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Abstract. In order to solve the problem that the terrain echo signal ofmarine radar
is affected by noise during transmission, which leads to poor enhancement effect, a
terrain echo signal enhancement technology of marine radar based on generalized
filtering is proposed. Design the graphic processing pipeline of programmable
GPU, and draw the terrain echo image of marine radar. The generalized weighted
median filter and Wiener filter are used to process high and low frequency sig-
nals to avoid some useful signals being filtered out. According to the high and
low frequency signal processing results of the echo, the polynomial fitting slid-
ing window is used to obtain the least square error fitting results to smooth the
radar echo data. The echo signal enhancement structure is constructed, and the
echo signal gain is processed to achieve the purpose of pseudo signal attenuation.
Call the OpenGL read pixel function, and complete the echo signal enhancement
processing according to the linear mapping relationship between the echo map
and the coordinates of the DEM when processing in the GPU segment. From the
experimental results, it can be seen that the echo gain effect of this technology is
actually consistent, and there is only a maximum error of 1 dB between the echo
signal strength and the actual data.

Keywords: Generalized Filtering · Marine Radar · Terrain Echo · Signal
Enhancement

1 Introduction

Navigation radar is a commonly used equipment in ship navigation, which can detect
the surrounding environment by transmitting and receiving radar waves, and obtain
information about terrain, targets, and obstacles. Navigation safety is one of the most
important issues in navigation. For ships, accurately identifying and analyzing terrain
echo signals can help crewmembers predict and avoid potential collisions and dangerous
situations, and improve navigation safety. However, in practical applications, the terrain
echo signal of navigation radar may be affected by various factors, such as terrain
complexity, changes in sea conditions, meteorological conditions, etc., resulting in a
decrease in the quality of the echo signal and causing difficulties for ship navigation. In
order to solve this problem, research on enhancing the terrain echo signal of maritime
radar has received widespread attention.
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In reference [1], an echo signal enhancement algorithm based on fuzzy logic is pro-
posed. This algorithm constructs a membership function by extracting characteristic
parameters, and sets a threshold according to this function to enhance the radar abnor-
mal echo signal; Reference [2] proposed echo signal enhancement technology based on
regional multi frame joint processing. Under the condition of strong scattering inter-
ference sources, the echo of LFMCW radar presents the phenomenon of echo signal
spectrum spread outside the range. It brings serious technical challenges to radar weak
target detection. Based on the correlation analysis of various components of the echo
data of multiple adjacent radar beams in the center area of the detected target, through
weighted compensation, the multi frame data from the scanning area near the target is
used for multi frame joint processing to enhance the echo signal. Although the above
two methods can enhance the radar echo signal, they are vulnerable to the influence
of false signals in the signal, resulting in poor signal enhancement effect. In addition
to the above methods, the following methods can also be used: (1) low-pass filters [3],
bandpass filters [4], and notch filters to remove or weaken noise and interference in
the echo signal. (2) Processing the echo signal in the time domain, such as smoothing,
removing outliers or Outlier [5], can reduce the fluctuation and noise in the signal and
make the signal clearer and more stable. (3) Processing the echo signal in the frequency
domain, such as Fourier transform [6, 7], spectrum analysis, etc., can extract the fre-
quency characteristics of the signal, further analyze and understand the signal. These
methods can be selected and combined according to specific applications and needs to
achieve enhancement and optimization of echo signals.

Generalized filtering can be adapted to various signal types and frequency ranges.
Some signals may have complex frequency characteristics, which need to be compre-
hensively considered in time domain and frequency domain. Generalized filtering can
capture these characteristics more accurately. For this reason, the terrain echo signal
enhancement technology of marine radar based on generalized filtering is proposed. On
the basis of drawing the terrain echo image of the navigation radar, the generalized fil-
tering method is used to process the high and low frequency signals of the echo signal;
Using the least squares error fitting method for data processing, and applying the terrain
echo signal enhancement technology of marine radar, effective enhancement and opti-
mization of the terrain echo signal of marine radar are achieved, improving navigation
safety and ocean survey accuracy.

