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Abstract: In modern radar operations, detection and jamming systems play a critical role.
Integrated detection and jamming systems simultaneously fulfill both functions, thereby
optimizing resource utilization. In this paper, we introduce a novel random noise frequency
modulation nimble modulation integrated signal (RNFM-NMIS) that is designed based
on reconnaissance analysis of adversary linear frequency modulated (LFM) radar signal
parameters. This waveform facilitates flexible adjustment of parameters, enabling adaptive
detection and jamming functions. Furthermore, to address the challenge of direct-wave
interference from adversary transmissions, we propose a signal processing method based
on time-domain pre-cancellation (TDPC). Simulation and experimental results show that
the proposed integrated waveform exhibits excellent and adjustable detection and jamming
capabilities. Under the proposed processing method, interference suppression and target
detection performance are significantly enhanced, achieving substantial improvements
over traditional methods.

Keywords: integrated detection and jamming; signal design; random noise frequency
modulated; direct-wave interference; time-domain pre-cancellation

1. Introduction
As modern warfare becomes increasingly characterized by informatization, network-

ing, and intelligence, the electromagnetic environment in which combat platforms operate is
growing more complex, and consequently, battlefield threats are on the rise [1,2]. To accom-
plish combat missions in an increasingly harsh battlefield environment, combat platforms
have to be equipped with electronic systems such as detection and jamming [3,4]. Detec-
tion and jamming systems were initially studied in separate directions due to differences
in operation and performance. However, both detection and jamming systems need to
occupy a large amount of spectrum resources, and each function needs to be divided
into independent spectrum space [5]. Therefore, to save costs and resources and improve
countermeasure efficiency, the technology of integrated detection and jamming systems
has become a hot research direction in recent years.

The integrated detection and jamming system must interfere with the adversary radar
simultaneously as the detection requires the system to work in the same frequency band to
form effective interference in electronic countermeasures [6,7]. If these hardware devices
with similar systems and consistent operating frequency bands are integrated, the size,
power consumption, and cost of the combat platform can be effectively reduced. The Ad-
vanced Multifunctional Radio Frequency (AMRFC) program was proposed to improve
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the electromagnetic interference problem caused by the excessive number of antennas on
ships [8]. The AMRFC generates four different waveforms simultaneously in the 6–18 GHz
frequency band and adjusts the allocation of resources to adapt to different operational
needs by changing the radio frequency (RF) parameters. In recent years, the phase-coded
modulated LFM (PC-LFM) waveform in the field of the integrated system of radar and
communication has also been utilized as a joint detection and jamming signal [9,10]. A
pseudo-random two-phase coding signal based on dual carrier frequency was proposed [11]
that realizes the integration of detection and jamming through the allocation of frequency
domain resources at two frequency points. The integrated signal was verified to have
good distance and velocity resolution ability and noise characteristics, which can form
suppressed jamming. Most existing integrated waveforms for detection and jamming can
be broadly classified into two design approaches: multiplexing and sharing [12]. In the
case of time-division multiplexing (TDM) [13], the system allocates distinct time slots
for detection and jamming functions. This temporal separation often leads to inefficient
use of available time resources, creating gaps in performance and reducing the system’s
real-time responsiveness. Similarly, frequency-division multiplexing (FDM)-integrated
waveforms [14] assign separate frequency bands for detection and jamming. However,
these methods require a designated protection interval to prevent overlapping and interfer-
ence between the two functions. Without this interval, the output signal can suffer from
significant distortion, compromising overall system performance. However, the cognitive
radar developed in recent years leverages adaptive waveform design and intelligent signal
processing to optimize detection and jamming performance dynamically [15,16]. By contin-
uously learning from the environment and adjusting its transmission strategy, cognitive
radar can overcome the limitations of fixed-parameter multiplexing schemes like TDM and
FDM. While cognitive radar systems employ intelligent algorithms to sense and respond to
environmental changes adaptively, they often require complex signal processing and sub-
stantial computational resources. These demands can limit their real-time responsiveness
and practical implementation. Additionally, cognitive radars primarily focus on optimizing
detection performance, which may not fully address the simultaneous requirements of
jamming capabilities. Therefore, the integrated signal presents a more streamlined and
efficient solution for integrated detection and jamming applications. Many integrated
waveforms based on the shared design mechanism primarily rely on random signal design
while neglecting the use of prior information from other waveforms, which leads to energy
dispersion and suboptimal interference performance [17]. Furthermore, most of these inte-
grated waveforms have remained in the realm of theoretical simulation without integrated
system experiments, thus failing to reflect their practical detection and jamming capabilities.
In scenarios where our integrated detection and jamming radar system confronts adversary
LFM radars, our system’s detection and jamming signals operate in the same frequency
band as the adversary’s transmissions [18], resulting in significant direct-wave interference.
Traditional methods, such as applying fractional Fourier-transform-based filtering [19] or
combining sparse recovery techniques [20] to extract pure integrated echoes, are limited by
high computational demands and inflexible waveform adjustment capabilities.

In this paper, the confrontation between our integrated detection and jamming equip-
ment and the adversary’s LFM radar [21] is taken as the working scenario. The transmitted
signal of the adversary radar is intercepted through the reconnaissance equipment, and its
waveform parameters are analyzed. Because the amplitude modulation (AM) [22] signal
does not fully utilize the power of the transmitter power amplifier, and the transmitter
power amplifier is required to be linear, it is not conducive to the application in practical
engineering. The random frequency modulation signal is easier to control the bandwidth,
and the interpulse orthogonality is also better. Therefore, a noise frequency modulation
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(NFM) waveform [23] with the same time width and frequency band as the adversary radar
is designed, and the intercepted radar signal is organically fused with the intercepted radar
signal by nimble modulation to obtain a random noise frequency modulation nimble mod-
ulation integrated signal (RNFM-NMIS). The proposed integrated signal, RNFM-NMIS,
enables simultaneous target detection and adversary radar jamming, with the detection
and jamming functionalities being finely tunable through adjustments to the modulation
coefficient. By unifying both functions into a single, coherent waveform, RNFM-NMIS opti-
mizes the use of time and frequency resources to ensure continuous and effective operation,
while its adjustable parameters offer enhanced flexibility to adapt to varying operational
conditions. Moreover, RNFM-NMIS significantly improves interference suppression and
target detection performance without the need for separate protection intervals, thereby
overcoming key limitations inherent in conventional techniques. The effectiveness of this
integrated approach in both detection and interference management has been validated
through practical experiments. Additionally, considering the direct-wave interference
caused by the transmitted signals of an adversary radar, a signal processing method based
on time-domain pre-cancellation (TDPC) of the direct-wave interference is proposed. In con-
trast, amplitude compensation operations may introduce target detection errors due to
direct-wave Doppler discrepancies. The effectiveness of the TDPC method, along with the
impact of these errors, is validated and analyzed through a series of simulations.

