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Abstract: As an important remote sensing technology, millimeter-wave radar is used for environmen-

tal sensing in many �elds due to its advantages of all-day, all-weather operation. With the increasing

use of radars, inter-radar interference becomes increasingly critical. Severe mutual interference

degrades radar signal quality and affects the performance of post-processing, e.g., synthetic aperture

radar (SAR) imaging and target tracking. Aiming to deal with mutual interference, we propose an

interference mitigation method based on variational mode decomposition (VMD). With the character-

istics that the target is a single-frequency sine wave and the interference is a broadband signal, VMD

is used for decomposing the radar received signal and separating the target from the interference.

Interference mitigation is then implemented in each decomposed mode, and an interference-free

signal is obtained through the reconstruction process. Simulation results of multi-target scenarios

demonstrate that the proposed method outperforms existing decomposition-based methods. This

conclusion is also con�rmed by the experimental results on real data.

Keywords: frequency modulated continuous wave; interference mitigation; millimeter-wave radar;

signal reconstruction; variational mode decomposition

1. Introduction

With the development of information technology, many intelligent applications such
as autonomous driving and intelligent transportation have been aroused. As the �rst step
in environmental perception, sensor technology has received considerable attention. In
long-distance sensing applications, radar has become irreplaceable due to its all-day and all-
weather work ability [ 1]. In recent years, the manufacturing dif�culty and cost of millimeter-
wave (mmWave) radar have decreased with the development of chip technology [ 2–4],
which has led to radar being widely used in many �elds [ 5–7]. Along with the rapid
growth in deployment number, interference between radars becomes non-negligible [ 8].
For example, a typical radar con�guration for autonomous driving contains four short-
range radars deployed at each corner of a vehicle, two mid-range radars at the front
and back, and one long-range radar at the front [ 9]. This con�guration makes mutual
interference inevitable, especially in congested road conditions.

Mutual interference will seriously degrade radar performance and bring security risks
to important radar applications such as synthetic aperture radar (SAR) imaging [ 10] and
multiple target tracking. Speci�cally, the interference can cause false targets in radar echoes
and raise noise level to reduce signal-to-noise rate (SNR), which affects target detecting or
imaging performance [ 11,12]. Therefore, an effective interference suppression solution has
become an urgent need for mmWave radar applications in recent years.

Some studies on the phenomenon of radar mutual interference have been proposed.
The probability density function of interference is analyzed and the statistical similarity
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between interference and additive white Gaussian noise is explored in [ 13]. The results
show that interference has a white-noise-like appearance in most cases, which raises the
noise �oor level. The phenomenon of radar mutual interference, such as characteristics in
time domain, frequency domain, and time-frequency (TF) domain for different waveforms,
is analyzed in [ 11,14–16]. The studies mentioned above allow us to understand the charac-
teristics of radar mutual interference and provide a basis for subsequent radar interference
suppression research.

In order to mitigate the impact of interference on radar target detection, signal process-
ing approaches are investigated. Setting the interference area to zero is a straightforward
approach to suppress interference in the time domain [ 17], while discontinuity is induced
by zeroing in signals. Adding a cosine window to the interference area can avoid the
discontinuity caused by zeroing [ 17]; however, target echoes of interest in interfered signal
parts are lost. An autoregressive (AR) model is used for predicting the target information
in the interfered parts [ 18]. This is able to recover target information when the interference
duty cycle is small, but fails to obtain good performance in large interference duty cases.
To improve the loss of useful information during interference mitigation, some studies turn
to signal decomposition approaches [19,20], which �rst decompose radar-received signals
to obtain decomposed modes, then detect and suppress interference in the decomposed
modes, and �nally reconstruct the received signal to obtain its interference-free version.
These signal decomposition methods allow the useful information in the interference-free
modes to be retained.

According to the conclusion that target echo and interference can be distinguished in
the TF domain [21], interference mitigation methods based on TF analysis have received
attention [ 22]. Experimental results show that TF-domain-based methods can locate in-
terference position more accurately than time-domain-based methods. Nevertheless, TF
domain methods need a large amount of storage and computation capacity since the area
of interference information extraction is expanded from one dimension of the time domain
to two dimensions of the TF domain, which is not suitable to real-time application. There-
fore, it is necessary to further explore methods with a better effect but low storage and
calculation burden.

On the basis of the above analysis, we investigated interference mitigation based on
the signal decomposition technique since it has more �exibility of interference detection
than time domain methods and less storage and computational burden than TF domain
methods. In this work, a mutual interference mitigation method based on variational
mode decomposition (VMD) is introduced. We show that targets in different distances are
separated from the broadband interference based on the role of band-pass �lter bank of
VMD, and target echo in interfered area of decomposed modes can be reconstructed by
AR model interpolation. As a result, the improvement of signal-to-interference ratio (SIR)
can be realized via replacing the interference by a reconstructed signal. The reconstructed
signal has a better interference mitigation effect especially in the multi-target scene.

Compared to the existing decomposition-based methods, this work mainly contributes
as follows:

1. According to the broadband frequency characteristics of the interference, the VMD
method with quasi-orthogonal decomposition characteristics can effectively decom-
pose the interference energy into different decomposed modes, thus reducing the
energy of the interference in each mode and helping to improve SIR through the
interference mitigation process in decomposed modes.

2. With the narrowband characteristics of VMD, the linear frequency-modulated (LFM)
like interference can be decomposed into sub-band components that have a limited time-
support region. This is beneficial in interference detection and signal reconstruction.

3. For multi-target scenes, targets in different ranges can be separated into different
decomposed modes based on the nature of narrowband �lter banks of VMD. As a
result, the number of targets in each mode can be reduced and signal reconstruction
can be realized by the linear prediction model with low complexity.