2 Plotting Terrain Echo Image of Marine Radar

The radar transmits an electromagnetic beam through the antenna to detect the direction
and distance of the target and display it on the radar screen. The navigation radar antenna
is a directional antenna. The transverse beam width of the transmitted electromagnetic
wave [8] is about 2°, and the longitudinal beam width is about 20°–30°. Objects within
the beam range reflect (backscatter) electromagnetic waves back to the radar antenna.
The radar measures the target distance by measuring the round-trip time of the elec-
tromagnetic wave. The antenna pointing is the target orientation. When the antenna is
in a certain direction, all echoes within the beam range are quantified as a sequence of
echo intensity values arranged by time (distance), called scanning lines. The antenna
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keeps rotating, and the antenna direction changes in a circular order to complete 360°
circumferential scanning. Before drawing the terrain echo image of marine radar, it is
necessary to design the graphic processing pipeline of programmable GPU, as shown in
Fig. 1.

Fig. 1. Graphic processing pipeline of programmable GPU

The information such as vertex attributes and camera settings of the scene graph
is sent to the vertex shader. In the vertex shader, the world coordinates, normal vector,
model view transformation matrix and projection matrix of the vertex are read. The
radar detection distance is the distance from the object to the antenna. If the viewpoint
is set at the radar antenna, the radar detection distance is the distance from the vertex
to the origin under the view coordinate system. Then the radar detection range can be
calculated by formula (1):

l =
√
x2 + y2 + z2 (1)

In formula (1), (x, y, z) Represents the apparent coordinate system. The echo inten-
sity is related to the radar detection range and normal of the vertex, and is transmitted
to the subsequent process in the form of output variables. At the end of the vertex
shader, the vertex coordinates under the view coordinate system should be projected and
transformed, and the vertex coordinates after the projection transformation should be
assigned to the built-in variables of the vertex shader to ensure that the scene is processed
according to perspective projection. Next, the GPU [9] will perform primitive assembly,
cutting and rasterizing operations. Vertices are assembled into primitives and discretized
into several pieces. In the slice element shader, the radar detection distance needs to be
assigned to the built-in variable of the slice element shader. The reserved slice element
after the depth test becomes a pixel, and the radar detection distance written to the built-
in variable will eventually be written to the depth cache. In the slice shader, it is also
necessary to convert the echo intensity [10] into an RGB color that can represent the
echo intensity and write it into the built-in variable of the slice shader. Similarly, the
color value of the reserved slice after depth testing will eventually be written into the
color cache. The marine radar terrain echo image drawn from this is shown in Fig. 2.
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Fig. 2. Terrain echo image of navigation radar

The pixel color value is written to the scanline, which generates a scanline. Several
scan lines can be generated at one time, and radar images [11] can be generated by
drawing these scan lines onto the screen according to their orientations.

3 Echo High and Low Frequency Signal Processing Based
on Generalized Filtering

3.1 High Frequency Signal Processing with Generalized Weighted Median Filter

In practical applications, the number of terrain echo signals fromnavigation radar is often
large, and calculating indicators one by one through eachwindow requires a huge amount
of computation, which cannot meet the real-time requirements of signal processing. The
noise points and signal details have not been effectively distinguished, and the signal
quality still significantly decreases after filtering. Based on the shortcomings of weighted
median filtering [12, 13], an improved adaptive weighted median filtering method is
proposed to improve the noise detection and classification, noise weight determination,
and noise filtering of the filtering algorithm. The improvement ideas are as follows:

The detection and classification of image noise is the premise of noise filtering [14].
The detection of noise can be divided into two steps: coarse detection and fine detection.
For coarse detection, first count the number of pixels with maximum or minimum pixel
value in the window. If a pixel’s gray value is not extreme, it is a non noise point.
Otherwise, it is a suspected noise point to be marked. The marking formula is:

F[I ]=
{
1, I=255/0

0, other
(2)

In formula (2): I It is the gray value of a pixel of the window point. Then fine
detection is carried out. After rough detection, the image suspected noise points contain
noise points and image edge details. It is necessary to further detect this. First, count
the number of suspected noise points. If the gray value of a pixel of the window point
is smaller than the set window size, the suspected noise points in the window can be
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filtered as noise points; Otherwise, increase the window size and continue to judge until
the requirements are met.

