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Abstract

In this paper, a reconfigurable multi-form radar compound coherent jamming signal gener-
ator is proposed based on a dual-polarization quadrature phase shift keying (DP-QPSK)
modulator cascaded with an intensity modulator (IM). The radar signal and jamming seed
signal are loaded on the upper path and the lower path of the DP-QPSK modulator to
achieve carrier-suppressed single-sideband (CS-SSB) modulation and phase modulation,
respectively. The periodic rectangular pulse (PRP) signal is fed into the IM to achieve
interrupted-sampling repeater jamming in the optical domain. In our proposed scheme,
cosine phase modulation and interrupted-sampling repeater jamming (CPM]J-ISR]) and
frequency shift and interrupted-sampling repeater jamming (FSJ-ISR]) are obtained only by
changing the form of the jamming seed signal, without changing the overall structure of the
scheme. The jamming effectiveness of the above schemes is evaluated through simulation.
Multiple false targets are obtained after cross-correlation with the original radar signal. The
number of generated false targets can reach 18. We also conducted a detailed simulation
to analyze the impact of different parameters on the jamming effect. Because the scheme
is filter-free, it has a large frequency tuning range. Moreover, due to the special CS-SSB
modulation, the modulated signals are immune to the chromatic dispersion-induced power
fading effect. The proposed scheme has potential application prospects in future electronic
countermeasure systems.

Keywords: microwave photonics; cosine phase modulation and interrupted-sampling
repeater jamming; frequency shift and interrupted-sampling repeater jamming; compound
jamming

1. Introduction

Modern radars widely employ pulse compression technology to resolve the conflict
between range resolution and detection distance [1,2]. The linear frequency modulation
(LFM) signal exhibits strong intra-pulse coherence, providing substantial coherent pro-
cessing gain for target echoes while effectively suppressing non-coherent interference [3].
Consequently, coherent jamming techniques against such radar systems remain a core
challenge in electronic countermeasures (ECM) [4]. In the traditional electrical domain,
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digital radio frequency memory (DRFM) is a key device for generating coherent jamming
signals [5-9]. Through amplitude modulation, phase modulation, or processing the delay
of the stored radar signal [10-15], high-fidelity radar jamming signals can be generated.
However, this approach requires analog-to-digital (AD) conversion for processing, fol-
lowed by digital-to-analog (DA) reconversion for retransmission, which demands high
sampling rates [16,17]. Generally, the instantaneous bandwidth (IBW) of DREM is typically
hundreds of MHz and can hardly exceed 2 GHz, which is primarily determined by the
constrained sampling rate of digital-to-analog converters and analog-to-digital converters
(DACs/ADCs).

Compared to conventional electronic methods, microwave photonic technology has
gained significant traction in ECM due to its inherent advantages, such as ultra-wide
bandwidth, electromagnetic interference (EMI) immunity, low transmission loss, and recon-
figurability [18-20]. In recent years, various radar jamming systems based on microwave
photonic technology have been successively introduced [21-36], including photonic radio
frequency memory (PRFM) [24-27] and photonic signal processing [25-31]. In [24], a PREM
scheme was proposed to expand the working frequency range of digital RF memory. How-
ever, this system still suffers from the limitation of narrow instantaneous bandwidth. In [25],
the design issues of passive switchable PRFM and looped-circuit PRFM were analyzed and
discussed, and possible solutions to various design problems were proposed. In [26], a
multifunctional photonic broadband RF memory structure was proposed, in which precise
sequence control with integrated switching and amplification functions at the output end
reduces the response time to 30 ns. Moreover, multiple jamming modes are realized based
on a coherent DFS structure with a tunable optical filter and a memory structure with
the Vernier effect. In [27], an optical delay loop based on a dual-parallel Mach-Zehnder
modulator (DPMZM) and a dual-AOM structure, combined with a time-gated semicon-
ductor optical amplifier (SOA), was proposed to achieve high-fidelity RF pulse storage.
However, these systems are mainly based on acousto-optic frequency shifters and ring
circuits and are used to construct radar jamming systems, which are only applicable to nar-
rowband, short-duration scenarios, as well as scenarios with relatively relaxed requirements
for volume, power, consumption, and performance.

