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The use of radars in the maritime environment has both civil and military applications. The
effect of co-channel interference between radars deployed on different ships occurs frequently
in several navies. This work proposes to develop a methodology to mitigate the effect of
interference between radars operating at the same frequency. A hypothetical radar is used to
simulate the effect of co-channel interference between ships, varying the azimuthal engagement
angle and the distance between the ships. In the end, a topology of arrangement of ships in a
column is obtained, with a maximum distance of 5.95 NM and an arrangement in line with
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a maximum value of 37.01 NM. This work shows that interference occurs between radars,
being overly dependent on the angular condition of engagement due to the effect of the RCS
(Radar Cross Section) of the interfering ship.

I. INTRODUCTION

Modern warfare has led to the deployment of several
electronic systems in a naval environment. In an electronic
warfare scenario, one of the elements of these systems is the
radar, which represents one of the fundamental sensors for
naval use.

Naval radar has the functions of navigation, early warning,
and weapons control, for example, detecting and identifying
targets in real time in various types of missions.

During their maritime movements, military ships form
a standardized formation as shown in Fig. 1. However,
the threat of mutual interference between radar systems is
increasing as the military frequency range is expanded, as
new communication/detection systems are implemented in
the same frequency band or when new and old radars operate
simultaneously in the same movement formation [1].

From this condition, interference protection procedures are
necessary to avoid the degradation of radar systems in the
combat operational radius. Due to this problem, this work
proposes to develop a methodology to reduce the effect of co-
channel interference between radars operating on the same
frequency in a tactical formation.

To achieve this objective, the theoretical basis is presented
in section II, describing the radar equation, the concept
of RCS (Radar Cross Section), and the theory of radar
detection and interference. Section III describes the use of

https://doi.org/10.55972/spectrum.v26il.424

a hypothetical radar, the development of the modeling and
simulation of a ship, and the radar engagement planning.
Section IV presents the RCS of a ship and the interfering
effects on the signal-to-noise ratio in the detection process.
Finally, the conclusion of this work is presented.

Fig. 1. Formation of ships from eight countries during the
RIMPAC exercise in 2006 [2].

II. THEORETICAL FOUNDATIONS

A. Radar Equation and RCS

The concept of radar is associated with the propagation
of electromagnetic waves developed from the studies of the
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German physicist Heinrich Rudolf Hertz in 1883, where he
applied the classical electrodynamics of Maxwell’s equations
[3].

Taking a pulse-doppler radar as a reference, its operating
principle corresponds to the detection of the energy flux scat-
tered by the target, measured in W/m?, from the propagated
electromagnetic waves [4]. The radar receiver detects and
estimates the maximum distance between this target and the
radar by (1) [5].

R 4 PtG2>\2O'
mar =\ (4n)3kpT,BWE,(SNR,)

(1

As described in (1), the maximum radar range is con-
ditioned by the receiver signal-to-noise ratio SNR,, and
is presented in more detail in the subsection B. The other
terms in (1) are the transmitter power amplifier P;, the
antenna gain G, the emitted electromagnetic wavelength A as
a function of the operating frequency, the Boltzmann constant
kp, the system operating temperature 7., the radar receiver
bandwidth BW, the receiver noise figure F,, and o which
corresponds to the target’s RCS, this being the only variable
that does not depend on the radar system [6].

The RCS (o) represents the ratio between the electric field
scattered by the target E, and the electric field incident on
the radar E,» as a function of the azimuthal ¢ and elevation
0 angles, (2), whose values are independent of the distance
between the radar and the selected target [6].

R 2
Ey (r,6,0)]
7‘2 2

o(0,¢) = lim 4grr?

T |E6,9)

The RCS value in (2) is presented in m?, and the value in

dBsm, defined by (3), is also used. Due to the wide dynamic

range of results to be obtained, RCS values are normally

described in units of dBsm. This work uses RCS values in
dBsm [6].

o =10-log,o(c [m?]) [dBsm] (3)

In the naval field, determining the RCS of a ship is a
major challenge. However, in 1978, experimental studies
were carried out to measure the RCS of maritime targets
[7]. Obtaining these values as a function of frequency and
azimuths is essential for applying the radar equation to detect
the ship under study. Table I describes the RCS values of
some types of ships.

Table 1. RCS values of typical ships [7].