After noise detection and classification, image noise is basically detected andmarked.
If median filtering is directly applied to noise points, “overfiltering” will occur. To
overcome this phenomenon, remove the number of noise points in the window, multiply
the gray values of the other non noise points by the weight values, and then sort the size
on this basis to get a new set of sequences and take the value, that is, the output value of
the window’s central pixel can be expressed as formula (3):

I=Med

{
1

a2
g0(k − m), · · · ,

1

a2
gm

(
k − m + m′)

}
(3)

In formula (3), g0(k − m), · · · , gm
(
k − m + m′) Assign values to each pixel in the

window; m′ Indicates the number of noise points; a Indicates the size of the filtering
window; k Indicates window sorting.

Combine the formula to output the filtering results, continue to migrate the filtering
template, and complete the overall image filtering.

3.2 Generalized Adaptive Wiener Filtering Low Frequency Signal Processing

Wiener filter [15] can filter image noise by assuming that the noise image signal is the
sum of image signal and noise signal, and the second-order statistical characteristics of
both are known. The filter parameters can be obtained according to the relevant error
criteria, which can be expressed as formula (4):

E = D(b, h) − ξ · F(b, h) (4)

In formula (4), D(b, h) Represents the b that ‘s ok h Image signal of the column;
F(b, h)Represents noise signal; ξ Is theWiener filter, which can be expressed as Formula
(5):

ξ = F2(b, h) − σ 2

F2(b, h)
(5)

In formula (5), σ 2 Represents the noise pixel variance value. The adaptive Wiener
filter is used to filter the low-frequency sub image in the wavelet domain. Although the
low-frequency image contains most of the image information, it is basically not affected
by noise. The noise pollution degree of low-frequency sub image in wavelet domain is
relatively light, but it can not be ignored. An improved adaptive Wiener filter potential
for this part of image will retain a lot of useful information.

3.3 Fitting Based on Least Squares Error

According to the high and low frequency signal processing results of the echo, the
formula (6) can be obtained by adding a sliding window to the data at all range points
of the radar echo at a certain time:

Ct
a[l] = o − a, · · · , o + a (6)



Terrain Echo Signal Enhancement Technology 105

In formula (6), l Represents distance; o Represents the center of the sliding win-
dow. Combined with the generalized filtering processing results, the sliding window is
polynomial fitted according to formula (7):

C[l] =
o∑

z=0

ηzl
z (7)

In formula (7), η Represents the polynomial coefficient; z Indicates the degree of the
polynomial. Based on this, the result of least square error fitting is Formula (8):

ϑz =
o+a∑
z=0

(
C[l] − Ct

a[l]
)2 (8)

According to the basic principle of calculusϑz Then, the original data is characterized
by Eq. (7), and all fitting points of the original echo data are obtained by moving the
sliding window from front to back. Because the clutter and noise data deviating from
the polynomial curve will be discarded in the fitting process, this method can smooth
the radar echo data in the range.

4 Terrain Echo Signal Enhancement Technology of Marine Radar

4.1 Echo Signal Enhancement Structure Design

The traditional radar simulator image generation mostly uses the scanning line intersec-
tion algorithm to calculate all echo polygons within the range and draw them to video
memory. The scanning effect of the radar simulator is achieved through OpenGL tem-
plate cache. A small angle sector area is drawn with the ship’s position as the center
and the range as the radius as the template. Only the echoes overlapped with the sector
template can be seen in video memory. The center angle position of the sector tem-
plate changes at a certain speed to form a dynamic scanning picture. This mechanism
will increase the redundant operation of the computer CPU to a certain extent, which is
specifically shown in the following two aspects:

(1) A small scanning angle is smaller than the whole scene, but when judging echo
occlusion, it needs to calculate the distance, angle and other imaging geometric
information of all polygons in the scene, which results in a large amount of redundant
calculation.

(2) When using DEM to enhance echo image, it is necessary to overcome the influence
of latitude gradual growth rate. As long as the image is divided into multiple regions
in latitude, the energy accumulation of adjacent regions will be incomplete during
echo calculation. It is necessary to overlap a small part of adjacent regional echoes,
which will also generate redundant calculation.

As the resolution increases and the radar range increases, the amount of echo data
that needs to be simulated increases sharply. The echo signal enhancement structure
built based on this is shown in Fig. 3.
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Fig. 3. Echo signal enhancement structure

Read the electronic chart data of the target area, store the contour lines as a linked list,
store the longitude and latitude boundary, the ship’s information, and radar parameters
given by the guidance and control center to the radar simulator, and transfer the longitude
and latitude boundary, the ship’s information, and radar parameters to the GPU constant
register; The DEM data in this area is stored in the GPU texture buffer to facilitate
subsequent processing.