To cope with the complex and ever-changing electronic warfare environment, the
technology of generating radar interference signals based on photonics signal processing
has become a research hotspot in recent years [28-36]. In [28], multi-point frequency shift
jamming signals were generated through dual coherent optical frequency combs. However,
the use of an optical filter limits the working frequency band and the frequency range of
the generated jamming signal is affected by the number of comb teeth, the flatness, and the
power of the comb teeth. Then, a frequency shift jamming scheme was proposed based on
a dual-polarization binary phase shift keying (DP-BPSK) modulator [29]. However, this
scheme can only generate a single form of frequency-shift interference signal, which is easily
identifiable. Single frequency-shift jamming can only shift the position of the actual target,
but it cannot form a cluster deception or achieve wide-area shielding. However, compound
jamming can both single-pointly deceive and form a planar jamming barrier, meeting the
engineering requirements for battlefield area suppression and cluster deception [30,31].
In [32], the interrupted-sampling repeater jamming (ISRJ) combined with cross-cosinusoidal
phase-modulated jamming technology was proposed, but the reconfigurability of this
system is poor, and it can only generate a single type of compound jamming signal. In [33],
a photonic-assisted radar compound coherent jamming signal generation scheme based
on a DPMZM was proposed, which enables the generation of compound jamming that
combines comb spectrum modulation jamming (CSM]J) and ISR], but this scheme employs
an optical filter, limiting the frequency tunability of the system. Moreover, the system has
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poor reconfigurability. In [34], a compact and stable scheme for generating radar compound
jamming signals was proposed, in which multiple frequency shift keying (MFSK) signals
are utilized. In [35], a broadband photonics-based multi-format tunable radar jamming
signal generator using a DP-QPSK modulator was presented. By adjusting the polarization
controller, different types of jamming signals, including ISR], CSMJ, and the compound
jamming of ISR] and CSM]J, can be generated after photoelectric conversion. In [36], a
compound coherent jamming signal combining FS] and ISR] was realized based on a
DDMZM and an IM. However, although these schemes have good reconfigurability, they
can only generate one type of composite interference signal. Furthermore, they cannot
counteract the influence of dispersion-induced power attenuation.

In this paper, we propose a photonics-assisted reconfigurable multi-form radar com-
pound coherent jamming signal generator that is immune to the chromatic dispersion-
induced power fading effect. It employs a DP-QPSK modulator cascaded with an IM
modulator. The LFM radar signal and the jamming seed signals are respectively modulated
on the two arms of the DP-QPSK modulator. The jamming seed signals, including a cosine
signal and sawtooth wave signals, are respectively used to generate cosine phase modula-
tion jamming (CPM]) and frequency shift jamming (FS]) signals. The periodic rectangular
pulse signal is loaded into the intensity modulator to achieve interrupted sampling repeater
jamming. After photoelectric conversion, the CPMJ-ISR] compound jamming signal or the
FSJ-ISR] compound jamming signal can be achieved, respectively. The key contributions of
our proposed radar compound jamming signal generator are as follows: (1) Multi-form
compound jamming signals can be generated without using optical loops or filters, which
provides a larger working frequency range. (2) Due to the CS-SSB modulation method, the
proposed optical links can resist the chromatic dispersion-induced power fading effect [37].
(3) Our proposed jamming system has flexible adjustability. Since all parameters in the
system can be flexibly adjusted, such as the frequency of the periodic rectangular pulse
signal and the frequency of the cosine frequency modulation signal. (4) Since a Y-DPMZM
can not only achieve phase modulation but also amplitude modulation, various jamming
seed signals can be loaded into the modulator of the aforementioned scheme to achieve
new compound jamming signals. Therefore, our system has excellent reconfigurability
and scalability.

2. Principle

Figure 1 shows the structure of the proposed photonics-assisted radar compound
jamming signal generator. An optical carrier generated through a laser diode (LD) is injected
into the DP-QPSK modulator. The optical carrier with an amplitude of Ey and an angular
frequency of w, can be expressed as Ej,(t) = Egexp(jw.t). The DP-QPSK modulator
consists of two parallel DPMZMs (X-DPMZM and Y-DPMZM), a 90° polarization rotator
(PR), and a polarization beam combiner (PBC). The upper X-DPMZM contains two sub-
MZMs (Xa and Xb) and a main modulator. The lower Y-DPMZM contains two sub-MZMs
(Ya and Yb) and a main modulator. The LFM radar signal generated by an arbitrary
waveform generator (AWG) is evenly split into two paths with a phase difference of
90 degrees, and then loaded into Xa and Xb of the X-DPMZM, respectively. The three bias
voltages of the X-DPMZM modulator are set to the minimum transmission point (MITP),
the minimum transmission point (MITP), and the quadrature transmission point (QTP),
respectively. The LFM signal can be denoted as xg(t) = Vg sin(27tfot + 7kt?), where Vg,
fo, and k represent the amplitude, frequency, and chirp rate of the LFM signal. Therefore,
the output optical spectrum of X-DPMZM can be expressed as
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Ex_ppmzm = Exq + Expexp (]g)
exp []ml sin(Zﬂfot + 7Tkt2>} —exp [—jml Sin<27Tf01L + thz)}
= En(t)4 + {exp []ml cos (27Ifot + ﬂktz)} )
—exp [—jml cos (anot + nktz)} } exp (]g)

= Eun(){ =4 (m1) exp [~ (2efot + ekt |

where my = mVrp/Vy is the modulation index of the LFM signal, Vy is the half-wave
voltage of the modulator, and ] (-) is the nth-order Bessel function of the first kind. CS-SSB
modulation is achieved for the LFM signal.

EDFA Fiber PD

@__I ° ° DP-QPSK

Figure 1. The diagram of our proposed photonic-assisted reconfigurable anti-dispersive radar
compound jamming signal generation structure. LD, laser diode. ASG, arbitrary signal generator.
AWG, arbitrary waveform generator. DP-QPSK, dual-polarization quadrature phase-shift keying.
PC, polarization controller. Pol, polarizer. AFG, arbitrary function generator. EDFA, erbium-doped
fiber amplifier. PD, photodetector.

