
Citation: Ding, J.; Xie, Y.; Zhang, J.;

Gao, J.; Wu, P. Simulation of Active

Echo Cancellation Effects Using the

ARCS Concept. Electronics 2022, 11,

3891. https://doi.org/10.3390/

electronics11233891

Academic Editor: Raed

A. Abd-Alhameed

Received: 31 October 2022

Accepted: 23 November 2022

Published: 24 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

electronics

Article

Simulation of Active Echo Cancellation Effects Using the
ARCS Concept
Jianxin Ding 1,2,3, Yongjun Xie 1,2,3 , Jian Zhang 4, Jie Gao 5 and Peiyu Wu 1,2,3,*

1 School of Electronic and Information Engineering, Beihang University, Beijing 100191, China
2 Beijing Key Laboratory of Microwave Sensing and Security Applications, Beihang University,

Beijing 100191, China
3 Shenzhen Institute of Beihang University, Shenzhen 518000, China
4 Electrical and Automation Engineering, Nanjing Normal University, Nanjing 210023, China
5 No. 8511 Research Institute of CASIC, Nanjing 210007, China
* Correspondence: wupuuu@hotmail.com

Abstract: Active echo cancellation is an efficient method for reducing the target detected probability.
The radar cross section (RCS) of the target detected by radar after using the active echo cancellation
method is defined as the active radar cross section (ARCS). The ARCS concept, which may be used
to evaluate reflection of the target under the effect of multiple antennas, is employed to design and
achieve echo cancellation. In this paper, numerical simulation for active echo cancellation using
antennas is designed. The direction of the radiation source is obtained by means of dual antenna
angle measurement. Active echo cancellation is implemented by adjusting the radiation power and
phase of the echo cancellation antenna. By using the proposed dual antenna structure, ARCS in the
direction of the object facing the radiation source and its vicinity is significantly reduced. In addition,
the effect of antenna position on reflection cancellation is discussed. From these simulation results,
we conclude that the proposed method is efficient in reducing the target scattering intensity. Such
investigation can be extensively applied into designing active echo cancellation strategies.

Keywords: active echo cancellation; active radar cross section (ARCS); radar stealth

1. Introduction

With the rapid development of radar technology and electronic industry, the elec-
tromagnetic environment has become increasingly complex [1,2]. The investigation of
electromagnetic scattering in complex environments shows its potential in military and
civilian employment [3,4]. Among them, target detection and electromagnetic stealth can
be regarded as important scientific areas of current research [5,6].

In a complex electromagnetic environment, it can be noticed that it is impossible
for targets to be irradiated merely by a single radar source [7]. Thus, influence on other
external electronic equipment and active equipment must be considered during the investi-
gation. Owing to the introducing of an active radar cross section (ARCS), the scattering
characteristics in the circumstances of multiple radiation sources can be expressed and char-
acterized [8]. ARCS is introduced according to the equivalent method. Hence, a scattering
field generated by an interference source can be superimposed into the total field. Then, in
order to further investigate the characteristic on the external radiator, the influences on the
frequency, field amplitude, phase and polarization of multiple radiators are considered,
which can significantly affect the target characteristics [9]. Until now, the investigation of
ARCS focuses merely on the concept and on multiple radiators [8,9].

Over time, target stealth in a complex electromagnetic environment has become
much more important [10,11]. The mainstream methods of current stealth are absorbing
material covering and shape changing [12,13]. It is becoming difficult to persist in these
stealth methods due to the bottleneck on materials development and limitations on targets
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themselves. Active echo cancellation is one of the most efficient ways which uses a signal
to interfere with each other in space [14]. Such an operation allows the stealth for radar
without changing the material and shape. In previous work on echo cancellation, they
mainly focus on the acoustic signals [15], jamming signals [16], and clutter signals [17].
Recently, active echo cancellation has been widely used in radar detection. The active echo
cancellation of synthetic aperture radar has been studied [18]. Reference [19] studied the
effect of different antennas on dual station characteristics. To the best of our knowledge,
no one has investigated the usage of active echo cancellation direction directly to reduce
the radar echo signals in terms of RCS reduction. Meanwhile, ARCS shows its potential in
quantifying the electromagnetic scattering in active echo cancellation.