Remote Sens.2023, 15, 557 3 of 24

The remainder of this paper is structured as follows. A review of related work and the
research motivation of the proposed method are given in Section 2. The signal model of the
mmWave radar with mutual interference is established in Section 3; then, the interference
mitigation approach based on VMD is introduced in Section 4. The performance evaluation
of the proposed method is discussed by simulations and real experiments in Section 5 and
Section 6, respectively. Finally, the conclusions are given in Section 7.

2. Related Work and Research Motivation

When mutual interference occurs between mmWave radars, the interference typically
appears as a short time component of higher energy in a received signal of a victim
radar [11]. Locating and suppressing interference in the time domain can be achieved by
zeroing or adding a window to interference. However, zeroing brings discontinuity of
signals, which raises the noise level and affects target detection in a range pro�le (RP).
Adding a window can relieve the discontinuity of signals, but still loses useful information
in the overlapping part of the interference [17].

Considering the limitation of direct interference suppression in the time domain, a
signal-decomposition-based approach is a promising method. For instance, empirical
modal decomposition (EMD) has been used for radio frequency interference (RFI) sup-
pression in high-frequency surface-wave radar [ 23,24], SAR [25], and microwave radiom-
etry [ 26]. These studies decompose interfered signals by EMD, then process or suppress
interference in different decomposed components, and �nally obtain the interference-free
signal by reconstruction process. The results of these studies demonstrate the effectiveness
and potential of EMD in RFI suppression. Another signal decomposition approach based
on wavelet technique is proposed in [ 20] to decompose radar received signal into layers of
different resolution, then interference mitigation is achieved by wavelet reconstruction of
those layers where the interference is removed.

Although the target information can be retained during interference mitigation by signal
decomposition methods such as EMD and wavelet, the frequency characteristics of EMD and
wavelet need to be reconsidered in mmWave radar interference mitigation applications.

A typical frequency-modulated continuous wave (FMCW) radar work�ow for an inter-
ference scenario is shown in Figure 1. The radar signal goes through a total of three phases
from transmitter to receiver as follows: a signal-transmitting phase, a target scattering
and interference superimposing phase, and a signal-receiving phase. The radar work�ow
starts from the signal transmitting phase. The radar transmitting signal is generated by a
waveform generator, and then ampli�ed by a power ampli�er (PA) and radiated into space
by a radar transmitter antenna. In the target scattering and interference superimposing
phase, when the radar signal encounters a target, it is scattered by the target and returns to
the radar. Meanwhile, if there is an interfering signal, this interfering signal will also reach
the radar. In this case, the target echo and the interference are superimposed to form a radar
received signal. The radar work�ow then enters the signal-receiving phase. The target echo
and interference are received by the radar receiver antenna and ampli�ed by a low-noise
ampli�er (LNA). After mixing with the reference signal generated by the waveform genera-
tor, a beat frequency signal is obtained. Finally, the digital signal is obtained after sampling
by an analog-to-digital converter (ADC) to the beat frequency signal. Here, a low-pass �lter
(LPF) is used before the ADC in order to avoid aliasing during signal sampling.

The majority of radars currently operate in FMCW mode and the mixer of their receiver
outputs a beat frequency signal, which is the difference between the received signal and
the transmitted signal [ 8]. The range measurement is realized in the spectrum of the beat
frequency signal, which is known as RP. In automotive radar or traf�c radar application
scenarios, targets may appear at different distances in front of the radar. Therefore, radar
detection performance at different distances will be related to the frequency characteristics
of EMD and wavelet decomposition.
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Figure 1. Flow chart of frequency-modulated continuous wave (FMCW) radar system.

The decomposition results of a real� valued broadband white noise using different
methods are shown in Figure 2, and the spectrum of each decomposed mode is also given.
It is worth noting that millimeter wave radars have both real � valued and complex-valued
sampling structures. Currently, most radar implementations use real � valued mixers and
real� valued baseband and ADC chains. Part of the reason for this type of implementation
is that the number of ADCs and variable gain ampli�ers does not have to be doubled,
thus gaining a cost advantage [27]. Therefore, the beat frequency signals discussed in
this paper are real� valued signals. It can be seen that the frequency characteristics of
EMD and wavelet are similar to a set of �lter banks, where each decomposed mode
occupies a frequency band that is roughly the upper half of the residuals of the previous
mode [28,29], as shown in Figure 2b,d. The difference is that the highest band of the �lter
bank corresponding to EMD is determined by the highest frequency of a signal, while
the highest band of the �lter bank corresponding to the wavelet is predetermined and
equal to the sampling frequency of a signal. These decomposition features indicate that the
�lter banks corresponding to EMD and wavelet do not divide frequency bands at equal
intervals in the frequency domain. In mmWave radar applications, these decomposition
features correspond to a non-uniform division of the radar detection range. This means
that when broadband interference is present, the SIR of target echoes at different distances
are different. In typical mmWave radar detection scenarios, such as vehicle detection on
roads, the use of EMD or wavelet for echo decomposition will lead to different SIRs for
vehicle echoes at different distances, resulting in different radar detection performance at
different distances. Thus, a decomposition method that can provide similar SIR for targets
at different distances is desired.

Recently, a new signal decomposition method, named VMD, has been proposed [ 30].
This decomposes a signal into a collection of band-limited intrinsic mode functions (IMF)
with different center frequencies that are quasi-orthogonal to each other. Based on such
characteristics, the broadband signal can be uniformly divided into multiple sub-bands
in the frequency domain, as shown in Figure 2f. Corresponding to the radar scenario, the
received signal is uniformly decomposed into different modes by distance. This allows
the targets to have similar SIRs in different IMFs, thus making interference mitigation in
different modes more ef�cient.