The jamming seed signal generated by an ASG is evenly split into two channels and
then loaded into Ya and Yb of the Y-DPMZM, respectively. The three bias voltages of the
Y-DPMZM modulator are respectively set to the maximum transmission point (MATP), the
MITP, and the QTP. To generate different types of compound jamming signals, we only
need to change the form of the jamming seed signal loaded on the Y-DPMZM. Next, we will
provide a detailed explanation of the generation principles for the CPMJ-ISR] compound
jamming signal and the FSJ-ISR] compound jamming signal.

2.1. CPMJ-ISR] Compound Jamming Signal Generation Principle

When the jamming seed signal loaded on the Y-DPMZM is set as a cosine signal, which
can be expressed as s(t) = V cos(27ft). The output of the Y-DPMZM can be written as

Ey_ppmzm = Eya + Eypexp(jm/2)
exp [jmy cos (27t fpt)| + exp [—jmy cos (27 fpt) ]
= Ein(t) L) oee [jma cos (27fpt) ] exp[fjr[./Z] exp(j/2) 2)
+ exp [—jmy cos (27 fpt) | expljm/2]

= 2Ein(t) exp [jmy cos (27 fpt) |
where V and f, represent the amplitude and frequency of the jamming seed signal, re-
spectively. my = 7tV / V5 is the modulation index of the jamming seed signal. Equation (2)
indicates that phase modulation is achieved. Then, the output signal of the Y-DPMZM is
rotated by a 90-degree polarization rotator. After being combined by the PBC, the upper
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and lower signals are orthogonally polarization-multiplexed at the output of the DP-QPSK
modulator, and the polarization-multiplexed signal can be expressed as
Ex_ t

X DPMZM( )] (3)

Epp_opsk(t) = [EYDPMZM )

Subsequently, the orthogonally polarization-multiplexed signal is transmitted through
a PC and a Pol. The PC is used to adjust the polarization state of the orthogonally
polarization-multiplexed signal. The polarizer combines the orthogonally polarization-
multiplexed optical signal into linearly polarized light. The propagation matrix of a PC
and a Pol is expressed as

Tpc po1 = [cos() sin@ - exp(j(p)} 4)

where 6 is the angle between the principal axes of the PC and the Pol, and ¢ is the phase
shift induced by the PC between the X- and Y-polarized signals. Both 6 and ¢ are adjustable
from 0° to 360° by adjusting the PC. The output of the Pol can be written as

Epoi(t) = Tpc_potEpp—psk(t)

= cos0 Ex_ppmzm(t) +sin® Ey_ppmzm(t) - exp(je)

)

By appropriately adjusting the PC, we set ¢ as 0° and 6 as 45°. The output linearly
polarized light of the Pol can be given as

V2 2
Epgi(t) = TEXfDPMZM(t) + TEY—DPMZM(t)

_ ?Ein(t){{—‘lh(ml) exp[_j<27rfot + nktz)} } + 2exp [jmy cos (27 fyt) | }

Then, this linearly polarized light is input into the IM modulator as the optical carrier.

(6)

To generate interrupted sampling repeater jamming, a PRP signal is injected into the IM.
The bias voltage of the IM is set at the MITP. The PRP signal can be expressed as

p(t)—Vprect(i> « Y ot—nT)

Nn=—0oo

Vy, |t—nT,| <
0 |t—nTy| >

(7)

Nl NI

where V), T, T, represent the high level, the width, and the period of the rectangular pulse
signal, and * represents convolution. The output of IM can be derived as

«
Epoi(t) sin = |tfnTp’§

Epm(t) = 2
IM() { |t—7’lTp| >

N AN A

2
= £Ein(if) sin &

{ —4J;(mp) exp {—]'(Zﬂfof + ”ktz)] } |t —nT,| < ®
2 2

+ 2exp[jmy cos(27fyt) |
0 |t —nTy| >

NI NIA

where &« = 71V),/Vy denotes the phase shift induced by the high level of the periodic
rectangular pulse. Consequently, the amplitude of the optical carrier varies periodically
under such modulation.
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The signal sampled by the rectangular pulse is then amplified by the erbium-doped
fiber amplifier (EDFA) and then passes through a SMF before being sent to the photodetector
(PD) for photoelectric detection.

It is known that when a signal transmits through a dispersive device, the phase of the
signal will be changed. Generally, the dispersive fiber-induced phase shift can be expressed
as ¢ = BL where f is the propagation constant, and L is the length of the fiber. Expanding
B in the Taylor series, we have

0 = Blwd)L + Lp(we) (@ — we) + 5LBa(we) (@ — we) + . o)

where 1 and B, are the first and second-order derivatives of § with respect to the optical
angular frequency. B2(w.) = —27cD(w,)/w?, where c is the speed of light, and D is the
dispersion coefficient at w.. As the third and higher derivatives of B are small, they are
ignored. Thus, when the nth-order optical sideband whose angular frequency is w. + nQ)
transmits over a dispersive fiber, dispersion-induced phase shift can be expressed as

¢ = Blewo)L + Lpy (@) (100) + 1 Lpa () (1) (10)

It can be seen from the above equations that the dispersion-induced phase shift is only
related to the frequency and the length of the fiber. Therefore, after transmitting over a
dispersive link, the output of the IM can be derived as

Esmp(t) = Epp(t)e

. B | (11)
I~ 7Em(t) sin > +2exp [jmy cos(27 fpt) ] e/
0 |t —nT,| >3

—4]1(my) exp[—j(27fot + 7Tkt?)] el
|t —nT,| <

where ¢, is the phase shift introduced by the fiber dispersion at different frequencies, and
all these phase shifts are relative to the optical carrier.