Here, the ARCS concept is employed in the evaluation of active echo cancellation
effects. Meanwhile, the simulation procedures of active echo cancellation are proposed. The
effectiveness is testified through the simulation with an antenna on the surface of aircraft.
A dual-antenna structure is proposed to achieve active echo cancellation. Compared
with existing methods using absorbing materials coated on the surface of the target, the
proposed method is simple in structure, easy to implement, and has lower cost and a
better cancellation effect. From the aspect of active echo cancellation of scattering field and
influences of antenna parameters and surface current on the active echo cancellation effect,
the results show that the proposed method is efficient in reducing the target scattering
intensity and analyzing active echo cancellation.

2. Methods
2.1. Active Echo Cancellation Theory Based on ARCS Concept

When the targets are illuminated by a radar wave, field energy is scattered along all
directions. The distribution of energy in space can be represented by the radar cross section
(RCS). RCS is a physical quantity that measures the ability of targets to scatter radar waves.
The equations of conventional RCS can be obtained as:

σ1 = lim
R→∞

4πR2 |Esl |2

|Eil |2
, (1)

where Esl is the scattered field at radar antenna from targets, Eil is the target incident field
and R represents the distance from targets to the radar antenna. The conventional definition
of RCS characterizes the scattered intensity of a target after it has been irradiated by radar
waves. It should be noted that such a concept is only efficient in single radar radiation.

When the conductor is irradiated by multiple incident waves or equipped with active
equipment, the surface current of the conductor changes dramatically [20]. This change
leads to the variation of electromagnetic scattering characteristics of the conductor. In
this case, the traditional definition is no longer applicable. As shown in Figure 1a, the
target is illuminated by radar signals and multiple incident waves. It can be observed from
Figure 1b that the target is radiated by radar signals and the antenna. The echo signals
are generated by the combined effect of radar, multiple radiators and antennas. In this
circumstance, the field energy distribution can be named as ARCS.

The definition of ARCS can be written as

σ
(

m2
)
= lim

R→∞
4πR2 |Es|2

|Esl |2
, (2)

where Es is the total scattering field which can be received by radar system antennas and it
can be expressed as

Es = Esl + Esm, (3)

where Esm is the scattering field caused by multiple radiators and antennas. The radar
receiving antenna is affected by their joint action with the scattered echoes from the target.
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Figure 1. Two different ARCS cases (a) target illuminated by radar and multiple radiators (b) target
illuminated by radar and antenna.

From the above discussion, it can be seen that there is a significant difference in the
scattering field between ARCS and RCS. RCS represents the scattering field generated by
the radar system, while ARCS characterizes the scattering field generated by the radar
system, active equipment and multiple radiators. The influencing factors of ARCS include
not only the physical parameters of the target and the parameters of the radar, but also the
parameters of multiple incident waves and active equipment.

One of the most important features between field and wave is the coherent interaction
between them. The interference effects may occur in scattered fields caused by radars,
multiple radiators and antennas. It will consequently lead to the increase or cancellation of
the electric field. Supposing the phases of Esl and Esm are ϕ1 and ϕ2 respectively, the ARCS
can be written as

σ = lim
R→∞

4πR2

∣∣Eslejϕ1
∣∣2 + ∣∣Esmejϕ2

∣∣2 + 2
∣∣Eslejϕ1 Esmejϕ2

∣∣
|Eil |2

, (4)

Supposing σ2 is the RCS caused by cancellation signals. Therefore, σ can be given as

σ = σ1

∣∣∣∣1 + σ2

σ1
+ 2
√

σ2

σ1
cos(ϕ2 − ϕ1)

∣∣∣∣, (5)

By analyzing (5), it can be known that the value of σ2 can be significantly reduced
by adjusting the phase. Similar to monostatic RCS, the observation point with the same
radar position can be called monostatic ARCS. When the observation point is different from
the radar position, it can be regarded as bistatic ARCS. The ARCS concept can be used to
achieve the cancellation of electromagnetic wave signals in certain directions and has the
potential to be applied to target stealth.

2.2. Active Echo Cancellation Evaluation Simulation Procedure

The combined effect of radiated fields and radar waves from active devices on the
target results in a diversity of scattered fields. To achieve the stealth of the target, the active
echo cancellation simulation procedure of the target is designed and analyzed by ARCS
theory. The effect of antenna parameters on the electromagnetic scattering characteristics
can also be expressed by ARCS. All simulations are calculated by HFSS.

