doppler spectrum under
different target heights and bandwidths is shown in
Figure 12.

-e multipath signal is generated by the coupling of
environment and target, and its echo is similar to the target.
When the target height is 50m and 20m, respectively, the
path difference between the target and the mirror target is

Transmit signal

Temporal decomposition
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Figure 9: Diagram of the echo signal modeling process.
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24.2m and 9.7m, respectively. Comparing Figures 12(a) and
12(b), when the signal bandwidth is 10MHz, the radar range
resolution is 15m. As the target height decreases, the dif-
ference betweenmultipath echo and target echo in range and
velocity dimensions becomes smaller, making it difficult to
distinguish between target and multipath echo in range
dimensions. Comparing Figures 12(b) and 12(c), when the
bandwidth of the signal is increased to 30M Hz, the range
resolution of the radar is changed to 5m, so the multipath
echo and target echo are dispersed in different range gates,
and the target and multipath echo can be identified in the
range dimension.

Example 3. -is example studies the influence of bandwidth
on clutter power. When the radial velocity between the
target and the radar is zero or the RCS is small, the target
echo will hide in the surrounding clutter. -e amount of
clutter in the unit is determined by the scattering coefficient
and the resolution unit area. Increasing the signal bandwidth
and reducing the resolution unit area can reduce the clutter

power in the resolution unit and improve the signal-to-noise
ratio (SNR). Figure 13 shows the echo power of target and
clutter at different bandwidths.

As shown in Figure 13, the clutter power decreases
significantly by increasing the signal bandwidth, while the
target echo power changes slightly. Figure 14 shows the
variation of SNR with the bandwidth change of a missile-like
target with a length of 5.56m in a single resolution unit. It
should be noted that when the bandwidth increases and the
target echo is dispersed into different range gates, the ob-
tained SNR is the average of the SNR of all range gates.

As shown in Figure 14, when the bandwidth is less than
25M Hz, the increase in SNR is obvious. When the band-
width is greater than 25M Hz, the change in SNR is small.
-e reason is that when the signal bandwidth is 25MHz, the
range resolution is 6m. When the range resolution is less
than the target’s projection on the range, although the clutter
power of a single range unit decreases, the target echo power
also disperses into multiple range gates, so the bandwidth
has little impact on the SNR.
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Figure 11: -e Range-Doppler spectrum of different targets under different bandwidths. (a) Point target, B� 5M Hz; (b) conductor metal
ball, B� 5M Hz; (c) missile-like target, B� 5M Hz; (d) missile-like target, B� 60M Hz.
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Figure 12: .-e Range-Doppler spectrum under different target heights and different bandwidths (a) H� 50M, B� 10M Hz; (b) H� 20M,
B� 10M Hz; (c) H� 20M, B� 30M Hz.
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Figure 13: -e echo power of target and clutter under different bandwidths (a) B� 5M Hz; (b) 10M Hz.
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7. Conclusion

To better analyze the radar echo in a complex scene, this
paper proposed a new radar echo simulation model for the
ultra-low altitude targets. -e model is based on the radar
system and operating parameters. -e calculation object is
decomposed in space to obtain the equivalent scattering
center unit. -e time series of the transmitted signal is time-
decomposed to obtain the time unit. -e scattering infor-
mation of the target and the environment is calculated by the
modified four-path model and two-scale model. -e echo
signal of each unit is obtained by convolution of its scat-
tering information with the time unit of the transmitted
signal. Finally, the total echo signal is obtained by vector
superposition.

In this paper, the electromagnetic scattering calculation
and radar signal processing are innovatively integrated. -e
numerical simulation results show that the model in this
paper can well separate the target signal from the sea clutter
and multipath interference in the Doppler domain, which
can intuitively display the target, multipath, and clutter
information. -e model in this paper can also be used to
analyze the characteristics of a radar echo changing with
various parameters, which has application value for target
detection in a complex scene.
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