4.2 High and Low Frequency Echo Signal Gain

The terrain echo signal of marine radar is formed by nonlinear coupling of two high
and low frequency echo signals. If periodic signals, noise sources and nonlinear bistable
systemsmatch each other, stochastic resonance can be generated. The three-dimensional
diagram of nonlinear coupling potential function of the echo signal is shown in Fig. 4.

As the high and low frequency echo signals are continuously added to the weak
periodic signals, the echo signals will change periodically and lose balance. Under the
action of the driving force, the potential function will also change, and the potential
barrier at the central heightwill also change differently.However, the energy ofBrownian
particles is too small due to the weak energy of periodic signals in the process of motion.
With the continuous additionof noise, the energyofBrownianparticles increases,making
them quickly cross the barrier to reach another potential well within the range of a
single potential well. At this time, the stochastic resonance phenomenon occurs when
the movement period is consistent with the weak signal period.Because the nonlinear
coupling potential function of the echo signal is affected by the nonlinear coupling
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Fig. 4. 3D Diagram of Nonlinear Coupling Potential Function of Echo Signal

coefficient, the periodic signal and the noise motion direction should be in the same
direction under the action of the driving force, which can generate appropriate nonlinear
coupling coefficient.

When the nonlinear coupling coefficient is determined, the signal is processed with
gain, as shown in Formula (9):

SF(A,B) =
∫ +∞

−∞
x(A)x(B)H (D) exp(−2π t)dt (9)

In formula (9), x(A), x(B) Represent the time domain of high-frequency and low-
frequency signals respectively;H (D) Indicates the width of the emitted electromagnetic
wave. If a certain time point in the time domain of a signal to be analyzed t Characteristics
research, through t After signal gain processing at time point, the purpose of pseudo
signal attenuation can be achieved.

4.3 Echo Signal Enhancement Processing

CallOpenGL’s readpixel function to read the color value of the scene from the computer’s
graphics cardmemory and save it to the texture buffer; Read the echo drawn at the current
time, that is, capture the width and height of the screen, data format and type, and store
them in the GPU texture buffer. The ship’s position is updated in real time by the data
transmitted from the guidance and control center. The rectangular coordinate system is
the tangent plane of the point. Within the radar range, the radar echo coincides with a
small area of the DEM. The geographical coordinates of the DEM echo image in the
texture buffer are projected and clipped to a rectangle on the screen coordinates, and
the coordinate mapping of the two images is calculated in the horizontal and vertical
directions. When the echo image and the DEM are processed in the GPU segment, the



108 J. Wang

coordinate linear mapping relationship is as follows (10):
{
xa = α1xe + β1

ya = α2ye + β2
(10)

In formula (10), (xe, ye)Represents radar echo coordinates; (xa, ya)Represents radar
DEM coordinates; α1, α2 Represent horizontal and vertical coordinate conversion coef-
ficient respectively; β1, β2 Represents the horizontal and vertical coordinate conversion
random number.

Due to the influence of latitude gradual growth rate, the geographical distance rep-
resented by each pixel on the vertical axis of DEM data increases with the increase of
latitude. The echo image to be corrected is divided into rectangular areas with equal
pixels on the vertical axis, and the influence of latitude gradual growth rate is eliminated
according to formula (10); The greater the number of rectangular area partitions, the
more accurate the latitude of DEM data correction. But to ensure the calculation speed,
α1, α2, β1, β2 It can be expressed by the following formula:

⎧
⎪⎪⎨
⎪⎪⎩

α1 = xh−x0
x′
h−x′

0

α2 = yh−y0
y′
h−y′

0

(11)

{
β1 = x0 − x′

0α1

β2 = y0 − y′
0α2

(12)

In the above formula, (xh, yh),
(
x′
h, y

′
h

)
Represent the coordinates of the lower right

corner of the echomap range and the lower right corner of the echomap corresponding to
the DEM respectively; (x0, y0),

(
x′
0, y

′
0

)
Represent the ship’s DEM coordinates and echo

map coordinates respectively. Criteria for echo image enhancement with DEM data:
pixels without DEM echo data can generate echo only when the radar scans the marked
artificial buildings; There are echo pixels in both DEM and radar, and the gray value
of DEM is multiplied by the echo value for correction: DEM has echo data but radar
has no echo, and DEM pixels are used to modify the contour boundary of radar echo;
After image enhancement, the radar echo image is modified from the original irregular
quadrilateral binary image to the radar echo image filled with gray value. The larger the
gray value, the higher the elevation, indicating the better the echo enhancement effect.