As shown in (2), the process of calculating ARCS requires the value of the total
scattered field in space. In HFSS, the value of rE which represents the parameter of far field
can be calculated, where r is the distance from target to radar and E is the total electric
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field at a distance of r from radar. The total scattering field which can be received by radar
system antennas can then be obtained as

Es =
rE
R

, (6)

Then the ARCS can be written as

σ(dB) = 4π log 10
|rE|2

|Eil |2
, (7)

The simulation procedure of evaluating active echo cancellation by ARCS concept
through HFSS can be divided in five steps, as shown in Figure 2.
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Simulations were designed to validate the active echo cancellation using the ARCS
concept. We built a model of an aircraft with a dual antenna structure and added plane
wave excitation to the aircraft in the head-on direction. The active echo cancellation is
achieved by using the antenna to transmit an electromagnetic wave signal and adjusting the
amplitude and phase of the signal emitted by the antenna. We then calculate its monostatic
ARCS by HFSS simulation. More details are presented in Section 3.

3. Simulations

According to the theory mentioned in the previous section, when the radar signal is
irradiated to the target, the active equipment on the target surface emits waves of the same
frequency in the direction of the radar signal. By adjusting the amplitude and phase of
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the electromagnetic waves emitted by the active equipment, the echo signal received by
the radar antenna is effectively reduced. To further investigate the active echo cancellation
theory, numerical simulations are presented. An aircraft model with two antennas is used
in the simulation. One of the antennas plays a dominant role to receive the signal and
transmit electromagnetic waves for active echo cancellation, and the other antenna plays
a secondary role to receive the signal together with the former to obtain the direction of
the incident wave, as shown in Figure 3. The mark k indicates the direction of the incident
electromagnetic wave. The electromagnetic field around the antenna system located on the
aircraft model before and after the echo cancellation is shown in Figure 4.
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(b) Electromagnetic field around the antenna system after the echo cancellation.

The boundary dimension of the aircraft is 4.5 × 3.6 m in the horizontal plane. The
material of the aircraft is a perfect electronic conductor. This antenna system consists of
two monopole antennas. The operating frequency of the monopole antenna is 1 GHz. The
monopole length is 69 mm and the monopole radius is 3 mm. The distance between two
monopole antennas is 150 mm. The amplitude and phase characteristics of the signals
emitted by the echo cancellation antenna are adjusted to decrease the scattered field of
aircraft during the simulation.

The dimensions of the monopole antenna are obtained by HFSS software simulation.
Its length is set to 1/4 wavelength according to its operating frequency, and then optimized
according to the simulation results. When the antenna is placed on the aircraft, its reflection
coefficient obtained by simulation is less than −10 dB.
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In the proposed method, the scattered waves of the target in a specific direction are
recorded in advance. Once the direction, amplitude and phase of the radar signal irradiated
to the target are available, the amplitude and phase of the signal that should be emitted
by the antenna for active echo cancellation can be obtained. The antenna on the target
quickly emits canceling electromagnetic waves to reduce the ARCS, thus reducing the
probability of being detected. The scattered electromagnetic fields of the target are obtained
by numerical simulation in HFSS software. In a real scenario, the amplitude of the signals
can be adjusted by the input power of the signal source, and the phase of the signals can
be adjusted by the phasers, and the scattered electromagnetic fields of the target can be
obtained by means of antenna measurement, such as the compact antenna test range.

The dual antenna structure is designed to receive the radar signal and obtain its
amplitude and phase. In addition, by comparing the phase difference between the signals
received by the two antennas, the direction of the radar can be calculated.

The head-on direction of the aircraft is chosen as the incident direction of the radar
signal in the simulations, and the effect of phase change on the echo cancellation is studied
first. The simulations were conducted in four cases with transmitting antenna feed power of
0.001 W, 0.01 W, 0.1 W and 0 W respectively, while the feed power of the auxiliary antenna
is set to 0 W. The phase of the transmitting antenna was set to variable, ranging from 0◦ to
360◦ with an interval of 5◦. By calculating the phase characteristics of the electromagnetic
field, the active echo cancellation results are obtained for these four incidence cases with
different power and phase characteristics. The simulation results are shown in Figure 5.
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Figure 5. ARCS of the target at antenna transmit power of 0.001 W, 0.01 W 0.1 W and 0 W. Figure 5. ARCS of the target at antenna transmit power of 0.001 W, 0.01 W, 0.1 W and 0 W.