In summary, VMD has potential for interference mitigation in typical mmWaveu
radar applications.
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Figure 2. Decomposition results of real � valued white noise by different methods. ( a) Results of
empirical modal decomposition (EMD) in time domain, ( b) results of EMD in frequency domain,
(c) results of wavelet in time domain, ( d) results of wavelet in frequency domain, ( e) results of
variational mode decomposition (VMD) in time domain, and ( f ) results of VMD in frequency domain.

3. Signal Model with Mutual Interference

The most common signal used in mmWave radar is linear FMCW [ 8,31], which is
also called chirp signal. In this work, the radar signal and interference are modeled for
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the FMCW system, and the interference mitigation technique for the FMCW system is
discussed. The single LFM signal transmitted by radar is

st (t) =
p

2Pt cos[2pj (t)]

=
p

2Pt cos
�
2p

�
fc +

1
2

kt
�

t
�

=
p

2Pt cos
�
2p

�
fc +

1
2

B
T

t
�

t
�
,

(1)

where Pt is the power of the transmitted signal, fc is the operating frequency of the radar, k
is the slope of the chirp signal, B is the chirp sweep bandwidth, and T is the chirp duration
time. When a target exists, the radar-transmitted signal will be scattered by the target, and
the echo signal received by the radar is

se(t) =
p

2Pecos[2pj (t � t )], (2)

where t is the time delay related to the range and velocity of the target and Pe is the target
echo power. According to the radar equation [32], the target echo power is

Pe =
Pt G2� 2�
(4� )3R4 , (3)

where � is the wavelength, G is the antenna gain, � is the target radar cross section (RCS),
and R is the distance between the radar and the target. It should be noted that due to the
two-way propagation of electromagnetic waves in space, the target echo power is inversely
proportional to R4.

When mutual interference occurs, interference signal is usually emitted by a interferer
radar. A typical interference signal is

si (t) =
p

2Pi cos[2pj i (t � t i )]

=
p

2Pi cos
�
2p fci(t � t i ) +

1
2

ki (t � t i )
2
�
,

(4)

where Pi , fci and ki are the power, carrier frequency and chirp slope of interference, respec-
tively. The interference power is

Pi =
Pt i Gi G� 2

(4� )2R2
i

, (5)

where Pt i and Gi are the power of the transmitted signal and the antenna gain of the
interferer radar, respectively. Ri is the distance between the interferer radar and the victim
radar. It should be noted that the propagation of electromagnetic waves is one-way in the
interference case; thus, the interference power is inversely proportional to R2

i . When the
interferer and the target are located at the same distance, the interference power will be
greater than the target echo power according to (3) and (5).

From (2) and (4), the target echo and the interference are received by radar, and the
received signal is

sr (t) = se(t) + si (t) + n(t), (6)

where n(t) is the radar receiver noise. From (1), (2), (4), and (6), the beat frequency signal in
baseband can be obtained as
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sb(t) = st (t) � sr (t)

= st (t) � [se(t) + si (t) + n(t)]

=
p

2Pt cos[2pj (t)]

�
np

2Pecos[2pj (t � t )]

+
p

2Pi cos[2pj i (t � t i )]
o

+ n(t)

= 2
p

Pt Pecos[2p (kt )t � 2p (
1
2

ktt � fct ) ]

+ 2
p

Pt Pi cos
�
2p ( fc +

1
2

kt � fci + ki t i �
1
2

ki t )t

� 2p (
1
2

ki t i t i � fcit i )
�

+ n(t).

(7)

From (7), the beat frequency corresponding to the target is fb = kt and the beat
frequency corresponding to the interference is fbi = fc � fci + ki t i + 1

2(k � ki )t. It is worth
noting that the beat frequency of interference is a LFM signal, which means the interference
has a broadband spectrum in the frequency domain.

According to Figure 1, radar signal �ow in an interfered condition can be described as
follows: The signal is radiated into the environment through the transmitter, then scattered
by the target and superimposed with the interference. At the end of the signal propagation,
it reaches the radar and is received by the radar antenna. After mixing the received signal
with the reference signal, a beat frequency signal can be obtained. Then, the beat frequency
signal passes through an LPF before it is sampled by ADC. The function of the LPF is to
prevent signal aliasing during analog-to-digital sampling. According to (7), the target echo
after the dechirping process is a single-frequency sinusoid, while the interference shows
LFM features after dechirping. For target echo, as long as its beat frequency is less than
the cut-off frequency of LPF, the target information can be retained in the sampled digital
signal. For interference, it becomes a broadband signal which occupies the whole frequency
domain due to the LPF [15].

In a nutshell, after the dechirp process, the features of target echo and interference in
the same distant are summarized as follows:

1. The target echo is a single-frequency and small-power sinusoid.
2. The interference is a broadband and large-power signal.

4. Interference Mitigation Method

In radar-received signals, target echo is a single-frequency component, while interfer-
ence is a broadband signal. Therefore, in the spectrum of the received signal, the target is a
spectral line and the interference is a broadband power signal that raises the noise �oor [ 21].
Due to the characteristics of the target echo and the interference, we propose a interference
mitigation method based on VMD. In this method, the received signal is decomposed by
VMD to obtain subband signals, so that the broadband interference can be decomposed
into different subbands, which reduces the interference power in each IMF, and therefore,
interference mitigation can be performed in each IMF.