This paper is organized as follows. Section 2 discusses the working scenario of the
detection and jamming integrated system. Section 3 presents the signal design scheme
of the RNFM-NMIS and analyzes the detection and interference performance by simula-
tion results. In the scenario of strong direct-wave interference from the adversary radar,
Section 4 proposes a signal processing method based on TDPC of direct-wave interference.
Experimental results to verify the performance of the proposed signal are demonstrated
in Section 5. Section 6 simulates the performance of the TDPC method and analyzes the
effects due to the direct wave Doppler error. Finally, Section 7 summarizes this paper and
discusses its limitations and prospects.

2. Scene Description
The signal design proposed in this paper is based on the typical application scenario of

confrontation with the traditional LFM radar. This working scenario includes the adversary
radar, the adversary’s protection target, and our integrated equipment for detecting and
jamming [24]. The adversary radar transmits LFM signals in a certain direction through
the antenna to warn and detect possible threats and provide information support for
protecting targets. The purpose of our integrated detecting and jamming system is to detect
the protection target and obtain information such as its position, size, and speed. At the
same time, it interferes with the adversary radar to reduce its detection performance and
achieves the purpose of concealing its integrated equipment to create favorable conditions
for improving survivability. The working scene of the detection and jamming integrated
system is shown in Figure 1.

In this scenario, our integrated detection and jamming equipment can receive the
echo signal reflected by the target and the transmitted signal from the adversary radar.
The adversary radar can receive the echo signal reflected by our equipment and the trans-
mitted signal of our equipment. In this working scene, the integrated signal can serve as
a detection signal, achieving detection functionality through the integrated echo signal
reflected by the target. However, the adversary radar’s transmitted signal also generates co-
frequency direct wave interference, necessitating the adjustment of the correlation between
the integrated signal and the adversary signal to minimize such interference. The inte-
grated signal can also be utilized as a jamming signal to enter the receiver of the adversary
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radar, thereby reducing the detection performance of the adversary radar and achieving
jamming functionality.

Figure 1. The working scene of the detection and jamming integrated system.

3. Design Scheme of RNFM-NMIS
For the time-frequency shared RNFM-NMIS waveform, the structure of design and

generation is shown in Figure 2.

Figure 2. The signal generation structure of the RNFM-NMIS.

3.1. Signal Model

First, the LFM signal emitted by the adversary radar is intercepted. The frequency
modulation slope is K, the pulse time width is Tr, the bandwidth is Br, and the received
signal amplitude is Aa. The baseband single pulse signal can be constructed as [25]

Sa(t) = rect(
t

Tr
)AaejπKt2

(1)

The integrated system generates a random NFM signal of the same width, and the
form of a single pulse signal is [23]

h(t) = rect(
t

Tr
)Ao exp[j2π fct + j2πθ(t)] (2)

where fc is the carrier frequency, and Ao is the FM amplitude. The random component θ(t)
can be expressed as

θ(t) = KFM

∫ t

0
u(t′)dt′ (3)
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where u(t′) is the modulated noise signal, a zero mean, generalized stationary Gaus-
sian random process. KFM is the FM index. The selection of Gaussian-distributed noise
over uniform or Laplace distributions [26] is primarily due to the inherent properties of
natural noise and the mathematical characteristics of Gaussian functions. Natural noise
typically arises from the aggregation of numerous independent random factors, which,
according to the central limit theorem, approximates a Gaussian distribution. This makes
Gaussian-distributed noise more representative of real-world scenarios. More importantly,
the Gaussian distribution exhibits invariance under linear transformations, meaning that
any linear combination of Gaussian variables remains Gaussian. This property is crucial
in signal processing, as it allows for precise control and adjustment of signal spectral pa-
rameters. In contrast, linear combinations of uniform or Laplace distributions do not retain
their original distribution characteristics, complicating the control over signal properties.
Consequently, the construction of noise frequency modulation (NFM) signals predom-
inantly employs Gaussian-distributed noise to ensure both generality and the desired
mathematical tractability in signal design [23]. Set u(t′) to Gaussian white noise, and its
probability distribution is [27]

P(u(t′)) =
1√
2πσ

exp
[
−u2(t′)

2σ2

]
(4)

The power spectrum can be expressed as

G( f ) =

 σ2

∆F , 0 < f < ∆F

0, others
(5)

where σ2 and ∆F are the variance and bandwidth of the modulation noise, respectively. Let
m f e = KFMσ/∆F be the effective frequency modulation index. When m f e >> 1, the power
spectral density Gh( f ) of the random noise FM signal is linearly related to the probability
density P(u(t′)) of the modulated noise. When the probability density of modulation noise
is Gaussian distribution, the power spectral density of the random NFM signal is also
Gaussian distribution, that is,

Gh( f ) =
A2

2
1√

2πKFMσ
exp

[
− ( f − fc)

2

2(KFMσ)2

]
(6)

According to (6), the half-power bandwidth of the random NFM signal can be
obtained as

Bj = 2
√

2 ln 2KFMσ (7)

Through the local random NFM signal h(t), the intercepted LFM signal is nimbly
modulated to obtain the integrated waveform, which is expressed as

γ(t) = h(t)Sa(t)

= rect(
t

Tr
)Aa Ao exp[jπKt2 + j2π fct + j2πθ(t)]

(8)

We know that radar target detection resolution is determined by the spectral band-
width of the radar signal. Let S( f ) represent the spectral function of the LFM signal and
h( f ) that of the NFM signal. By combining Equation (8) with the property that multiplica-
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tion in the time domain corresponds to convolution in the frequency domain, the spectral
function γ( f ) of signal γ(t) can be expressed as

γ( f ) = S( f ) ∗ h( f ) (9)

where ∗ denotes the convolution operation. Let Bj/Br = β denote the nimble modulation
coefficient. After convolving the two signals, the main lobe is superimposed and broadened
so that the spectral main lobe width of the proposed RNFM-NMIS is approximately

Br ≈ Br + Bj = (1 + β)Br (10)

This parameter β allows for precise tuning of the noise signal’s frequency modulation slope
by adjusting the noise bandwidth Bj relative to the LFM signal bandwidth Br. In practical
terms, β plays a key role in balancing target detection performance and the signal’s jamming
effectiveness on the adversary radar. Specifically, a lower β results in a narrower noise
modulation bandwidth, which concentrates the transmitted energy and enhances the
jamming impact on the adversary radar. Conversely, a higher β broadens the effective
noise bandwidth, potentially diluting the energy concentration and reducing the jamming
effectiveness. Therefore, by carefully selecting β, the radar system can achieve an optimal
trade-off between maintaining high target detection accuracy and maximizing the jamming
performance against the adversary radar under various operational conditions.