Type Dimension [m] RCS [dBsm]
Coal Ship 73.45 30.5£3.5
Frigate 103.02 445+£5.5
Container Ship 211.83 44.0+4.0

B. Radar Detection

In a radar system, the receiver has the function of detecting
the target. This condition is obtained when the echo signal .5,
measured in watts, in relation to the noise /N, also measured

in watts, has a value capable of discriminating the radar
reflection signal from the system noise. The relationship
between the signal and the noise is called SNR (Signal-to-
Noise Ratio), determined in dB (decibels). The radar receiver
in use has a constant SN Ry, which defines the minimum
target detection ratio, named SN Ro(yin), and described in
Fig. 2 [8].

P, [W]
N

50= Smin

SNR,

Raimax

R [m]

Fig. 2. Description of radar detection of a target as a function
of the power received by a receiver determining the
maximum range [8].

In this context, for radar detection to occur, the relation
(4) must be met, with Ny being the noise floor of the radar
receiver. According to Fig. 2, when S corresponds to a value
Smin, the maximum target detection distance Rj(maq) 18
determined.

Another way of presenting the detection condition is to
evaluate, temporally, the signal-to-noise ratio SNR received
by the receiver in relation to the minimum detection condi-
tion of the radar receiver in use, summarized in (5).

C. Radar Interference

Electromagnetic interference is intended to make it im-
possible for a communication and/or detection system to use
the electromagnetic spectrum in a given frequency band for
a given period of time.

According to Fig. 3, a diagram of signals as a function of
time acting on the radar receiver is presented.

The interference signal I is inserted into the radar receiver,
changing the detection condition described in (5), since with
the inclusion of the interference I, the noise ceiling Ny rises.
The detection condition is now determined by (6).

So
>SN ;
(NO + I) = S RO(mzn) (6)

When it comes to performing interference between radars,
there are three possible conditions for its execution. The first
condition is mutual coupling; the second possibility is when
the sensitivity is common between the receivers, which is
related to the transmission signal and signal processing used;
and, finally, the distance between the radar systems [9].
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Fig. 3. Diagram of signals as a function of time in the radar
receiver.

III. MATERIALS AND METHODS

A. Hypothetical Radar

This work uses the concept of a hypothetical radar to
evaluate the technical requirements of a general-purpose
naval radar. The data are presented in Table II.

Table II. Technical data of the hypothetical radar.

Operating Frequency 9.41 GHz PW 600 ns
Rotation Speed 12 RPM PRI 2.5 ms
Antenna Vertical Aperture 50° AMNA 202 NM
Polarization Horizontal | Peak Power 20 kW

Pt 107° G 32 dB

Radars can determine a maximum range, defined by the
acronym AMNA (Maximum Unambiguous Range). For the
hypothetical radar used in this work, it is worth 202 NM
(374.1 km). The AMNA is correlated with the PRI (Pulse
Repetition Interval), which represents the emission rate of a
radar pulse [10].

There is also a minimum distance at which the radar
begins its detection, defined by the pulse width (PW) of the
electromagnetic wave emitted by the transmitter. In the case
of the hypothetical radar, it is a value close to 0.048 NM (90
m) [10].

The SN Ry(nin) of the hypothetical radar is set to a value
of 31.73 dB at the radar’s operating frequency. Considering a
temperature 7, of 313 K, a BW of 60 MHz, and a F}, of 4.7
dB, the noise ceiling Ny is obtained at —118.7 dBW. Using
(4), the condition for detection to occur in the hypothetical
radar, without interference, is that S > —86.97 dBW.

B. Ship Modeling and Simulation

In this study, a CAD (Computer Aided Design) of a ship
with geometric characteristics equivalent to those used in
navies is used, on a scale 1 : 1, which implies obtaining a
high correlation to the real environment, Fig. 4.

The software used in the study is FEKO®, from ALTAIR,
and the asymptotic RL-GO (Ray Launching - Geometrical
Optics) method is applied with discretizations (mesh) of
A/10 in CAD. All modeling and simulations were performed
on an Intel Xeon E-2246 machine with 12 cores and 64 GB
RAM.

Side

128.47m
Top

Front

| 27.10m
<>

14.156m

Fig. 4. Ship geometry used in electromagnetic simulations.

Fig. 5. Presentation of the mesh modeled in FEKO® for the
ship.

The material used in the CAD model is metallic (PEC -
Perfect Electric Conductor). The mesh performed in FEKO®
obtained a structure with a total of 3, 318 triangles with edges
of dimensions worth 1.98 £ 0.72 m, having a maximum of
3.63 m and a minimum of 0.06 m, Fig. 5.