4.1. Introduction to Variational Mode Decomposition

VMD is an adaptive signal decomposition algorithm proposed in [ 30]. It is widely
used in many �elds due to its good adaptive decomposition characteristics [ 33–35]. A
signal can be decomposed by VMD into an ensemble of band-limited IMFs, which have
quasi-orthogonal property to each other. Essentially, VMD is a generalization of the classic
Wiener �lter into multiple, adaptive bands. Thus, we can obtain the decomposed IMFs for
a given radar signal either exactly or in a least-squares sense. The narrow-band modes for
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a beat frequency signal can be obtained by solving the constrained variational problem
as follows:

min
f umg,f wmg

(

å
m








 ¶t

��
d(t) +

j
p t

�
� um(t)

�
e� jwmt










2

2

)

s.t. å
m

um(t) = sb(t)
, (8)

where um, m = 1, ...,M and wm, m = 1, ...,M are the set of all modes and their center
frequencies, respectively. There are three stages implemented for VMD in (8):

1. Firstly, for each mode um, compute the associated analytic signal by using the
Hilbert transform.

2. Secondly, for each mode um, shift the mode's frequency spectrum to baseband, by
mixing with an exponential tuned to the respective estimated center frequency.

3. Finally, the bandwidth is estimated through the squared L2-norm of the gradient.

The variational problem in (8) can be converted to an unconstrained problem by
introducing an augmented Lagrangian function L as follows:

L (f umg, f wmg, b) = aå
m








 ¶t

��
d(t) +

j
p t
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� um(t)

�
e� jwmt
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2
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sb(t) � å
m

um(t)












2

2

+

*

b(t), sb(t) � å
m

um(t)

+

,

(9)

where a represents the variance of white noise and b is the Lagrange multiplier. Then, the
unconstrained problem can be solved ef�ciently in a classical alternate direction method of
multipliers (ADMM) approach, and the decomposition modes are extracted concurrently.
In detail, the solution of (9) is the saddle point of the augmented Lagrangian L in a sequence
of iterative sub-optimizations. At step n + 1 of the alternating update, the mode un+ 1

m , the
center frequency wn+ 1

m of the current mode, and the Lagrange multiplier bn+ 1 are:

ûn+ 1
m (w) =

ŝb(w) � å i6= m ûi (w) + b̂(w)
2

1 + 2a(w � wm)2 , (10)

wn+ 1
m =

R¥
0 wjûm(w)j2dw
R¥

0 jûm(w)j2dw
, (11)

b̂n+ 1(w)  b̂n(w) + g

 

ŝb(w) � å
m

ûn+ 1
m (w)

!

, (12)

where ûn+ 1
m , ŝb and b̂n+ 1 are the Fourier transform corresponding to un+ 1

m , sb and bn+ 1,
respectively. g is the noise tolerance parameter. During the alternating update process, the
bandwidth and centering frequency of each IMF mode are continuously updated until the
iteration stop condition is satis�ed as follows:

å
m






 ûn+ 1

m � ûn
m








2

2
/ kûn

mk2
2 < e, (13)

where e is the convergence tolerance level.
After decomposition, the reconstruction of the beat frequency signal can be obtained

from the summation of the IMFs, which is

sb(t) =
M

å
m= 1

um(t). (14)
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It is worth noting that the number of decomposition modes M is an important param-
eter of VMD, which affects the accuracy of the decomposition results. Studies to determine
the number of decomposition modes have been proposed [36,37]. In the traf�c-oriented
interference mitigation, the determination of M can be based on existing methods; however,
the following issues need to be considered. Since the spectrum of the radar beat frequency
signal represents the RP, a reasonable value of M can be determined �rst by existing meth-
ods, and then a further correction of M is needed to �t the traf�c scenario. The goal of the
correction is to divide the radar detection range into suitable range subsections to ensure
that the number of targets in each range section is not too large, which helps us to simplify
the order of the subsequent linear prediction model.

4.2. Interference Mitigation Realization

For the mutual interference mitigation of mmWave radars, assuming that there are
multiple targets, without loss of generality, we consider that targets are evenly distributed
over the radar detection range, and target echoes are the superposition of multiple sinusoids.
Since the spectrum of beat frequency signal is the RP, targets with different distances are
located at different frequency bins, and a high frequency corresponds to a far distance.
Unlike the targets, the power of interference distributes over the entire frequency domain
and behaves like broadband noise.

Based on the different characteristics of target echo and interference in the frequency
domain, VMD is used for decomposing radar-received signal into narrowband modes.
Due to the quasi-orthogonal property of VMD, it ensure that targets of different range
are assigned to different modes, and the interference power is also divided into these
narrowband modes. As a result, the number of targets reduces in each decomposed mode,
and the band width of interference is limited in each mode simultaneously. In these cases,
signal power is preserved while the interference power is reduced in each mode, and
thus, SIR is improved. This is bene�cial for performing interference suppression and
signal recovery.

After decomposition by VMD, interference can be located in the time domain for each
IMF mode and suppressed by zeroing; then, the target echo signal in an interfered area can
be recovered by linear interpolation, which can retain more information about the target.
Usually, the interpolation can be realized by a linear prediction problem de�ned as

u(t) =
Q

å
i= 1

f iu(t � i) + #t , (15)

where Q is the model order, f i is the prediction coef�cient and #t is the residual. The AR
model is a commonly used approach to solve the linear prediction problem, and the key
point of the solution is to determine its order Q. Studies have shown that when the signal
is the summation of N sinusoids, the prediction in (15) can be uniquely achieved by 2N
samples, i.e.,Q = 2N [38,39]. Corresponding to mmWave radar applications, the order Q
of the linear model is related to the number of targets N in received signal.