The instantaneous frequency of our integrated signal can be obtained as

f (t) = fc + Kt + KFMu(t) (11)

Since u(t) is a Gaussian distribution noise, its probability density function obeys a
zero-mean Gaussian distribution; that is, it satisfies u(t)∼N(0, σ2

u). Then the probability
density function of f (t) is a nonstationary process, i.e., it can be expressed as

f (t) ∼ N( fc + Kt, K2
FMσ2

u) (12)

It can be observed that the frequency of integrated signals is random, making it difficult
for enemy radars to analyze. The time–frequency domain results of signals can also be
obtained through the short-time Fourier transform (STFT) [28] to observe this characteristic,
as shown in Figure 3. Furthermore, by further adjusting the nimble modulation parameter
β, it is possible to adjust the correlation between the integrated signal and the signal from
the adversary radar, considering the case of direct wave interference from the adversary
radar signal, and achieve different detection and jamming performance requirements.

Figure 3. The time–frequency domain results of the signal. (a) Adversary LFM signal. (b) The RNFM-NMIS.
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3.2. Detection Performance

The detection performance of a signal mainly comprises velocity measurement perfor-
mance and range measurement performance. When evaluating these two metrics, utilizing
the ambiguity function [29] is crucial for accurate assessment. The ambiguity function was
initially developed to study the separation capability of detection signals for two targets, in-
cluding range resolution and velocity resolution. Therefore, the ambiguity function can be
used to reflect the range and velocity measurement performance of a signal. The definition
of an ambiguity function for the signal s(t) is expressed as

χ(τ, fd) =
∫ +∞

−∞
s(t)s∗(t + τ) exp(j2π fdt)dt (13)

where τ represents time delay and fd represents Doppler frequency shift. Hence, the ambi-
guity function of the RNFM-NMIS is obtained as

χγ(τ, fd) =
∫ +∞

−∞
γ(t)γ∗(t + τ) exp(j2π fdt)dt (14)

Let fd be equal to 0; we obtain the RNFM-NMIS waveform’s range ambiguity function
solely related to the time:

χγ(τ, 0) =
∫ +∞

−∞
γ(t)γ∗(t + τ)dt (15)

Let τ be equal to 0; we obtain the RNFM-NMIS waveform’s velocity ambiguity
function solely related to the Doppler frequency:

χγ(0, fd) =
∫ +∞

−∞
|γ(t)|2 exp(j2π fdt)dt (16)

Simulations were conducted on the ambiguity function of the typical phase-coded mod-
ulated LFM integrated signal and the proposed RNFM-NMIS, yielding the three-dimensional
ambiguity maps, as depicted in Figure 4. Upon observation, we can note that the ambi-
guity map of the RNFM-NMIS displays an approximate nail-shaped pattern, featuring
low sidelobes in both the distance and velocity dimensions. Compared to the phase-coded
modulated LFM signal, the RNFM-NMIS exhibits significantly lower sidelobes and is
free from false targets that could degrade detection performance. This indicates excellent
performance of RNFM-NMIS in velocity and range measurement.

Figure 4. The three-dimensional ambiguity maps. (a) RNFM-NMIS. (b) PC-LFM.



Electronics 2025, 14, 1227 8 of 25

3.3. Interference Performance

The interference performance of RNFM-NMIS can be considered from the perspective
of adversary radar, that is, by analyzing the contrast in the adversary signal detection
performance before and after interference. The impact of RNFM-NMIS on the adversary
signal can be measured using cross-correlation functions.

Under normal circumstances, the echo signal Sa(t− τ) received by the adversary radar
during detection does not include components of our RNFM-NMIS. The cross-correlation
function between the transmitted signal and the echo is given by

Rss(τ) =
∫ ∞

−∞
Sa(t)Sa(t− τ)dt (17)

When our integrated system interferes with the adversary radar, the echo signal
received by the adversary radar will contain interference from our transmitted RNFM-
NMIS direct wave. In this case, the cross-correlation function between the adversary
transmitter signal and the received signal is given by

Rsz(τ) =
∫ ∞

−∞
Sa(t)z(t− τ)dt (18)

where z(t) = Sa(t) + ISR ∗ γ(t), and ISR represents the interference to signal ratio (ISR)
from our integrated equipment to the adversary radar.

Due to the effect of noise modulation, the frequency of the agile NFM interference
shifts, with the frequency offset being directly proportional to both the modulation co-
efficient and the variance of the modulation noise. Furthermore, the power spectrum
of the modulated interference signal exhibits the same shape as the probability density
function of the modulation noise. The modulation bandwidth of the interference can also
be considered as a frequency shift component fm = −2Br/2 ∼ Bm/2 added to the LFM
signal. Based on the characteristics of LFM signals, it is known that a frequency shift will
lead to a time shift tm = fm/(2K) in the pulse compression output. Therefore, the pulse
width after compression of the RNFM-NMIS is given by

∆tj =
1
Br

+
Bm

2K
(19)

In the equation, 1/Br represents the target echo pulse compression output signal
width. It can be observed that the pulse compression output width of the RNFM-NMIS
is greater than that of the target echo pulse compression output signal. The pulse width
increases as the bandwidth of the NFM signal increases. To further analyze the suppression
effectiveness of the interference signal, the interference power pulse compression gain Dj

and the jamming-to-signal ratio pulse compression gain Dp are used as evaluation metrics.
The definitions of Dj and Dp are given by the following equations:Dj = Jo/Ji

Dp = (Jo/So)/(Ji/Si)
(20)

where Ji and Jo represent the interference power before and after pulse compression,
respectively, while Si and So represent the signal power before and after pulse compression,
respectively. According to the principle of energy conservation, the following relationship
can be obtained:

JiT = Jo(
1
Br

+
Bm

2K
) (21)
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Further calculations yield the values of Dj and Dp, as follows:Dj = Jo/Ji = T/( 1
Br

+ Bm
2K ) > 1

Dp = (Jo/Ji)/(So/Si) = Dj/D > 1/D
(22)

where D represents the radar signal pulse compression ratio. It can be observed that the
suppression pulse width of the RNFM-NMIS is inversely proportional to the suppression
power of the interference signal.