5 Experiment and Analysis

5.1 Design of Signal Capture Structure Experimental Platform

The experimental signal capture is carried out on theLabVIEWplatform, and its structure
is shown in Fig. 5.

The structure shown in Fig. 5 is mainly used to receive signal center frequency, level
and storage data duration. Through this platform, the application effectiveness of terrain
echo signal enhancement technology of navigation radar based on generalized filtering
is verified. Analyze the received echo signal and demodulate the radar electromagnetic
wave.
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Fig. 5. Signal Capture Structure Experiment Platform

5.2 Experimental Process Simulation

Two experimental situations are set. One is that when no signal is received or the signal
is blocked, the platform will first check the pending table after executing the OS code.
The pending table can be used to analyze whether a signal is received. If not, return to
the user status and execute the next code.

gain gain

(a) Situation 1                     (b) Situation II

Fig. 6. Echo gain in two cases

Case 2: When a signal is received and the signal is not blocked, the second position
in the pending table will change after the platform executes the OS code. Assume that
the received signal is No. 2. After executing the OS code, check the pending table. If
the received signal is found, check the block table. If signal 2 is blocked, it will return
to user mode as above; If it is not blocked, the corresponding processing function will
be executed.
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5.3 Analysis of Experimental Data

The data used in the experiment was sourced from the RADARSAT Geophysical Pro-
cessor System (RGPS) dataset. This data includes a wide range of terrain and ocean
application scenarios, such as landform measurement, glacier monitoring, and ocean
storm observation. By using radar echo signals, surface elevation, surface coverage
type, water body boundaries, and other geographic information can be obtained.
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Fig. 7. Terrain echo signal enhancement results of navigation radar
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In order to verify the reliability of the terrain echo signal enhancement technology of
navigation radar based on generalized filtering, the echo gain in two cases is analyzed,
as shown in Fig. 6.

Scenario 1

gain

Scenario 2

gain

(a) Fuzzy logic

Scenario 1

gain

Scenario 2

gain

(b) Regional multi frame joint processing

Scenario 1

gain

Scenario 2

gain

(c) Generalized filtering enhancement

Fig. 8. Echo Gain Comparison Results of Three Methods
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It can be seen from Fig. 6 that the echo gain in case 1 is larger than that in case 2,
which means that the weaker the echo signal is, the greater the echo enhancement will
be.

According to the echo gain in Fig. 6, the terrain echo signal enhancement results of
navigation radar under ideal conditions are obtained, as shown in Fig. 7.

It can be seen from Fig. 7 that the maximum echo signal strength in case 1 is 55 dB,
and the maximum echo signal strength in case 2 is 42 dB.

5.4 Experimental Results and Analysis

Taking the echo gain in Fig. 6 as a reference, the echo signal enhancement algorithm
based on fuzzy logic, the echo signal enhancement technology based on regional multi
frame joint processing and the echo signal enhancement technology based on generalized
filtering are used to compare and analyze the echogain. The comparison results are shown
in Fig. 8.

It can be seen from Fig. 8 that the echo signal enhancement algorithm based on
fuzzy logic and the echo signal enhancement technology based on regional multi frame
joint processing are inconsistent with the actual echo gain effect, while the echo signal
enhancement technology based on generalized filtering is consistent with the actual echo
gain effect.

Using the echo gain in Fig. 7 as a reference, these three methods are used to compare
and analyze the echo signal enhancement effect, as shown in Fig. 9.
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Fig. 9. Signal radar acquisition comparison results of three methods
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Fig. 9. (continued)
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(c) Generalized filtering enhancement
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Fig. 9. (continued)

It can be seen from Fig. 9 (a) that the maximum echo signal strength in case 1 is
35 dB, and the maximum echo signal strength in case 2 is 23 dB; It can be seen from
Fig. 9 (b) that the maximum echo signal strength in case 1 is 38 dB, and the maximum
echo signal strength in case 2 is 39 dB; It can be seen from Fig. 9 (c) that the maximum
echo signal strength in case 1 is 55 dB, and the maximum echo signal strength in case
2 is 41 dB. Only this method has a maximum error of 1 dB with the actual data.