It is worth noting that the order Q is not easy to determine in practice since the number
of targets N is unknown, especially when the target number is large, e.g., in a congested
traf�c environment. In addition, an AR model of a large order will be sensitive to noise,
which affects the quality of signal recovery. Therefore, it is necessary to reduce the number
of targets to ensure that the AR model has lower order and is more robust to noise. From
the decomposition characteristics of VMD as shown in Figure 2f, VMD has the ability to
divide radar detection range into IMF modes uniformly, which will help to reduce the
number of targets in each IMF. In this sense, VMD is suitable for the signal recovery in the
linear prediction model as shown in (15).

In summary, the interference mitigation algorithm �ow is shown in Figure 3. The algo-
rithm steps are identi�ed numerically in the �gure, and the details of the corresponding
signal processing steps are described as follows:
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1. Signal input step.
The received signal with interference is dechirped in the radar receiver to obtain the
beat frequency signal, and the beat frequency signal is the input of the interference
mitigation algorithm.

2. Signal decomposition step.
VMD is used to obtain the narrowband modes of the beat frequency signal. There are
total M modes.

3. Mode selection step.
Interference mitigation is performed on each decomposed mode. For one interference
mitigation process, a decomposed mode needs to be selected.

4. Interference detection and location step.
For each mode, the interference is detected and located by means of a constant false
alarm rate (CFAR) detector [40].

5. Signal recovery step.
Based on the results of interference location, the signal at the interference points is
removed and replaced by interpolation values via an AR model as shown in (15) in
each mode.

6. Signal reconstruction step.
Repeat steps 3 to 5 until all modes have been processed. Then, the beat frequency signal
is reconstructed according to (14) to obtain an interference-free time domain signal.

7. Signal output step.
The interference-free signal is output and will be used as input for subsequent radar
signal processing.

Figure 3. Interference mitigation �ow chart.

5. Numerical Simulation Results
5.1. Simulation Description

A multi-target scene is simulated to evaluate the performance of the proposed method.
In the multi-target scene, a total of ten targets with different ranges and velocities are
simulated. Speci�cally, the targets are evenly distributed in the range of 90 m to 900 m at a
spacing of 90 m. The targets information of the simulation are shown in Table 1.
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Table 1. Target Information for Simulation.

Target Index 1 2 3 4 5 6 7 8 9 10

Range (m) 90 180 270 360 450 540 630 720 810 900
Velocity (m/s) 2.7 3.0 3.3 3.6 3.8 4.1 4.4 4.7 5.0 5.2

Considering that an automobile radar scenario is simulated in the experiment, a
77 GHz frequency band is used for simulation. Two interferer radars are con�gured with
different modulation directions and slopes compares to the victim radar, as shown in
Table 2. In this simulation, real � valued mixers and real � valued baseband and ADC chains
are employed. In terms of the radar system signal �ow as shown in Figure 1, the signals are
analog until the ADC sampling; thus, we used a high sampling frequency, i.e., 2 GHz, to
simulate the analog signal. In the simulation implementation, a complete process of radar
signal transmitting, target interaction, interference superposition and signal receiving is
simulated. In detail, the target echoes are generated according to (2) and (3) based on the
range and speed of the targets as shown in Table 1. Meanwhile, the interference signals are
generated according to (4) and (5) based on the parameters of the interferer radars as shown
in Table 2. Then, the target echoes and interference signals are superposed according to(6),
and the mixing process with the reference signal is performed according to (7). Finally, the
sampling process of the ADC is simulated using the intermediate frequency (IF) as shown
in Table 2, and the sampled beat frequency signal is obtained.

The simulated signals of targets are shown in Figure 4. Comparing the time domain
signatures before and after adding interference to target echoes as shown in Figure 4a,c,
the interference presents larger power at different time segments. In the range domain as
shown in Figure 4b,d, the interference presents as a broadband power component. Since the
power of the interference is larger than that of the target echo, the interference signi�cantly
increases the noise level in the RP, and all targets are invisible in the RP except for the �rst
strong one. In this case, the detection performance of targets is degraded.
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Figure 4. Real� valued beat frequency signal and correspondingrange pro�le (RP). ( a) Beat frequency
signal without interference, ( b) RP without interference, ( c) beat frequency signal with interference,
and (d) RP with interference.
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Table 2. Numerical Simulation Parameters of Radars.

Parameter Victim Interferer1 Interferer2

Operating frequency (GHz) 77 77 77
Sweep bandwidth (MHz) 300 600 600
Sweep time (� s) 100 10 50
Sweep direction Up Down Up
IF sampling frequency (MHz) 50 - -

5.2. Performance Evaluation Methodology

A mmWave radar operating in FMCW mode usually transmits chirp sequences for
sensing the environment. In radar signal processing, the received chirp sequence is applied
with two-dimensional (2D) fast Fourier transform (FFT) to obtain the corresponding range
and velocity information [ 5]. The �rst FFT is the range FFT, which is performed on the
sampling points of each chirp. The range FFT �nds the RP, which re�ects the distribution of
the targets on the range domain. The second FFT is the Doppler FFT, which is based on the
range FFT and is processed at different chirps. The Doppler FFT obtains the velocity pro�le
of the targets, which re�ects the velocity distribution of the targets at a speci�c range. After
2D FFT, the range-Doppler (RD) response of the radar signal can be obtained, and the RD
response re�ects the distribution of the targets in the joint range-velocity plane.

In carrying out interference mitigation performance evaluation, one-dimensional (1D)
evaluation and 2D evaluation are employed in this work. In the 1D evaluation, the main
purpose is to evaluate interference mitigation performance in both the time domain and
range domain for a single chirp. Based on the 1D evaluation, the 2D evaluation mainly
evaluates the role of interference mitigation on radar velocity measurement.