Similarly, a comparison is made with the typical PC-LFM signal, and simulations
were conducted to evaluate the detection performance of the adversary radar before and
after our integrated system’s jamming. The resulting cross-correlation function map for
the adversary signal is shown in Figure 5. The LFM signal of the adversary radar exhibits
low sidelobes and an integration sidelobe level of only −44.68 dB when not affected by
interference, indicating excellent detection performance. However, when subjected to
jamming from our RNFM-NMIS, it experiences severe suppression interference, with the
integration sidelobe level rising sharply to −14.60 dB, an increase of 30.08 dB. In contrast,
the PC-LFM signal focuses on false target jamming, with an interference suppression effect
of only −28.42 dB. The jamming effect on the adversary’s radar demonstrates the excellent
suppression capability of the RNFM-NMIS.

Figure 5. Cross-correlation function maps of the adversary radar. (a) Interfered by RNFM-NMIS.
(b) Interfered by PC-LFM.

4. Direct-Wave Interference Suppression Based on Time-Domain
Pre-Cancellation
4.1. Processing Algorithm Based on TDPC

For the RNFM-NMIS, our integrated detection and jamming radar system adopts
a signal processing method based on time-domain pre-cancellation (TDPC) of direct-wave
interference to efficiently process target echoes. The signal processing flowchart of the
integrated system is shown in Figure 6. Our integrated detection and jamming radar
system begins by intercepting the adversary radar’s signals. By analyzing the radar signal
parameters, the system gains crucial prior information about the characteristics of the
adversary signals. Using this information, the system reconstructs the adversary LFM
signal and generates a flexible, adjustable NFM signal. Through amplitude modulation,
the RNFM-NMIS is then constructed to perform both target detection and interference
against the adversary radar. During the target detection process, amplitude compensation
is applied to adjacent pulses of each signal. Subsequently, TDPC is applied between pulses
to mitigate the direct-wave interference. Finally, target detection is carried out through
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matched filtering (MF) and moving target detection (MTD) techniques, ensuring effective
performance in the complex electromagnetic environment.

Figure 6. Signal processing flowchart of our integrated detection and jamming radar system.

Through the locally generated random NFM signal h(t), the reconstructed LFM signal
is flexibly modulated to obtain the integrated waveform, represented as

γ(t) = h(t)Sa(t) = rect(
t

Tr
)A exp[j2π fct + jπKt2 + j2πθ(t)] (23)

where A denotes the amplitude of the transmitted signal. When our integrated radar
system emits waveforms designed for both target detection and jamming of the adversary
radar, the overall complex return signal for each pulse can be expressed as the superposition
of three components: the echo of the pure integrated signal γ′(t) reflected from the target;
the direct wave component from the adversary radar’s transmitted signal sad(t); and the
additive noise. To incorporate the effect of the adversary radar’s direct wave interference in
our integrated system, the received signal is expressed as z(t). In this study, we primarily
focus on the strong direct wave interference generated by the adversary radar. For the sake
of simplicity in the analysis, additive noise is omitted, i.e.,

z(t) = γ′(t) + sad(t) (24)

where γ′(t) is the pure integrated signal echo reflected from the detection target:

γ′(t) = rect(
t− τ

Tr
)A′ exp[j2π( fc + fd)(t− τ) + jπK(t− τ)2 + j2πθ(t− τ)] (25)

where A′ denotes the amplitude of the echo. Furthermore, sad(t) is the direct wave interfer-
ence from the other side’s radar to our integrated system:

sad(t) = ISR · rect
(

t− τad
Tr

)
Aa exp

{
jπK(t− τad)

2
}

exp{j2π( fc + fad)t} (26)

where ISR is the interference-to-signal ratio, τad is the time delay of the adversary radar’s
direct wave to our integrated system, Aa is the amplitude of the direct-wave interference,
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and fad is the relative Doppler frequency between our integrated system and the adversary
radar. These two parameters do not represent the time delay and Doppler frequency of the
echo signal when the adversary radar is considered as our detection target.

Based on the form of the integrated signal echo and transmitted signal, pre-cancellation
of direct-wave interference is applied to further optimize the processing of the integrated
signal echo. The TDPC processing flowchart is shown in Figure 7. Through amplitude
compensation and cancellation processing between pulse signals, the reference signal
and echo signal for each pulse repetition time (PRT) after direct-wave pre-cancellation
are obtained. These are then further processed using MF and MTD to achieve the target
detection results.

The total echo signal z(t) is mixed with the local oscillator signal and down-converted
to the baseband. The expression is

zb(t) = rect( t−τ
Tr

)A′ exp
{

jπK(t− τ)2 + j2πθ(t− τ)
}

exp{j2π fdt}

+ISR · Aarect
(

t−τad
Tr

)
Aa exp

{
jπK(t− τad)

2
}

exp{j2π fadt}
(27)

Furthermore, let

Sl f mc(t) = rect( t−τ
Tr

)A′ exp
{

jπK(t− τ)2
}

Sn f mc(t) = exp{j2πθ(t− τ)}
Sl f ma(t) = ISR · Aarect

(
t−τad

Tr

)
exp

{
jπK(t− τad)

2
}

Sd(t) = exp{j2π fdt}
Sad(t) = exp{j2π fadt}

(28)

Simplifying (27), the baseband total echo signal can be written as

zb(t) = Sl f mc(t) · Sn f mc(t) · Sd(t) + Sl f ma(t) · Sad(t) (29)

Assume that the echo received by our integrated system within a single coherent pro-
cessing interval (CPI) contains M PRI echo signals, where i = 1, 2, . . . , M, and i represents
the pulse sequence number in the echo pulse signals. The expression for the baseband
signal of the ith echo pulse is

zb_i(t) = Sl f mc_i(t) · Sn f mc_i(t) · Sd_i(t) + Sl f ma_i(t) · Sad_i(t) (30)

where

Sl f mc_i(t) = rect( t−(i−1)·T−τ
Tr

)A′ exp
{

jπK[t− (i− 1) · T − τ]2
}

Sn f mc_i(t) = exp{j2πθi(t− τ)}
Sl f ma_i(t) = ISR · Aarect

(
t−(i−1)T−τad

Tr

)
exp

{
jπK[t− (i− 1)T − τad]

2
}

Sd_i(t) = exp{j2π fd(t− (i− 1)T)} exp{j2π · (i− 1) fdT}
Sad_i(t) = exp{j2π fad(t− (i− 1)T)} exp{j2π · (i− 1) fadT}

(31)

where T is PRT, Tr is the pulse width, and Sl f mc_i(t) and Sl f ma_i(t) are both periodic signals.
θi(t) is the NFM term of the ith transmitted pulse signal of our integrated system, and it is
different for each transmitted pulse signal. Additionally, it follows that

Sad_i+1(t) = Sad_i(t) · exp{j2π fadT} (32)

Sd_i+1(t) = Sd_i(t) · exp{j2π fdT} (33)
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Figure 7. Signal processing flowchart of TDPC to the direct-wave interference.