{ ¢1 = Bo(we)L + B1(we)(—27fo + 27tkt) L+ 3 Bo(we) (—27 fo + 27kt)*L
where

¢2 = Bo(we)L + B1(we) (27 fp) L + %,BZ(WC)(Zﬂfp)zL

The ¢y, is related to the dispersion coefficient, the length of the fiber, and the frequency
of the radio frequency signal. After being transmitted through optical fibers, the amplitude
of the radio frequency signal changes in a sinusoidal curve, which means that the power of
the radio frequency signal fades periodically.

The output electrical spectrum from the PD can be expressed as

xi(t) = Esmr(t) Egup(t)
16]1 (ml) +4
(12)

NI~

25in2 (& 27t fot + 7tkt? t—nT,| <

o E§sin®(%) —16J,(my) cos (27 fot + mkt*) ’ n P‘ =
2 +my cos(27tfpt) + P2 — 1

0 |t —nTy| >

NI~

From Equation (12), it can be seen that a compound jamming signal simultaneously
possesses the characteristics of both cosine phase modulation jamming and interrupted-
sampling repeater jamming. Therefore, the CPMJ-ISR] compound jamming signal can be
effectively generated using the proposed approach. Moreover, the phase shift angles induced
by dispersion do not affect the amplitude of the beating electrical signal (only the phase).
Therefore, our proposed scheme can resist the dispersion-induced power fading effect.

https://doi.org/10.3390 /photonics13070617


https://doi.org/10.3390/photonics13070617

Photonics 2026, 13, 617

7 of 19

2.2. FSJ-ISR] Compound Jamming Signal Generation Principle

The jamming seed signal is set as a sawtooth wave signal, which can be expressed as

Ve (2) (0<t<T—Ty)
V() =9 vty (13)

t
T Lt

Vaaw (Te—Ty)
T Lo (To—Tf<t<Ty)

where Vgaw, Ts, and T represent the amplitude, period, and fall time of the sawtooth wave,
respectively. Therefore, the output of the Y-DPMZM can be expressed as

T
Ev.ppmzm = Eva + Eypexp (]5)
oo () ree(575)

e s

ctutn] + o) )

+exp <—j7ﬂ/s‘j:(t)) exp(j5 ) } exp(j5)
ol 72}

By expanding the sawtooth wave using the Fourier series, exp(jrtVsaw (t)/ V) can

(08 Ein(t)

—+00
be expressed as Y. a,exp(j2mnfst) and |a,| < |a1] (n # 1). Equation (11) can be
n=—oo

rewritten as -
Ey_ppmzm(t) «2Ein(t) ¥ anexp(j2rnfst) (15)

n=-—oo

where f; = V;/(2V:Ts) represents the frequency of the sawtooth wave. In an ideal case,
the fall time Tf of the sawtooth wave is 0 s, and its amplitude Vsay of the sawtooth wave is
2Vy. In this case, f; = 1/T;, and the first-order sideband is much larger than the sidebands
of other orders. Thus, Equation (11) can be simplified as

Ey_ppmzm(t) o« Ein(t)ar exp(j27tfst) (16)

The polarization-multiplexed signals output from the DP-QPSK modulator can be
expressed as
Ex-ppmzm(t) ] (17)

Epp_opsk(t) =
apsk(t) Ey_ppmzm(t)

The orthogonally polarization-multiplexed signals from the DP-QPSK modulator
are aligned into one polarization direction after going through a PC and a Pol. In order
to maximize the power of the combined signals, the angle between the orthogonally
polarization-multiplexed signals and the principal axis of the Pol is set to 45°. Thus, the
optical field of the combined signal can be expressed as follows:

Epgi(t) = %EXfDPMZM(t) + \/TEEY—DPMZM(O (18)

The combined signal output from Pol is then injected into the IM modulator. The IM
modulator is set at the MITP working point and driven by a periodic rectangular pulse on
the RF port. The output of the IM can be derived as
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) Epoi(t)'sing |t —nT,| <3
Emm(t) =
0 |t —nT,| >3
2aq exp(j27tfst) T <3 (19)
.o . . —n >3
= Ein(t) sin > —4jJ1(mq) exp{—] (anot + nkt2>] Pl=2
0 |t —nTp,| > %

where « = 71V, / V. When the high and low levels of a rectangular pulse are properly
set, with the high level being V), and the low level being 0, it can be equivalent to inter-
rupted sampling.