For 1D evaluation, evaluation in the time domain aims to describe the degree of
interference suppression, and evaluation in the range domain focuses on the improvement
of target detection ability. In order to quantify the performance, one time-domain metric and
one range-domain metric are adopted. The time-domain metric is the signal to interference
plus noise ratio (SINR), which is de�ned as

SINR = 10 � log 10
ksek2

kse � sreck2
, (16)

where se is the true value of target echo and srec is the reconstructed counterpart of se. SINR
is used for measuring the suppressed degree of interference in the time domain.

The RP metric is integrated sidelobe ratio (ISLR) [41,42]. The calculation of ISLR
is slightly modi�ed in this paper in order to suit for multi-target situation. In detail, a
neighborhood RP of a speci�c target is extracted to calculate the modi�ed ISLR (MISLR) of
the target. For a speci�c target, the MISLR is de�ned as

MISLR = 10 � log 10

 
å a

m= c F2(m) + å d
m= b F2(m)

å b
m= a F2(m)

!

, (17)

where F is the spectrum of srec, the interval [a, b] bounds the main lobe and the interval
[c, d] bounds the neighborhood of the target. A smaller MISLR value indicates a better
performance of target detection, since the MISLR describes the ratio between the energy
of neighborhood sidelobes with respect to the energy of the main lobe. For practical
implementation, we recommend that the neighborhood can be selected as at least 5 times
the width of the main lobe in order to have more adequate sample points to estimate the
sidelobe level; i.e., the length of [c, d] is at least 5 times the length of [a, b].

5.3. Simulation Results

Two decomposition-based methods are utilized for performance comparison, includ-
ing an EMD-based method [ 24] and wavelet-based method [ 20]. In this experiment, Haar
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basis is employed for the wavelet decomposition. In implementing interference mitigation
by the proposed method, the number of decomposition modes of the VMD is set to 5,
which means that the detection range of the radar of 1200 m is divided into �ve sub-range
segments, each of which is about 240 m. In the interference detection of each mode, a
cell-averaging CFAR (CA-CFAR) detector is used, where the guard cell number is set to
2 times the number of main lobe sampling points and the training cell number is set to
10 times the number of main lobe sampling points.

The decomposition results of EMD, wavelet and VMD for simulated signals are shown
in Figure 5. In total, �ve modes are speci�ed in the implementation of different methods.
For EMD, there are four IMFs and a residual as shown in Figure 5a,b to represent the
decomposition results in the time domain and RP, respectively. Correspondingly, the results
of wavelet decomposition are shown in Figure 5c,d: there are four detail modes and one
approximate modes. The results of VMD are shown in Figure 5e,f: there are �ve IMFs.

The analysis of the decomposition results in the time domain and RP are described
as follows:

1. Results of EMD.
It can be seen from the decomposition results of the RP that IMF1 contains most of
the frequency components, as shown in Figure 5b. Although IMF2 occupies about
half of the low-frequency band, there is still a large frequency overlap between IMF1
and IMF2. This decomposition feature makes the interference components and most
of the target echoes to be contained in IMF1. The decomposition results in the time
domain also show that the waveform of IMF1 is similar to the original signal. In
this case, the interference mitigation based on EMD does not gain bene�t in the
decomposition process.

2. Results of wavelet.
The wavelet decomposition results are similar to those of EMD, where most of the
interference and target echo components are decomposed into Detail 1 and Detail 2
signals, as shown in Figure 5c,d. This also makes it impossible to obtain better
interference mitigation based on this decomposition result.

3. Results of VMD.
Based on the quasi-orthogonal and band-limited decomposition characteristics of
VMD, the interfered echo signal is decomposed to obtain approximately uniform
range sections in RP, as shown in Figure 5f. Such decomposition brings two ben-
e�ts: the �rst bene�t is that the interference power is uniformly decomposed into
different IMFs. According to (7), the interference is characterized as an LFM signal
in the beat frequency signal. When the interference is decomposed into different
narrowband IMFs, it is correspondingly decomposed into different time segments in
the time domain, as shown in Figure 5e. The second bene�t is that targets at different
distances are uniformly decomposed into different IMFs, and each target is basically
decomposed into a unique IMF due to the quasi-orthogonality of VMD. As a result
of the above bene�ts, the support area of the interference in time domain becomes
smaller for each IMF, which contributes to the computational reduction in the linear
prediction model. In addition, the number of targets in each IMF is reduced, which
contributes to the reconstruction of target echoes by using a lower-order model.

The energy percentage of the decomposition modes for each method is counted, as
shown in Figure 6. It can be seen that VMD has the most balanced decomposition results
among the three methods, where each mode has a similar energy percentage. Thus, it is
more suitable for the interference mitigation application of mmWave radars.
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Figure 5. Decomposition results of simulated real � valued beat frequency signal by different methods.
A total of �ve modes are speci�ed in the implementation of different methods. For EMD, there are
four intrinsic mode functions (IMF) and a residual. For wavelet, there are four detail modes and one
approximate modeb. For VMD, there are �ve IMFs. ( a) Results of EMD in time domain, ( b) results of
EMD in RP, (c) results of wavelet in time domain, ( d) results of wavelet in RP, (e) results of VMD in
time domain, and ( f ) results of VMD in RP.