Let
Al f mc = exp{j2π fadT} (34)

Adc = exp{j2π fdT} (35)

The baseband echo signal can be further processed for direct-wave interference cancel-
lation: subtract the amplitude-compensated ith echo pulse signal from the (i + 1)th echo
pulse signal to obtain a new signal zbm_i(t) , which is referred to as the matched signal:

zbm_i(t) = zb_i+1(t)− Al f mczb_i(t) (36)

where Al f mc is the amplitude compensation coefficient, and further derivation of (36)
can be performed: where Al f mc represents the amplitude compensation coefficient, and
Equation (36) can be further derived as follows:

zbm_i(t) =
{

Sl f mc_i+1(t) · Sn f mc_i+1(t) · Sd_i+1(t) + Sl f ma_i+1(t) · Sad_i+1(t)
}

− Al f mc ·
{

Sl f mc_i(t) · Sn f mc_i(t) · Sd_i(t) + Sl f ma_i(t) · Sad_i(t)
}

= Sl f mc_i+1(t) · Sn f mc_i+1(t) · Sd_i+1(t)− Al f mc · Sl f mc_i(t) · Sn f mc_i(t) · Sd_i(t)

=
{

AdcSn f mc_i+1(t)− Al f mcSn f mc_i(t)
}
· Sl f mc_i(t) · Sd_i(t)

(37)
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At the same time, construct the reference signal Sre f (t), expressed as

Sre f (t) =
{

Sn f m_i+1(t)− Sn f m_i(t)
}
· Sl f m(t) (38)

where {
Sl f m(t) = rect( t

Tr
)A′ exp

{
jπKt2}

Sn f m_i(t) = exp{j2πθi(t)}
(39)

where Sl f m(t) is the baseband waveform of the adversary radar’s transmitted signal inter-
cepted by our integrated detection and jamming system, and Sn f m_i(t) is the NFM signal
modulating Sl f m(t) in the ith pulse of our transmitted signal. Finally, apply matched
filtering to the matched signal Sl f m(t) , and the expression for the matched output is

H(t) = zbm_i(t) ∗ S∗re f (−t)

=
{{

AdcSn f mc_i+1(t)− Al f mcSn f mc_i(t)
}
· Sl f mc_i(t) · Sd_i(t)

}
∗
{{

S∗n f m_i+1(−t)− S∗n f m_i(−t)
}
· S·l f m(−t)

} (40)

where ∗ represents the convolution operation. Further expansion yields

H(t) = zbm_i(t) ∗ S∗re f (−t)

=
{{

Adc exp{j2πθi+1(t− τ)} − Al f mc exp{j2πθi(t− τ)}
}
· Sl f mc_i(t− τ) · exp(j2π fdt)

}
∗
{{

exp{j2πθi+1(−t)} − exp {j2πθi(−t)}∗
}
· S∗l f m(−t)

} (41)

To investigate the signal’s matching outcome, we begin by setting i = 1. At this stage,
Equation (31) clearly indicates that Sl f mc_1(t) = Sl f mc(t), and we further define{

M1(t) = exp{j2πθ1(t)} · Sl f mc(t)
M2(t) = exp{j2πθ2(t)} · Sl f mc(t)

(42)

Thus, the matched output of the signal can be further expressed as

H(t) = [Adc M1(t− τ) ∗M1
∗(−t) + Al f mc M2(t− τ) ∗M2

∗(−t)

− Adc M1(t− τ) ∗M2
∗(−t)− Al f mc M2(t− τ) ∗M1

∗(−t)] ∗ exp(j2π fdt)
(43)

According to the matched filtering theory, it can be seen that the first two terms can
match a peak at the time delay τ. On the other hand, the transmitted RNFM-NMIS exhibits
randomness and is uncorrelated for each pulse. Therefore, the convolution results of the
last two terms will not produce a distinct peak. As a result, in (43), at the time delay
τ, the matched output will exhibit a clear peak, which corresponds to the target’s range
or delay.

4.2. Analysis of Computational Complexity

Assume that our platform transmits pulses with N sampling points per pulse and a
total of M pulses. After receiving the integrated signal echo, the system first performs mix-
ing and down-conversion; this step requires O(N) complex multiplications and additions
per pulse, resulting in an overall computational complexity of O(MN). Similarly, both the
direct-wave interference pre-cancellation and the construction of the reference signal each
require O(M− 1) subtraction operations. In the subsequent matched filtering stage, convo-
lution is performed between the pre-canceled echo and the reference signal, typically accel-
erated using FFT. The computational cost for a single FFT-based convolution is O(N log N),
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so the total complexity for the matched filtering operation becomes O(MN log N). Finally,
moving target detection (MTD) is carried out in the slow-time domain, where an M-point
FFT is applied to each range gate to extract the Doppler frequency, resulting in an overall
computational cost of O(NM log M). Thus, the computational complexity of the target
detection process based on the TDPC algorithm is predominantly concentrated in the
matched filtering and MTD stages, amounting to O(NM(log M + log N + 1)). In practical
systems, optimizing the matched filtering and MTD stages—such as through hardware ac-
celeration and pulse-level parallelization—is essential for achieving real-time performance.
However, while reducing the sampling rate or the number of pulses can significantly lower
the overall computational load, it may also compromise the system’s range or Doppler res-
olution. Therefore, a careful trade-off must be made between real-time efficiency and high
resolution, with hardware acceleration playing a key role in ensuring effective processing.

To further assess the feasibility of real-time implementation, we estimate the pro-
cessing time and resource consumption on typical hardware. Considering a modern
FPGA-based signal processing platform, such as the Zynq UltraScale MPSoC from Xilinx,
San Jose, CA, USA, with dedicated DSP blocks and parallel processing capabilities, the FFT-
based matched filtering stage, which dominates the computational load, can be efficiently
executed. For instance, assuming a pulse length of N = 1024 and M = 128 pulses, an opti-
mized FFT implementation can achieve a processing time on the order of microseconds
per pulse. Similarly, the MTD stage, leveraging efficient hardware acceleration, can be
completed within a comparable time frame. Given these estimates, a real-time processing
pipeline with sub-millisecond latency is achievable, ensuring that our TDPC-based system
meets practical radar operational requirements while maintaining high resolution and
detection performance.