C. Engagement Planning

Figure 6 shows the radar engagement arrangement in 360°
of azimuth ¢, with the angle 0° being the stern, 90° being
the starboard beam, 180° being the bow, and 270° being the
port beam.

Fig. 6. Overview of the engagement angles performed by the
radar on the ship.

The hypothetical radar is simulated at a frequency of 9.41
GHz in horizontal polarization. The methodology employed
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consists of performing engagement at all azimuthal angles
with steps of 1°.

The experiment carried out corresponds to understanding
the positioning condition of a victim ship in relation to the
interfering ship, which receives the effect of the interference,
and the interfering ship, which carries out the interference,
varying the azimuth ¢ and the distance R according to
the topological arrangement described in Fig. 7. The victim
and interfering ships perform a displacement in parallel
displacement trajectories.

180°
$ l Interfering ship

¢ Victim ship

2100 > 902

R
Zy

Qe B
' Reference

Fig. 7. Top view of the engagement procedure between the
victim and the interfering ship with a distance R and azimuth

o.

Four hypothetical conditions are used to perform this anal-
ysis. The first condition is that the antennas are synchronized
in a condition in which the main lobes of the radar antennas
are in phase opposition at maximum gain, as shown in Fig. 8.
A second condition is that the temporal diagrams of the radar
pulses are in phase, with the same pulse width (PW) and the
same pulse repetition interval (PRI). The third condition is
that the sea is calm, with no clutter originating from sea
waves. The fourth condition is that the engagements are
performed one-to-one, with no third or more ships in the
process. These ideal propositions correspond to a hypothesis
of maximum possibility of interference, being a worst-case
condition to be analyzed for the victim ship.

_Main Lobe_

Victim Radar — > Interfering Radar

— Secondary —
Lobe

Fig. 8. Diagram of engagements between the victim radar and
the interfering radar.

IV. RESULTS AND DISCUSSION

A. Ship Static RCS

Applying the ship’s CAD in FEKO®, the modeling of the
Poynting vector emission S is performed as shown in Fig.
9, having an azimuthal variation of 0° < ¢ < 360° and an
elevation of 6 = 90°.

Fig. 9. CAD modeling of the ship to determine the static RCS.

In Fig. 10 the RCS values, in dBsm, as a function of the
azimuth ¢ are presented. The time taken to determine the
RCS was 2 days, 10 hours, and 3 minutes. From the data
obtained, it is observed that the highest values are in the
azimuths of 0°, 90°, 180°, and 270°, with an average RCS
of 25.29 £ 10.82 dBsm having a maximum value of 100.07
dBsm and a minimum value of —0.30 dBsm.

%

—T
i V » N
S .
pd 50 N

/ L

/
b4

180

Fig. 10. Static RCS of the ship, in polar form, with radial axis
in dBsm.

From the data obtained from the ship’s RCS, the values
of Sy are determined as a function of ¢ with steps of 1°.

B. Signal-to-Noise Ratio of Ship Interference

Considering the hypothetical radar data, the effect of the
distance between the interfering signal source and the victim
of the interference changes the signal diagram presented in
Fig. 3. Referring to the equation (1), the detection distance
R is related to the condition R ~ {/1/SNR. Considering
the case in which the interference I = 0, the increase in
the distance R between the ships, at a fixed azimuth ¢,
corresponds to a lower value of SINR. By employing the
hypothetical radar data, the minimum range marking, the
AMNA, the noise ceiling Ny, and the radar echo signal Sy
are plotted, Fig. 11.

When engaging a ship that has an RCS of 4m? at a
given azimuth ¢, the maximum detection range R, without
interference is 26.94 NM. At this distance, which corre-
sponds to the maximum range, the receiver has an SNR =
SN Ry(min) = 31.73 dB. From this point on, the radar loses
detection of the target, and the value of SN R decreases until
So = Ny, described in (4). This condition corresponds to
the crossover distance R.,, which represents the condition
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Radar Power — RX [dBW]
T

100 - 31.73dB
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Fig. 11. Diagram of signals as a function of the distance
between the victim and interfering ship when / =0,
identifying the crossover point (R..).

in which the radar echo signal is equal to the noise ceiling.
From this distance on, the noise signal Ny is greater than
the radar echo signal Sy, providing a natural interference
condition in the radar system.

Figure 12 shows the value of R, applied to the RCS
data obtained in the ship simulation as a function of the
azimuths ¢, where d,,q, corresponds to the AMNA value
and d,,,;, represents the minimum distance detectable by the
hypothetical radar. In all calculated azimuths, the crossover
distance R, is above the AMNA value.