The interference mitigation performance of all the tested methods in the time do-
main is shown in Figure 7. Among these results, the EMD and wavelet methods result
in the interference energy being concentrated in a few decomposed modes due to the
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inhomogeneity of the interference decomposition. Interference mitigation in these modes
is not much improved compared to the interference mitigation in the original signal. This
leads to limitations in interference localization and suppression. Compared with the EMD
and wavelet methods, the VMD method decomposes the interference into different time
segments and spreads the interference energy into different decomposed modes, which
makes the interference reduced in both the support domain and power for a mode relative
to the original signal, and then the localization and suppression of interference for each
mode can obtain the bene�ts from the decomposition. Therefore, the VMD method obtains
the best interference suppression and target reconstruction effect.
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Figure 6. Energy percentage of decomposed modes for different methods.
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Figure 7. The interference mitigation performance of different methods in time domain for simulation
experiment. (a) The beat frequency signal with and without interference, ( b) the reconstructed signal
by EMD, (c) the reconstructed signal by wavelet, and ( d) the reconstructed signal by VMD.

The quantitative evaluation results of interference mitigation for the tested methods
in the time domain are shown in Figure 8. The corresponding SINR is calculated after
interference mitigation using different methods, and the original SINR level is given as a
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reference. All three test methods achieved interference mitigation effects, and the highest
SINR level is obtained by the VMD method. Relative to the EMD and wavelet methods,
the SINR of the VMD method is about 4dB higher.
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Figure 8. Signal to interference plus noise ratio (SINR) of different methods for simulation experiment.

The interference mitigation performance of all the tested methods in RP is shown in
Figure 9. Before interference mitigation, only the amplitude of the �rst target is higher than
that of the interference, and the remaining nine targets are submerged by the interference
in the original signal. After interference mitigation, all three methods are able to display the
ten targets completely. Among them, the VMD method obtained the lowest noise level over
the whole RP. This shows the advantage of the VMD decomposition feature for interference
mitigation at different distance segments.
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Figure 9. The interference mitigation performance of different methods in RP for simulation experiment.

The quantitative results in the range domain are shown in Figure 10, which gives the
MISLR levels of the ten targets, and the original MISLR levels are given as a reference. From
the statistical results, it can be seen that the VMD method obtains signi�cant improvements
in the MISLR levels of most targets compared to the other methods.

Interference mitigation performance on RD response is also evaluated. A chirp se-
quence is designed in the simulation experiment for obtaining velocity measurement
capability. There are in total 256 chirps in one sequence, which is denoted as a frame.
For each chirp in a frame, interference mitigation is performed separately, and then the
processed chirps are formed into a new frame for subsequent 2D FFT processing to obtain
the RD response map after interference mitigation [8].
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Figure 10. Modi�ed ISLR (MISLR) of different methods for simulation experiment.

The RD maps of different methods are shown in Figure 11. Compared with the RD
map with interference, all three tested methods provide effective interference mitigation.
Compared with the truth, the three methods can correctly extract the RD response of
the ten targets, and the VMD method obtains the best interference mitigation effect. In
detail, the VMD method achieves the smallest noise level, which is bene�cial to target
detection performance.

Figure 11. The interference mitigation performance of different methods in range-Doppler (RD)
response for simulation experiment. Different colors represent different RD amplitudes in decibels.

In order to evaluate the computational power load of the tested methods, we use the
simulation data for the running time analysis of each method. The algorithmic �ow of
interference mitigation is divided into two parts: signal decomposition and interference
detection and mitigation. The running time of each part is counted separately and the
total time consumed by each method is also given. The computer platform used for the
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evaluation has an AMD Ryzen 7 5800H central processing unit (CPU) and 16 GB of DDR4-
3200 random access memory (RAM). The Matlab software version used in this experiment
is R2021a. The running time results for the interference mitigation of a simulated chirp are
shown in Table 3.

Table 3. Running Time of Different Methods for Simulation Data.

Method List
Running Time of

Signal Decomposition
(ms)

Running Time of
Interference Detection

and Mitigation (ms)

Total Running
Time (ms)

EMD 47 412.9 459.9
Wavelet 38.9 28.3 67.2
VMD 192.2 749.9 942.1
VMD (parallel) 191.1 126.7 317.8

It can be seen that the proposed method has the longest running time. Speci�cally,
for the running time of the signal decomposition part, the VMD is more time-consuming
than EMD and wavelet because it is an optimization problem solving process. In the
interference detection and mitigation part, the EMD and VMD methods use CFAR detector
for interference detection, which has more computation and takes longer compared to
the soft threshold detection of the wavelet method. In addition, the VMD method has
an additional process of signal recovery using the AR model, which also increases the
algorithm's time consumption. Overall, the wavelet method consumes the least amount of
time due to its fast algorithm structure, and the proposed method has the longest running
time. In practice, since the proposed method is performed for each mode in the interference
detection and mitigation part and there is no correlation between the modes, parallel
processing can be considered in this part. The running time using parallel processing is
shown in the last row of Table 3, which demonstrates that the elapsed time of the proposed
method is signi�cantly reduced by parallel computing.

6. Real Experiment Results

A real scene experiment is designed to evaluate the effectiveness of the proposed
method. In the experiment, we used three 77 GHz mmWave radars from Muniu Linghang
Technology Company for data recording. One of these radars is used as a victim device
and the other two are used as interference sources. The received data of the victim radar
are recorded for performance evaluation. The locations of all devices in the experimental
scene are shown in Figure 12. The two interferer radars are distributed on the left and
right sides of the victim's line of sight, and the distance from the victim to the interference
source 1 and source 2 is 20 m and 30 m, respectively. A corner re�ector is placed at 20 m
in front of the victim to simulate a typical strong target. A motorcycle rider's echo data
were also recorded.