5. Practical Experiments Results on Signal Performance
We conducted outdoor experiments to replicate typical operational scenarios for the

integrated system. Two universal software radio peripheral (USRP) devices, model USRP
B210, were employed to simulate two radar systems. The integrated radio-frequency (RF)
chipset, in conjunction with the antenna, is utilized for the transmission and reception of
radar signals, while a field programmable gate array (FPGA) within the device manages
module control and facilitates data exchange. Additionally, a host computer dedicated
to data processing communicates with the USRP via a USB 3.0 interface for data transfer.
Two radar systems were utilized—one simulating our integrated system and the other
representing the adversary radar. The adversary radar employs LFM signals to detect
a corner reflector target. Based on the LFM signal parameters, we adjusted the nimble
modulation parameter β to construct our RNFM-NMIS waveform. Our integrated system
simultaneously detects the corner reflector and interferes with the adversary radar by
transmitting the RNFM-NMIS waveform. In these signal processing experiments, each
parameter is determined based on theoretical analysis, laboratory equipment constraints,
and prior research experience. First, the LFM signal bandwidth is set to 20 MHz to enhance
the target’s range resolution while ensuring that the signal energy remains concentrated
within a limited frequency band; although a wider bandwidth offers better range resolution,
it also imposes greater demands on hardware performance. The signal pulse width is
chosen to be 10 µs, balancing sufficient energy accumulation with high temporal resolution
so that the echo signal effectively reflects the target information. For the nimble modulation
parameter, values of 0.2, 0.5, and 1.0 are used to compare the processing performance
under different modulation depths and analyze their impact on signal processing and
target detection. Gaussian noise is adopted to simulate the statistical characteristics of
thermal noise and other random noises in actual radar systems. The carrier frequency
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is set at 5 GHz, which not only aligns with the common operating bands of laboratory
radar equipment but also balances penetration capability and resolution requirements.
The pulse repetition interval (PRI) is defined as 50 µs to avoid echo signal aliasing while
meeting the temporal requirements for continuous target detection; the sampling rate is
set at 40 MHz to fully comply with the Nyquist sampling theorem, ensuring complete
signal capture. The transmit power of 10 dBm guarantees a sufficient signal-to-noise ratio
while taking into account the power limitations and safety of the laboratory equipment.
Finally, a corner reflector is used as the target with a distance of 20 m; the corner reflector,
as a standard target, provides a high and stable radar cross-section, and the 20 m distance
reflects the near-field conditions of laboratory tests, facilitating an accurate evaluation of
system performance. The specific parameters in the experiment are provided in Table 1.
Processing the experimental data from the two radar systems separately, we analyze the
detection and interference performance of our RNFM-NMIS system.

Table 1. The Experimental Parameters.

Parameters Values

LFM signal bandwidth 20 MHz
Signal pulse width 10 µs

Nimble modulation parameter 0.2, 0.5, 1.0
Type of noise Gaussian distribution

Carrier frequency 5 GHz
Pulse repetition interval 50 µs

Sampling rate 40 MHz
Transmit power 10 dBm
Target category Corner reflector
Target distance 20 m

The experimental data analysis results are presented in Figure 8. By examining the
time–frequency domain waveforms, it is evident that as the nimble modulation parameter
β increases, the frequency variation of RNFM-NMIS becomes more pronounced. This
increased frequency agility leads to a greater deviation from the adversary’s LFM signal,
thereby reducing the similarity between the two signals. Consequently, the correlation
between RNFM-NMIS and the adversary’s LFM signal decreases, enhancing the system’s
ability to disrupt the adversary’s radar operation while maintaining its own detection
capabilities. Next, the experimental results are analyzed from the perspectives of detection
and jamming. First, from the detection perspective, our integrated system utilizes RNFM-
NMIS for target detection, generating three-dimensional range-Doppler maps. The results
clearly show that the target peaks are well-defined with minimal sidelobe interference.
When the nimble modulation parameter is set to 0.2, 0.5, and 1.0, the signal-to-noise
ratios (SNRs) of the target relative to adjacent units are approximately 28.98 dB, 33.59 dB,
and 42.22 dB, respectively. This indicates that as the nimble modulation parameter β

increases, the correlation between RNFM-NMIS and the adversary’s waveform decreases.
As a result, the interference from the adversary radar’s transmitted signal on our detection
system is significantly mitigated, leading to an overall enhancement in the detection
performance of RNFM-NMIS. Second, from the jamming perspective, An analysis of
the adversary radar’s detection results following interference by our signal reveals the
formation of a distinct interference zone. When the nimble modulation parameter is set
to 0.2, 0.5, and 1.0, the corresponding SNRs in the adversary radar’s detection outputs
are approximately 16.2 dB, 20.4 dB, and 24.8 dB, respectively. Furthermore, by examining
the target peak values, the estimated target distances were found to be 13.6 m, 16.6 m,
and 18.4 m, which deviate from the actual distances—indicating that the targets are not
being correctly detected. This discrepancy confirms the effective interference achieved by
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our RNFM-NMIS. Additionally, as illustrated in Figure 8, a smaller nimble modulation
parameter β (indicating a higher correlation between signals) results in a more concentrated
distribution of interference energy on the adversary radar’s distance-Doppler detection
plane; however, this also limits the range of distances over which effective interference can
be applied.

Figure 8. Experimental results include the time–frequency domain waveforms, detection effects,
and jamming effects of RNFM-NMIS.

While the experimental setup was meticulously designed, several potential sources
of error and environmental factors may have influenced the measurements. Variations in
environmental conditions, such as temperature, humidity, and electromagnetic interference,
could affect electronic components and signal propagation characteristics, introducing mea-
surement inaccuracies. Inaccurate calibration of the USRP devices or associated equipment
might lead to systematic errors in signal generation and reception, affecting the reliability of
the results. The outdoor environment may introduce multipath propagation, where signals
reflect off surfaces before reaching the receiver, causing constructive or destructive interfer-
ence that can distort measurements. Additionally, operator handling, including variations
in equipment setup, antenna positioning, or procedural inconsistencies, could introduce
variability in the experimental outcomes. Furthermore, inherent limitations of the USRP
B210 devices, such as a typical noise figure of less than 8 dB and a maximum input power
of −15 dBm, may contribute to measurement uncertainties. Despite these potential sources
of error, the experimental results consistently align with theoretical expectations and sim-
ulation outcomes, demonstrating the robustness of our proposed system. The observed
detection and jamming performance trends validate the effectiveness of RNFM-NMIS,
indicating that the system remains highly reliable under practical operating conditions.
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6. Signal Processing Simulation Results
In this section, four sets of experiments are carried out to simulate the signal processing

process of the detection target of the integrated system, aiming at verifying the effectiveness
of the improved TDPC signal processing method based on the pre-cancellation of direct
wave interference. The specific simulation parameters are shown in Table 2.