Terrain Echo Signal Enhancement Technology 115

6 Conclusion

At present, there is a problem of poor echo signal enhancement effect in the research
of radar echo signal enhancement processing methods. In order to solve this problem, a
marine radar terrain echo signal enhancement technology based on generalized filtering
is proposed. This technology uses generalized filtering and multinomial least square
fitting to smooth clutter and noise in the echo, At the same time, the weak details of
the target echo are effectively retained. On this basis, combined with the background
removal, low-pass filtering and other processing in the time dimension, the radar echo
signal can be enhanced.

References

1. Hao, W., Lejian, Z., Haihe, L., et al.: Radial interference echo identification algorithm based
on fuzzy logic for weather radar. Acta Meteor. Sin. Meteor. Sin. 78(01), 116–127 (2020)

2. Tao, Z., Tao, Y., Guanglei, Z.: The weak target enhancement based on the local multi-frame
joint procession in the presence of strong scattering sources for LFMCW radar. Chin. J. Radio
Sci. 36(01), 142–149 (2021)

3. Long, T.,Wang, S.,WenCao, Pu., Ren,M.H., Fernandez, C.: Collaborative state estimation of
lithium-ion battery based on multi-time scale low-pass filter forgetting factor recursive least
squares - double extended Kalman filtering algorithm. Int. J. Circuit Theory Appl. 50(6),
2108–2127 (2022)

4. Belen, A., Belen, M.A., Palandken, M., et al.: Design and realization of broadband active
inductor based band pass filter. Chin. J. Electron. 32(2), 1–5 (2023)

5. Chen, Q.: Stepped frequency multiresolution digital signal processing. Sci. Prog.Prog. 2021,
1–13 (2021)

6. Prasad, D.S., Chanamallu, S.R., Prasad, K.S.: EEG signal enhancement and spectrum estima-
tion using fourier transform magnitude response derivative functions. J. Mobile Multimedia
18(2), 231–249 (2022)

7. Chen, J., Cao, Y., Wang, C., Li, B.: Sparse Fourier transform and amplitude–frequency
characteristics analysis of vortex street signal. Meas. Control 54(5–6), 908–915 (2021)

8. Jie, X., Jiao, C., Zhigao, L.: Simulation design of an ultra-thin wideband frequency selective
absorber. Comput. Simul. 39(3), 22–25 (2022)

9. Isotton, G., Janna, C., Bernaschi, M.: A GPU-accelerated adaptive FSAI preconditioner for
massively parallel simulations. Int. J. High Perform. Comput. Appl.Comput. Appl. 36(2),
153–166 (2022)

10. Vasenina, E., Kataoka, R., Hammert, W.B., et al.: Examination of changes in echo intensity
following resistance exercise among various regions of interest. Clin. Physiol. Funct. Imaging.
Physiol. Funct. Imaging 42(1), 23–28 (2022)

11. Arieta, L.R., Giuliani, H.K., Gerstner, G.R., et al.: The influence of hydration status and
segmental water content on echo intensity in older men: 334. Med. Sci. Sports Exerc.Exerc.
53(8S), 105 (2021)

12. Hao, G.C., Feng, S.Q., Wang, W., et al.: High quality time-frequency analysis via normalized
generalized Warblet-WVD. Acta Automatica Sin. 48(10), 2526–2536 (2022)

13. Shao, C., Kaur, P., Kumar, R.: An improved adaptive weighted mean filtering approach for
metallographic image processing**. J. Intell. Syst.Intell. Syst. 30(1), 470–478 (2021)

14. Zhang, Z., Yi, R., He, S., et al.: SPR signal amplification based on dynamic field enhancement
at the sensor surface. IEEE Sens. J. 21(7), 9523–9529 (2021)

15. Gharamohammadi, A., Behnia, F., Shokouhmand, A., et al.: Robust wiener filter-based time
gatingmethod for detection of shallowly buried objects. IET Signal Proc. 15(1), 28–39 (2021)