Before photoelectric conversion in the PD, the optical signal output from the IM is
transmitted through the EDFA to compensate for the power loss. The signal is transmitted
to the PD through an SMF. The dispersion of the optical fiber introduces a phase shift to the
optical sideband. The signal before entering the PD can be represented as

Esmr(t)’ = Epp(t)'e/®

241 exp (277 fst)el®3
« » PUZTSH) . 2\1.jg |t—nT,| <% (20)
o Ein(t)sin 54 | = 4]h(m1)exP[—] (anot + rtkt )}ef 1
0 |t—nTp| >3

where ¢35 = Bo(we) L+ B1(we) (27tfp) L+ 3 B2 (we ) (27t f5) L. ¢y is the phase shift introduced
by the fiber dispersion at different frequencies, and all these phase shifts are relative to the
optical carrier.

After photoelectric detection by the PD, the output electrical spectrum can be ex-
pressed as

xj(t)" = Esmr(t) Edyr(t)’

2 oo [[4ai+16 Tl <
o Eosin®(3) —16a1]1(m1)sin[2n(f0+f5)t+nkt2+4>3—cp1} [t =nTy| <

2

(21)

NI~

0 |t —nT,| >

NI~

From Equation (21), it can be seen that the generated compound jamming signal is
based on interrupted sampling and superimposed with a frequency shift. Therefore, the
FSJ-ISR] compound jamming signal is successfully generated by our proposed approach.
Moreover, the phase shift angles induced by dispersion do not affect the amplitude of the
beating electrical signal (only the phase). Therefore, our proposed scheme can resist the
dispersion-induced power fading effect. Furthermore, as the frequency-shifting optical
carrier and the first-order radar signal sideband (both of which are negative frequency-
shifting components) are beating, the generated compound jamming signal can achieve
the forward movement of the false target group. When the bridge setting in the DP-QPSK
is set to —90 degrees, it can generate a positive frequency shift component, enabling the
backward movement of the false target group.

3. Simulation Results and Discussion

To illustrate the performance of the proposed system, we conducted simulations using
VPI Transmission Maker 9.7 and MATLAB R2016a tools based on the schematic diagram
in Figure 1. An LD generates continuous light waves with a power of 15 dBm and a
wavelength of 1550 nm, while an AFG supplies the periodic rectangular pulse signal. The
half-wave voltage of the DP-QPSK modulator is 5 V. The insertion loss and the extinction
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ratio are set as 6 dB and 35 dB, respectively, which are approximately the same as the
parameters of the commercial DP-QPSK modulator [19,38—40]. The X-DPMZM is driven
by an LFM signal, which has a center frequency of 8 GHz, a bandwidth of 1 GHz, and
a duration of 10 us. The chirp rate of the LFM signal can be obtained as: k = 10'4. By
properly adjusting the direct bias voltages of the X-DPMZM, the two sub-modulators and
the main modulator of the X-DPMZM modulator are working at the MITP, MITP, and QTP
transmission points, respectively. The two sub-modulators and the main modulator of the
Y-DPMZM are working at the MATP, MITP, and QTP transmission points, respectively.
At this point, the X-DPMZM can achieve CS-SSB modulation for the LFM signal, and the
Y-DPMZM can achieve phase modulation for the input jamming seed signal. The jamming
seed signal is generated by the MATLAB tool and then injected into the PulseArbitrSeqEl,
which can generate an arbitrary electrical signal by reading from a file in the VPIL. The
frequency of the rectangular pulse signal is set at 2 MHz. The duty cycle is 50%, and the
high-level amplitude is 2.5 V, which corresponds to half of the half-wave voltage of the
MZM. Finally, the optical signal passes through an EDFA and a length of SMF. Then the
signal is sent to the PD. The EDFA operates in the automatic power control mode, and the
output power is 15 dBm. According to the actual experimental instrument parameters,
we set the responsivity of the PD to 0.65 A/W. The fiber dispersion coefficient is set to
17 ps/ (nm - km). After the PD beating, compound jamming signals can be generated. The
electrical spectrum and waveform of the compound jamming signal output from the PD are
recorded using a signal analyzer. It should be noted that when generating the CPM]J-ISR]
and FSJ-ISR] compound jamming signal, cosine signals and sawtooth wave signals are
respectively used as the seed signals. The frequency of the jamming seed signal is set to
3 MHz, and the duration is 10 us. Next, we will conduct a detailed classification simulation
analysis for different scenarios, as follows.