Table 2. The Experimental Parameters.

Parameters Values

Adversary LFM signal bandwidth 20 MHz
Adversary LFM signal pulse width 10 µs

Our NFM signal bandwidth 20 MHz
Our NFM signal pulse width 10 µs

Carrier frequency 600 MHz
Pulse repetition interval 100 µs

Number of repetition cycles 257
Sampling rate 80 MHz

6.1. Comparison of Matched Filtering Results Under Single Target

In traditional radar signal processing, the conventional matched filtering method is
generally used directly for signal processing of target echoes. To evaluate the effectiveness
of the TDPC method in mitigating direct wave interference, a comparison has been made
between the simulation results of the conventional method and the proposed TDPC method
in the context of the integrated system application. In order to highlight the ability of the
method to deal with direct wave interference, only the direct wave interference factor is
considered without adding noise. The scene parameters are shown in Table 3.

Table 3. The Scene Parameters.

Parameters Values

Target distance 6000 m
Target speed 180 m/s

Time delay of direct wave 40 µs
Doppler frequency of direct wave 720 Hz
Signal-to-interference ratio (SIR) −35 dB

When the SIR is −35 dB, the echo processing results obtained via direct matched
filtering are presented in Figure 9. The results indicate that processing the integrated
system’s target echo with conventional matched filtering fails to directly reveal the sim-
ulated target, due to the overwhelming influence of surrounding sidelobes. Moreover,
following MTD processing, the direct wave interference manifests as a distinct interference
band. Analysis shows that this band closely corresponds to the direct wave simulation
parameters—specifically, a signal time width of 10 µs and a time delay of 40 µs—centered
at 6000 m in the range dimension, with a width of 3000 m, spanning the entire velocity
dimension. Notably, the simulated target is located at (6000 m, 180 m/s), exactly at the
center of the interference band, resulting in the most severe interference.

The results of using TDPC to process the integrated signal echo after matched filtering
are shown in Figure 10, which shows that also under the −35 dB SIR, the target peaks
are clearly visible in the one-dimensional distance image obtained after processing by
this method, the main-para-valve ratio reaches 18.77 dB, and the target main-valve −3 dB
width is about 4 m. In the three-dimensional and top view of the results of the MTD
processing, the interference bands have been basically eliminated The target spectral line
is sharp and obvious, and the simulation result is (distance 6000 m, speed 175.80 m/s),
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which is consistent with the parameter setting. It can be seen that compared with the
traditional signal processing method, the proposed TDPC method of interference pre-
cancellation shows a more excellent processing effect and effectively suppresses the direct
wave interference in this scene.

Figure 9. Results of direct matched filtering of target echoes (including direct wave interference)
of the integrated system. (a) Single pulse range dimension. (b) Single pulse range dimension after
amplitude normalization. (c) Three-dimensional view of MTD processed results. (d) Top view of
MTD processed results.

Figure 10. Results of echo processing by TDPC (including direct wave interference). (a) Sin-
gle pulse range dimension. (b) Single pulse range dimension after amplitude normalization.
(c) Three-dimensional view of MTD processed results. (d) Top view of MTD processed results.
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6.2. Multi-Target Detection Results in Complex Environments

In order to further explore the performance of the TDPC method for multi-target de-
tection in complex environments, simulations are carried out using the traditional method
and the TDPC method, respectively, while taking into account the influence of noise in
practical applications. The details of the simulation parameters are shown in Table 4.
Through the analysis of the experimental results, we try to gain a deeper understanding
of the adaptability and effectiveness of the TDPC method in complex scenes where noise,
interference, and multiple targets coexist and further verify its advantages over traditional
methods in complex scenes.

Table 4. The Scene Parameters.

Parameters Values

Target distance and speed (2000 m, 80 m/s), (6000 m, 80 m/s)
(6000 m, 180 m/s), (7500 m, 200 m/s)

Time delay of direct wave 40 µs
Doppler frequency of direct wave 720 Hz

Signal-to-noise ratio (SNR) −35 dB
Signal-to-interference ratio (SIR) −35 dB

The results of the multi-target echo signal processing of the integrated system are
shown in Figure 11, and the two processing methods exhibit significant differences. When
the traditional method is used, the targets located in the interference band are almost com-
pletely submerged due to the double influence of noise and direct wave interference, which
makes it difficult to carry out effective identification. While the targets located outside the
interference range, (2000 m, 80 m/s) and (7500 m, 200 m/s), can still be detected through
signal processing. On the contrary, when the TDPC method is used for signal processing, all
targets can be clearly observed due to the effective elimination of the interference band in
advance. The simulation results after processing show that the target positions are (1999 m,
78.13 m/s), (6000 m, 78.13 m/s), (6000 m, 175.80 m/s), and (7500 m, 195.30 m/s), which are
highly compatible with the pre-set parameters, with very little error. This comparison result
intuitively shows that when processing multi-target echo signals, the TDPC method is more
advantageous than the traditional method in suppressing noise and direct-wave interfer-
ence, which can significantly improve the accuracy and completeness of the target detection
and effectively overcome the limitations of the traditional method in complex environments.

Figure 11. Multi-target detection results for integrated systems in complex environments. (a–c) Re-
sults of the traditional method. (d–f) Results of the TDPC method.
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6.3. Simulation of the Effect of Direct Wave Doppler Error on Algorithms

In practical application scenarios, due to the interference of the complex electromag-
netic environment, a certain degree of error will inevitably occur between the estimated
value of the direct-wave Doppler frequency f ′ad and the real value of fad obtained by the
probe-dryer integration system, and in order to accurately measure this error, the error
coefficient α is introduced here, which is defined as

α = |( f ′ad − fad)|/ fad (44)

Based on this, in order to deeply investigate the specific effect of the direct-wave
Doppler frequency error on the interference-based pre-cancellation signal processing
method, the performance of the TDPC method in the presence of direct-wave Doppler
frequency error is analyzed by simulation, in which the simulation parameters are detailed
in Table 5.