Figure 12. Data collection scenario.
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The radar parameters used in the experiment are given in Table 4. All radar devices
operate at 77 GHz, differing in speci�c signal parameters. The victim is con�gured as
up-frequency modulation with a sweep bandwidth of 300 MHz, the interference source
1 is con�gured as the down-frequency modulation with a sweep bandwidth of 300 MHz,
and the interference source 2 is con�gured as the up-frequency modulation with a sweep
bandwidth of 500 MHz. The three radars are set to have different pulse repetition times
(PRTs) in order to increase the probability of mutual interference.

Table 4. Radar Con�gurations for Real Scene Experiment

Radar Parameters Victim Interferer1 Interferer2

Operating frequency (GHz) 77 77 77
Sweep bandwidth (MHz) 300 300 500
Sweep time (� s) 20 20 20
Sweep direction Up Down Up
Pulse repetition time (PRT) (� s) 30 43 61
Sampling frequency (MHz) 20 - -

Similar to the system work�ow in the simulation experiment, the signal �ow of
the victim radar in the real experiment follows Figure 1. The echoes of the targets and
the two interfering radar signals are superimposed and enter the receiver of the victim
radar. After mixing and low-pass �ltering, a discrete version of the real � valued beat
frequency signal is sampled by the ADC chip. In implementing interference mitigation by
the proposed method, the number of decomposition modes of the VMD is set to 5, which is
the same as the simulation experiment, and the CA-CFAR detector is also the same as in
the simulation experiment.

The original beat frequency signal and its interference mitigation version by different
methods are shown in Figure 13. It can be seen that two forms of interference related to the
two interferer radars are observed in the received signal. The interference with a short time
duration is introduced by interferer 1, and the long time duration is introduced by interferer
2. From the reconstructed waveforms of the contaminated part, the VMD method recovers
the sinusoidal waveform corresponding to the corner re�ector while better suppressing the
interference as shown in Figure 13c. In contrast, the EMD and wavelet methods did not
recover the sinusoidal signal despite the interference suppression achieved as shown in
Figure 13a,b. This is due to the fact that the VMD method performs a signal reconstruction
process based on the AR model after zeroing the interference in each decomposed mode,
which allows the VMD method to recover the target echoes with sinusoidal characteristics.

(a) (b)

Figure 13. Cont.
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(c)

Figure 13. The interference mitigation performance of different methods in time domain for real
scene experiment. (a) EMD method, ( b) wavelet method, and ( c) VMD method.

The RP after interference mitigation for all tested methods is shown in Figure 14.
The corner re�ector appears at 20 m, which coincides with the experiment setup. Overall,
the proposed method has lower sidelobe levels than other methods across the entire RP.
The quantitative analysis of MISLR is shown in Figure 15. It can be seen that the proposed
method achieves the lowest MISLR level. These results indicate that the proposed method
achieves the best interference mitigation performance and correspondingly has the best
target detection performance in a real scene experiment.

Figure 14. The interference mitigation performance of different methods in RP for real
scene experiment.

Figure 15. MISLR of different methods for real scene experiment.
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The interference mitigation evaluation for a moving target scenario is implemented.
The data of a motorcycle rider were recorded in the experiment. After 2D FFT processing
of the received chirp sequence, the RD response can be obtained as shown in Figure 16.
The RD response re�ects the joint range–velocity distribution of the target, i.e., when a
target locates at a speci�c range with a speci�c velocity simultaneously, a peak appears
at the corresponding position in the RD map. According to the RD map of the moving
target scenario in Figure 16, the motorcycle appears in the RD map at the range of 8 m
and the velocity of 7.8 m/s. The corner re�ector can also be observed in Figure 16, and it
appears at the range of 20 m with the velocity of 0, which coincides with the experimental
design of the scenario. In addition, some ground clutter components are observed in the
range domain with velocity 0, which is different from the simulation experiment. As can
be seen from the RD map before interference mitigation in the upper left of Figure 16, the
motorcycle is barely visible in the presence of interference. When interference mitigation
is performed, the motorcycle target is visible in the RD map obtained by all three tested
methods. Compared to the EMD and the wavelet methods, the proposed method obtained
the best interference mitigation performance. The noise level in the RD map is signi�cantly
reduced after using the proposed method for interference mitigation, as shown in the VMD
result of Figure 16. It should be noted that some amounts of energy distribute in the RD
cells near the range of 20 m. These amounts of energy are not introduced by the interference;
in fact, they are the sidelobes of the strong corner re�ector target in the velocity domain.
The above experimental results show that the proposed method can also achieve good
interference mitigation performance in a real-world moving target scenario.

Figure 16. The interference mitigation performance of different methods in RD map for motorcycle
scenario. Different colors represent different RD amplitudes in decibels.
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7. Conclusions

In this paper, we analyzed the mutual interference of FMCW mmWave radars. After
the dechirping process, the target echo becomes a single frequency sinusoid and the inter-
ference is a broadband signal. According to their difference, VMD is utilized to decompose
the received signal into the summation of a set of narrowband modes. As a result, the
interference power is broken down into each mode while the target echo is preserved. For
each mode, after the interference detection, the target echo in the interfered area is restored
by means of signal reconstruction, so as to achieve the effect of interference mitigation.

In the multi-target simulation scene, the modes obtained by VMD contain a reduced
number of targets and reduced bandwidth interference. In this case, a good interference
mitigation effect can be achieved using a simple linear prediction model. The simulation
results show that the proposed method has better interference mitigation performance than
the existing decomposition-based methods. The results based on the experimental data
show that the proposed method also outperforms the other decomposition-based methods
in a real scene.

Since the VMD implementation is based on the solution of an optimization problem,
it has a computational disadvantage; however, in practice, the use of an algorithmic
architecture with parallel computing can be considered to reduce the running time.
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