3.1. Simulation Analysis of the Generated CPMJ-ISR] Compound Jamming Signal

When generating a CPMJ-ISR] compound jamming signal, the jamming seed signal
driving the Y-DPMZM is set as a cosine signal with a frequency of 3 MHz and a duration of
10 ps. The sampling frequency of the rectangular pulse signal driving the IM modulator is
set to 2 MHz. The CPMJ-IRS] compound jamming signal output from the PD is shown in
Figure 2. Figure 2a—d respectively show the waveform diagram, spectrum diagram, time—
frequency diagram, and the pulse compression result of the generated compound jamming
signal. From Figure 2a,b, it can be clearly seen that the CPMJ-ISR] compound jamming
signal is uniformly sampled into 20 equal parts. From Figure 2c, it can be observed that
there is a linear relationship between the time and frequency of the generated compound
jamming signal. Due to the ISR], the generated jamming signal is divided into 20 parts,
matching the 2 MHz frequency of the periodic pulse signal. Besides, due to the cosine
phase modulation, the frequency of each sampling section fluctuates and exhibits a cosine
variation pattern. It proves that the generated compound jamming indeed possesses both
cosine phase modulation and interrupted-sampling characteristics. To verify the jamming
effect, the pulse compression result of the compound jamming signal is shown in Figure 2d.
It can be found that a series of false targets are generated. The positions of the main
false targets should be calculated based on AT = f; / k, corresponding to 30 ns, 60 ns, and
90 ns, respectively. Around the main false targets, a series of secondary false targets is
displayed. The primary and secondary false targets are separated by a time interval of
20 ns, corresponding to the 2 MHz interrupted-sampling frequency.
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Figure 2. The simulation of the CPMJ-ISR] compound jamming signal generated by using a cosine

signal with a frequency of 3 MHz, a rectangular pulse signal with frequency of 2 MHz, and a duty

cycle of 50%. (a) waveform diagram, (b) spectrum diagram, (c) time—frequency diagram, (d) false

targets generated after the CPMJ-ISR] compound jamming signal is processed by the matched filter.

The amplitude, position, and quantity of the false targets generated by the CPMJ-ISR]
compound jamming signal are mainly determined by the frequency of the interrupted
sampling signal, as well as the frequency and modulation index of the cosine phase
modulation signal. Next, we conducted a detailed analysis of their influence on the pulse
compression result.

A.  The influence of the frequency of the cosine modulation signal on the generated CPM]J-ISR]
compound jamming signal

To observe the influence of the frequency of the cosine signal on the generated CPM]J-
ISRJ compound jamming signal, the frequency of the cosine signal is varied among 3 MHz,
4 MHz, and 5 MHz, respectively. In this situation, the sampling frequency and duty cycle of
the interrupted-sampling signal are set to 2 MHz and 50%, respectively. The time—frequency
diagrams and the pulse compression result of the generated CPMJ-ISR] compound jamming
signals are shown in Figure 3. It can be seen that the generated jamming signal is divided
into 20 parts, matching the 2 MHz frequency of the interrupted-sampling signal. In
addition, the frequency of each sampling section fluctuates and exhibits a cosine variation
pattern because of the cosine phase modulation. What is more, with the increase in the
frequency of the cosine signal, the time—frequency diagram of the compound jamming
signal becomes wider. This is because the large frequency leads to large fluctuations. To
verify the jamming effect, the pulse compression result of the compound jamming signal
is shown in Figure 3(a(ii),b(ii),c(ii)). It can be observed that the positions of the main false
targets change with the frequency of the cosine signal, responding respectively at 30 ns,
40 ns, and 50 ns, while the interval between the main and secondary false targets remains
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at 20 ns. The number of false targets remains unchanged. It can be seen from Figure 3(a(ii))
that in the main false target group, the amplitudes of the left and right secondary false
targets are unbalanced. This is because of the superposition of the secondary false targets
when the frequency of the cosine signal is an integer multiple of the sampling frequency of
the interruption.
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Figure 3. The simulation of the compound jamming signal generated by using an interrupted-
sampling signal frequency of 2 MHz and a duty cycle of 50%: (a) 3 MHz CPM], (b) 4 MHz CPM],
(c) 5 MHz CPM]J, (i) time—frequency diagram, (ii) pulse compression result.

B.  The influence of the sampling frequency of the interrupted-sampling repeater on the generated
CPM]J-ISR] compound jamming signal

In this section, we have conducted simulation verification on the effect of the sampling
frequency on the CPMJ-ISR] compound jamming signal. The frequency of the cosine
phase modulation signal is set to 4 MHz. Then, the interrupted-sampling frequencies are
successively changed to 2 MHz, 5 MHz, and 10 MHz for simulation verification. A duty
cycle of 50% is configured for the interrupted-sampling signal. Figure 4 shows the time—
frequency diagrams and pulse compression results of the generated CPM]J-ISR] compound
jamming signals with different interrupted-sampling frequencies. Figure 4(a(i),b(i),c(i)) are
the time-frequency diagrams of the generated compound jamming signals. It can be seen
that the 10 ps signal was sampled 20 times, 50 times, and 100 times, respectively, matching
the pulse signal frequencies of 2 MHz, 5 MHz, and 10 MHz. From Figure 4(a(ii),b(ii),c(ii)),
it can be seen that the number and positions of the main false targets resulting from
cosine phase modulation remain invariant with the frequency variation of the interrupted-
sampling signal. The intervals between the primary and secondary false targets increase
continuously with the increase in the interrupted-sampling frequency, which are 20 ns,
50 ns, and 100 ns, respectively. From Figure 4(a(ii)), it can be seen that there is an imbalance
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in the amplitude of the left and right secondary false targets in the main false target group.
This is due to the superposition of the secondary false targets.
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Figure 4. The simulation of the compound jamming signal generated by using a cosine modulated
signal with a frequency of 4 MHz and a 50% duty cycle interrupted-sampling signal: (a) 2 MHz ISR],
(b) 5 MHz ISR]J, (c) 10 MHz ISR]J; (i) the time—frequency diagram, (ii) the pulse compression result.