Table 5. The Scene Parameters.

Parameters Values

Target distance and speed (6000 m, 180 m/s), (6000 m, 360 m/s)
(6000 m, 540 m/s), (7500 m, 720 m/s)

Time delay of direct wave 40 µs
Real Doppler frequency of direct wave 720 Hz

Error coefficient 0.3
Signal-to-interference ratio (SIR) −50 dB

Figures 12 and 13 show the simulation results of the TDPC method using the direct-
wave Doppler frequency estimate f ′ad and the true value fad, respectively.
f ′ad = fad ∗ 0.7 = 504 Hz, i.e., the error coefficient α = 0.3. To simplify the analysis,
no noise is added to the echo. It is worth noting that the four targets involved in the simu-
lation are all located in the center axis of the interference band, which makes them suffer
from the maximum degree of interference, and thus can highlight the actual processing
effect of the improved method more significantly.

When the real value of fad is used for compensation, the direct-wave interference band
is almost completely eliminated, and the four simulated targets can be clearly observed
in Figure 12, which is highly consistent with the previous description. However, when
the estimated value of f ′ad is used, although the four simulated targets are still effectively
distinguished in Figure 13, the direct-wave interference band is only partially eliminated.
The simulation image reveals a distinct inverted V-shaped “canyon” pattern, with the
distance-velocity coordinates at the center of the “canyon” being (6000 m, 180 m/s). These
values align with the simulation parameters of the direct-wave interference, specifically the
instantaneous delay of 40 µs and Doppler frequency of 720 Hz. The reason for this phe-
nomenon is that the direct-wave interference in each pulse echo is only partially eliminated
when the estimated value of f ′ad is used for the direct-wave pre-cancellation operation.
Moreover, the degree of interference cancellation decreases as the sequence of pulse echoes
advances in each coherent processing interval (CPI). This is reflected in the interference
band in Figure 13, i.e., it is manifested in the fact that the further the velocity cell is from
the center of the “canyon” on the same distance cell, the greater the residual interference
intensity is.

In order to further explore in depth the variation of the target output signal-to-
interference ratio (SIRout) under the TDPC method within a specific direct-wave Doppler
frequency error range, here, SIRout is defined as the ratio of the signal power of the target
cell to the average signal power of the surrounding extended region. Specifically, the ex-
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pansion region is centered on the target cell, extending 50 distance cells in the positive and
negative directions in the distance dimension, and 20 distance cells in the positive and
negative directions in the velocity dimension, and Figure 14 gives a schematic diagram of
this definition.

Figure 12. TDPC results based on true values of direct-wave Doppler frequencies. (a) Three-dimensional
view of MTD processed results. (b) Top view of MTD processed results. (c) Range dimension cut
surface result. (d) Velocity dimension cut surface result.

Figure 13. TDPC results based on estimated values of direct-wave Doppler frequencies.
(a) Three–dimensional view of MTD processed results. (b) Top view of MTD processed results.
(c) Range dimension cut surface result. (d) Velocity dimension cut surface result.
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Figure 14. Specific schematic of the range of SIRout definition.

In order to obtain more reliable and statistically significant results, this study carried
out 1000 Monte-Carlo experiments for the SIRout. The simulation parameters of the target
are adjusted to (6000 m, 175.8 m/s), (6000 m, 361.3 m/s), (6000 m, 537.1 m/s), and (6000 m,
722.7 m/s). The results of the error curves are shown in Figure 15. It can be seen that with
the gradual increase in the error coefficient, the target SIRout obtained by the proposed
TDPC method shows a continuous decreasing trend; at the same time, it is also observed
that when the target speed and the radial speed of our integrated system relative to the
other side’s radar are closer to each other, the target SIRout is higher, and the de-interference
effect based on the TDPC method of the direct-wave interference pre-countermeasure is
better; in addition, with the increase in the target speed, the radial speed difference with
our integrated system gradually increases, and the target SIRout also decreases. In addi-
tion, as the target speed increases, the radial speed difference with our integrated system
gradually increases, and the target SIRout also decreases. In general, under the conditions
set in this study—specifically, with direct wave interference parameters including a 40 µs
delay, a Doppler frequency of 720 Hz, a target input SIR of −50 dB, a target speed of less
than 720 m/s, and a Doppler frequency error of the direct wave within 30%—the output
SAR for the target remains above 15 dB. Under these circumstances, it can be concluded
that the target within the interference zone can be effectively detected.

Figure 15. Variation curve of SIRout with the error coefficient at different speeds.
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7. Conclusions
Based on the RNFM-NMIS generated from the adversary radar signal, it possesses

both detection and interference capabilities. Furthermore, by adjusting the nimble mod-
ulation parameter, the correlation between signals can be modified, striking a balance
between detection and interference effects while considering the direct wave interference
of the adversary radar signal. However, direct wave interference from the adversary radar
signal remains an unavoidable issue. The core principle of the TDPC-based signal pro-
cessing method lies in the amplitude compensation mechanism and the subsequent phase
subtraction operation of adjacent pulse echoes, which realizes the effective cancellation
of direct wave interference. In a series of simulation experiments conducted in this pa-
per, the proposed TDPC method demonstrates excellent performance. The experimental
results show that the method is able to effectively remove the direct-wave interference
from the echoes, even in the presence of certain direct-wave Doppler frequency estimation
errors. This feature enables the subsequent signal processing to be carried out smoothly,
and then the target can be detected accurately, which provides solid theoretical support for
practical applications.

In practical application scenarios, if the initial phase subtraction operation does not
adequately remove direct wave interference to meet the integrated system’s preset per-
formance criteria, a moderate extension of the coherent accumulation time should be
considered. By prolonging the accumulation period, multiple iterations of adjacent pulse-
echo phase reduction can be performed, allowing the interference suppression effects from
each round to be cumulatively enhanced. This strategy ultimately achieves the level of
interference suppression necessary for stable and efficient operation of the integrated sys-
tem in complex electromagnetic environments. However, the real-time application of this
method is heavily influenced by hardware constraints. Extending the coherent accumula-
tion time increases the computational load, which may require more advanced processing
hardware and optimized algorithms to ensure timely processing. Moreover, in operational
scenarios characterized by multiple interference sources or dynamic interference conditions,
the effectiveness of the method may be limited. In such environments, the accumulation
process might struggle to adapt quickly to rapid changes without additional adaptive pro-
cessing techniques. Future research should thus focus on enhancing hardware capabilities
and developing more robust, adaptive algorithms to improve real-time performance and
broaden the applicability of this method in various challenging interference scenarios.
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