Distance [NM|

g

o B 8

100 150 200 250 300 350

Azimuth — ¢ [degrees

Fig. 12. Detection range R, of the interfering ship by the

victim ship when / = 0.

When evaluating the data in Fig. 12, in all engaged
azimuths, the interfering ship is detected, having a minimum
range value of 18.23 NM (33.76 km) and a maximum value
of 202.48 NM (375.00 km). It is important to note that
outside the azimuths of 0°, 90°, 180°, and 270°, the RCS
drops abruptly to values around 20 dBsm (100m?), which
leads to a significant decrease in the detection range in
diagonal radar engagement conditions.

At the moment the interfering ship activates its radar, the
noise ceiling rises, being determined by Ny + I. Considering
the previous engagement condition with the angle ¢, with

the RCS of 4m?, the radar range with interference Rg; is
smaller than the minimum range of the hypothetical radar,
and the crossover distance with interference R.,; is worth
0.086 NM (159.27 m), Fig. 13.

100

Y

o
- ==-AMNA
50 b Minimum Range|

Radar Power — RX [dBW)|

2

-150
107

10?2 10! 10 101 10? 107

2 [NM]

Fig. 13. Signal diagram as a function of distance between the
victim and interfering ship when I > 0, identifying the
interference crossover point (R.or).

The value of R.,;, Fig. 13, corresponds to the position
in relation to the victim ship in which the interfering ship
stops interfering, but without its detection by the victim ship.
In summary, if the physical distance R, Fig. 7, between the
victim ship and the interfering ship is greater than R.,s, the
interference is effective on the victim ship.

Based on this analysis, the value of R.,; is calculated in
all engagement azimuths and presented in Fig. 14.

104

10° ~ dmax |

E:n!
l ‘* = -dmin

Distance [N M|

102

0 50 100 150 200
Azimuth — ¢ [degrees

250 300

Fig. 14. Arrangement of R.,; values in relation to the
engagement azimuths ¢ of the victim ship.

According to Fig. 14, the values of R.,; have a high
variation as a function of the azimuth ¢. In order to avoid the
effect of interference between radars in a naval formation at
any azimuthal angle, the condition of lowest R, is chosen,
having a value of 0.13 NM (240.76 m).

However, there are angles ¢ at which the values of R .1
are very high, Fig. 14. At angles of 0°, 90°, 180°, and 270°,
R.,r is at the detection limit of the hypothetical radar of
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202 NM (374.1 km), which allows navigation with the ships
when arranged in a line or column.

Even with high values of R.,; in these azimuths, the value
of Ryr is calculated, which corresponds to the maximum
detection range of the interfering ship by the victim ship with
effective interference. These values are presented in Table III.

Table III. Values of R,; for specific azimuths.

Azimuth [degrees] RCS [dBsm] Rgr [NM]
0° 86.43 24.28
90° 100.07 37.01
180° 74.21 5.95
270° 100.07 37.01

According to Fig. 15, in the condition of ships in column,
the probable angles are 0° or 180°. The lowest value of R,y
is recommended. In this case, the distance between ships
in column d. should be less than 5.95 NM (11.02 km). In
the condition of ships in line, the probable angles are 90°
or 270°. In this case, it is recommended that the distance
between ships in line d; should be less than 37.01 NM (68.54
km).

Column
F
Line
PE——
i d, i

[T S [
nQ_

- £

Fig. 15. Arrangement of formation in line and column.

V. CONCLUSION

This work aims to understand the behavior of the elec-
tromagnetic effect of two naval radars operated on different
ships, at the same frequency and in different azimuth condi-
tions. The concept of a hypothetical radar is used to perform
the set of technical analyses.

Through electromagnetic simulations of the ship, RCS
values were calculated as a function of the engagement
azimuths. From these values, SNR ratios were obtained for
conditions with and without interference. It is evident that
interference occurs between radars, being highly dependent
on the angular condition of engagement due to the effect of
the RCS of the interfering ship.

The interference effect is less effective at angles of 0°,
90°, 180°, and 270°. Based on this condition, a maritime
formation arrangement is suggested in order to mitigate the
interference effect when all ships use the same radar with

equal frequencies, with column and line formation being
ideal for this situation.

This study contributes, in a technical way, to the under-
standing of the effect of co-channel interference between
naval radars, proposing arrangements and distances between
ships aimed at mitigating the effects of these interferences,
on operational movements.
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