C.  The influence of the modulation index of cosine phase modulation on the CPMJ-ISR] compound
jamming signal

In this section, we change the modulation index of the cosine signal to 0.5, 2, and
6, respectively, to observe its influence on the generated CPMJ-ISR] compound jamming
signal. The frequency of the cosine phase modulation signal is set to 4 MHz. The sampling
frequency and duty cycle of interrupted-sampling signal are also set to 2 MHz and 50%,
respectively. Finally, the time—frequency diagram and pulse compression results of the
compound jamming signal are shown in Figure 5. From Figure 5(a(ii),b(ii),c(ii)), it can be
seen that the position of the main false target remains unchanged, and the interval between
the main and secondary false targets does not change, still being 20 ns. With the increase in
the modulation index, the number of false targets significantly increases. From m = 0.5 to
m = 6, assuming a detection threshold of 0.5 [33,34], the number of false targets increases
from 3 to 18. Therefore, it is verified that by increasing the modulation index, the number
of false targets can be increased. However, due to the increase in the modulation index, the
amplitude of the Oth order frequency component gradually decreases, and the amplitude
of the higher order frequency components gradually increases. This is because when the
modulation index increases to a certain extent, the value of the zeroth-order Bessel function
decreases, while the values of the higher-order Bessel functions increase and are greater
than that of the zeroth-order. Therefore, when using a large modulation index jamming, a
larger signal-to-clutter ratio is required to achieve the same jamming effect.
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Figure 5. The simulation of the compound jamming signal generated by using a cosine modulated
signal with a frequency of 4 MHz, a 2 MHz, 50% duty cycle interrupted-sampling signal: (a) m = 0.5,
(b) m = 2, (c) m = 6, (i) time—frequency diagram, (ii) pulse compression result.

3.2. Simulation Analysis of FSJ-ISR] Compound Jamming Signal

In our proposed approach, the frequency-shift and interrupted-sampling compound
jamming signal can be generated by changing the jamming seed signal into a sawtooth
wave signal. The frequency of the sawtooth wave signal is set to 3 MHz. The frequency
of the rectangular pulse signal is always set to 2 MHz. After photoelectric conversion
from the PD, the waveform diagram and spectrum diagram of the output electrical signal
is recorded, as shown in Figure 6a,b. It can be clearly seen that the 10 us pulse signal is
sampled into 20 uniform parts, which corresponds to the 2 MHz interrupted-sampling
frequency. Figure 6¢c more clearly shows the time—frequency characteristics of the generated
FSJ-ISR] compound jamming signal. Due to the interrupted sampling, the jamming signal
is evenly divided into 20 parts. Figure 6d is the pulse compression result diagram. We find
that through the frequency shift and interrupted-sampling compound jamming, a series of
false targets will be generated. The main false target appears at 0.03 us, which corresponds
to the 3 MHz frequency shift. The secondary false targets appear at approximately 0.02 pus
to the left and right of the two main false targets, and the interval between the main
and secondary false targets corresponds to the 2 MHz interrupted-sampling frequency.
Next, we also conducted a detailed analysis of the impact of different variables on the
combined interference.

A.  The influence of frequency shift on the FSJ-ISR] compound jamming signal

Maintain the frequency and duty cycle of the input interrupted-sampling signal at
2 MHz and 50%, respectively. To verify the simulation, set the frequency shift to 3 MHz,
4 MHz, and 5 MHz, respectively. Figure 7 presents the time—frequency diagrams and
pulse compression results of the generated FSJ-ISR] compound jamming signals under
different frequency shifts. In Figure 7(a(i),b(i),c(i)), the time—frequency diagrams of the
10 ps LEM signal are presented, including 20 interrupted samplings, matching the 2 MHz
periodic sampling pulse signal frequency. From Figure 7(a(ii),b(ii),c(ii)), it can be seen that
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the number of false targets generated by the FSJ-ISR] compound jamming signal remains
unchanged, and the relative amplitude relationship between the false targets remains
unchanged. However, as the frequency offset increases, the positions of the main false
targets change to 0.03 ps, 0.04 ps, and 0.05 ps, respectively. The interval between the
primary and secondary false targets remains fixed at 0.02 ps, which is determined by the
interrupted-sampling frequency.
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Figure 6. The simulation of the FSJ-ISR] compound jamming signal generated by using a frequency
shift of 3 MHz, an interrupted-sampling frequency of 2 MHz, and a duty cycle of 50%. (a) waveform
diagram, (b) spectrum diagram, (c) time—frequency diagram, (d) false targets generated by the
FSJ-ISR] compound jamming signal after being processed by the matched filter.