From the simulation results, we can find the existence of such a determined amplitude
and phase of the electromagnetic wave emitted by the echo cancellation antenna, thus
minimizing the ARCS of the target in a particular direction and a fixed frequency. The
smaller the difference between the amplitude and phase of the emitted signal and this
amplitude and phase, the better the effect of echo cancellation, which is consistent with the
theory mentioned in Section 2.

The effect of antenna position on the echo cancellation effect is then discussed. The
two antennas are placed symmetrically on both sides of the target, and the amplitude and
phase of the transmitted signals from the echo cancellation antenna are adjusted to find the
state that minimizes its ARCS. The echo cancellation antenna is then placed in the center of
the target, and the other antenna is placed on one side, as in Figure 6, and we find the state
with the minimum ARCS as well. The variation of the ARCS of the target with the phase of
the echo cancellation signal in the two cases is shown in Figure 7.
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As can be seen in Figure 7, when the two antennas are placed symmetrically on both
sides of the target, the minimum ARCS of the target is −3.67 dB, while the minimum ARCS
of the other structure of the target is −9.92 dB, which is much smaller than the former. We
can consider the target as a whole and it can be regarded as a signal source emitting radar
scattered waves. The scattering center of the target is considered to be the location of this
signal source. Furthermore, the electromagnetic waves emitted by the echo cancellation
antenna are used to reduce this signal. The closer these two sources are to each other, the
better the signal reduction effect will be, so the location of the echo cancellation antenna
should be as close as possible to the scattering center of the target.

The following simulation experiments are conducted for the ARCS in the direction
adjacent to the aircraft head-on direction, and the direction is chosen to be within −10 to
10 degrees azimuth degrees of the horizontal plane. The minimum value of the target ARCS
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is found by adjusting the amplitude and phase of the emitted electromagnetic wave from
the transmitting antenna, and the results are shown in Figure 8.
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As can be seen in Figure 8, the ARCS of the target is effectively reduced in all the given
directions. The ARCS is reduced by more than 6 dB in each of these directions, with a
maximum reduction of 24.36 dB in the head-on direction. As long as the amplitude, phase
of the incident wave and incident wave direction of the radar antenna are clarified by the
dual-antenna receiving structure, the amplitude and phase of the electromagnetic wave
that the target needs to transmit to reduce the ARCS can be obtained, the ARCS reduction
can be achieved quickly and accurately according to the situation.

To further validate the proposed method, an aircraft of a different shape was selected
for simulation. The boundary dimension of the aircraft is 5.5× 5.7 m in the horizontal plane.
The dual antenna structure was placed on the aircraft as shown in Figure 9. When the
antenna has no input power, the monostatic ARCS of the aircraft is −6.6 dB. By adjusting
the radiated power and phase of the echo cancellation antenna, the monostatic ARCS of the
aircraft can be reduced to −24.6 dB, which is much smaller than the case without excitation.
The effectiveness of the proposed method is demonstrated in this way. Experimental
validation of active echo cancellation using the ARCS concept was carried out in a previous
paper by our group [8].
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4. Conclusions

In this paper, the ARCS concept is used to evaluate the active echo cancellation effect
of an antenna. A dual antenna structure is proposed to determine the direction, amplitude
and phase of radar signals and to apply active echo cancellation. The use of dual antenna
reception allows the incoming wave direction of the radar to be sensed. The ARCS of the
target is reduced by transmitting electromagnetic waves of suitable amplitude and phase
based on the pre-stored information. According to the simulation results, the proposed
method can reduce the monostatic ARCS of the target in a chosen direction and within
10 degrees of its vicinity by more than 6 dB. The proposed method can reduce the probability
of the target being detected and evaluate the effectiveness of active echo cancellation. With
the above demonstration, the ARCS concept shows its potential in designing active echo
cancellation, which has some application value and engineering significance.

Future work includes the use of different antennas and active echo cancellation in
other scenarios. The proposed method was applied only to the monostatic case. Methods
to increase the bandwidth of active echo cancellation and apply it in the bistatic case are
also potential future works for practical use.
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