B.  The influence of the interrupted sampling frequency on the FSJ-ISR] compound jamming signal

Maintain the frequency of the sawtooth wave signal and the duty cycle of the
interrupted-sampling signal at 4 MHz and 50%, respectively. To verify the influencing laws
pf the interrupted-sampling frequency, we change it to 3 MHz, 4 MHz, and 5 MHz respec-
tively. Figure 8 shows the time—frequency diagrams and pulse compression results for the
compound jamming signals with varying sampling frequencies. In Figure 8(a(i),b(i),c(i)), it
can be clearly seen that the 10 ps pulse signal is sampled into 20, 50, and 100 uniform parts,
which corresponds to the sampling frequencies of 2 MHz, 5 MHz, and 10 MHz, respectively.
From Figure 8(a(ii),b(ii),c(ii)), it can be seen that the positions of the main false targets are
all consistent and do not move with the change of the interrupted-sampling frequency. The
interval between the primary and secondary false targets increases continuously with the
increase in the interrupted-sampling frequency, and the intervals are, respectively, 0.02 us,
0.05 s, and 0.1 ps. Furthermore, it can be seen that in Figure 8(a(ii)), the amplitudes of
the secondary false targets on both sides of the main false target are not balanced. This is
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because the secondary false targets will overlap with each other. The 4 MHz frequency
offset is exactly twice the 2 MHz interrupted-sampling frequency.
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Figure 7. The simulation of the compound jamming signal generated by using an interrupted-
sampling signal with a frequency of 2 MHz and a duty cycle of 50%: (a) 3 MHz FS], (b) 4 MHz FS],
(c) 5 MHz FS]J, (i) time—frequency diagram, (ii) pulse compression result.
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Figure 8. The simulation of the compound jamming signal generated by using a frequency shift of
4 MHz and an interrupted-sampling signal with a duty cycle of 50%: (a) 2 MHz ISR], (b) 5 MHz ISR],
(c) 10 MHz ISRJ; (i) time—frequency diagram, (ii) pulse compression result.
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4. Discussion

To evaluate the jamming performance of FSJ-ISR] and CPMJ-ISR]J compound jamming,
a simulation was established using MATLAB. The compound jamming effect imaging is
shown in Figure 9. The imaging effect diagram of the three letters “SAR” without jamming
is shown in Figure 9a. In the simulation, three radar jamming sources were set respectively
at the center of the letters, as indicated by the red dots in Figure 9a. To achieve azimuth
domain compound jamming, the frequencies of the compound jamming signals should be
reasonably set according to the Doppler bandwidth. The frequencies of CPM]J, FSJ, and ISR],
are set to 8 Hz, 8 Hz, and 3 Hz, respectively. The jamming is implemented concurrently
in the fast-time and slow-time domains, thus generating jamming in both the range and
azimuth domains. Figure 9b presents the imaging effect of the FSJ-ISR] compound jamming.
It can be seen that the letters are almost invisible after compound jamming. The imaging
result with CPMJ-ISR] compound jamming is given in Figure 9¢c, and also has a good
compound jamming effect.

The proposed structure has significant application value in the confrontation scenarios
of airborne multi-mode radar, pulse Doppler radar, and air defense early warning radar.
The airborne multi-mode radar has functions such as ranging, speed measurement, and
direction finding. The frequency shift interrupted-sampling compound jamming can
simultaneously form dual interference barriers in the distance domain and the speed
domain, significantly enhancing radar target detection and ensuring the safety of our
positions and combat personnel. The pulse Doppler radar relies on Doppler frequency
shift to calculate the target’s speed and position, making it a key target for battlefield
countermeasures. Our generated FSJ-ISR] and CPMJ-ISR] compound jamming signals
can not only generate a large number of false targets in the distance dimension through
interrupted sampling, confusing the radar’s distance gate, but can also tamper with the
echo Doppler information through frequency shift modulation, preventing the radar from
distinguishing between real and false targets. Therefore, the proposed scheme has potential
application value in next-generation electronic countermeasures.

(a)100 (b)100 (9100

50 50 50

Azimuth(m)
o
Azimuth(m)
o
Azimuth(m)
o

50 -50 -50

) . -100
-100 -50 0 50 100 -100 -50 0 50 10 100 50 0 50

100
Range(m) range(m)

range(m)

Figure 9. The simulation results of SAR imaging (a) without jamming, (b) FSJ-ISR] compound
jamming, (¢) CPMJ-ISR] compound jamming.

5. Conclusions

In this paper, a reconfigurable multi-form radar compound coherent jamming signal
generator is theoretically analyzed and demonstrated through simulation. Our proposed
radar compound jamming signal generator can generate not only a CPMJ-ISR] compound
jamming signal but also an FSJ-ISR] compound jamming signal without using optical loops
or filters, which provides a larger working frequency range. The simulation results show
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that the generated compound jamming signals have a good interference effect and can
produce many false targets by adjusting the parameters reasonably. In addition, due to
the CS-55B modulation method of the radar signal, the proposed optical links can resist
the chromatic dispersion-induced power fading. Furthermore, since all parameters in
the system can be flexibly adjusted, such as the frequency of the periodic rectangular
pulse signal and the frequency of the cosine frequency modulation signal, our proposed
jamming system has flexible adjustability. Finally, our system has excellent reconfigurability
and scalability. Since the Y-DPMZM can not only achieve phase modulation but also
amplitude modulation, various jamming seed signals can be loaded into the modulator
of the aforementioned scheme to achieve new compound jamming signals. The proposed
structure has significant application value in electronic countermeasure systems.
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