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Abstract: We propose and demonstrate an anti-jamming system to defend against wideband jamming
attack. Free space optical communication is deployed to provide a reference for jamming cancellation.
The mixed signal is processed and separated with photonic signal processing method to achieve large
bandwidth. As an analog signal processing method, the cancellation system introduces zero latency.
The radio frequency signals are modulated on optical carriers to achieve wideband and unanimous
frequency response. With wideband and zero latency, the system meets the key requirements of high
speed and real-time communications in transportation systems.

Keywords: photonic signal processing; radio frequency photonics; free space optical communica-
tion; jamming

1. Introduction

The increasing capacity of wireless networks has revolutionized application scenarios
and services deployed in transportation systems [1–4]. The growing trend of Internet of
Things initiatives increasing need of high speed and real-time communications. As our
reliance on wireless communication networks increases, cyber-attacks become potentially
more disastrous [5,6]. In fact, wireless communication networks, due to their broadcasting
nature, are highly vulnerable to jamming attack, which can result in Denial-of-Service
(DoS) [7–11].

Most of the existing anti-jamming methods fall into two categories, spread spectrum-
based techniques and jamming cancellation techniques [12–16]. Spread spectrum-based
anti-jamming techniques rely on pre-shared codes between legitimate transmitters and
receivers. For example, as a widely used spread spectrum-based anti-jamming technique,
Frequency Hopping method changes the signal carrier frequency based on the pre-share
codes, so the jammer cannot follow the change [17–22]. This method is only effective
for narrow band jamming. If the jamming spectra cover all possible frequencies, there is
no clear band to switch to (Figure 1). Similarly, as another spread spectrum-based anti-
jamming technique, Direct Sequence Spread Spectrum (DSS) multiplies the original signal
with pseudo random noise code to spread the signal spectrum at the transmitter and recover
the spectrum at the receiver [23–25]. If the jamming signal has a wide band spectrum with
high power, the signal to noise ratio (SNR) of the recovered signal of interest (SOI) is also
seriously affected by the jamming signal.

Sensors 2021, 21, 1136. https://doi.org/10.3390/s21041136 https://www.mdpi.com/journal/sensors

https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0002-0530-8640
https://doi.org/10.3390/s21041136
https://doi.org/10.3390/s21041136
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/s21041136
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/1424-8220/21/4/1136?type=check_update&version=1


Sensors 2021, 21, 1136 2 of 12

Sensors 2020, 20, x FOR PEER REVIEW 2 of 12 

 

 

Figure 1. A comparison between (a) narrow band jamming (b) wide band jamming. 

The jamming cancellation technique provides an active way to defend jamming at-

tacks. It removes the jamming signal and extracts the SOI at the receiver. Traditional jam-

ming cancellation techniques are based on processing the mixture of jamming signal and 

SOI in a digital way. Since the malicious jamming signal is random, there are very few hints 

for this blind source separation (BSS) process [26,27]. The emerging technique of multiple-

input multiple-output (MIMO) provides some hints. By using multiple antennas at the re-

ceiver, the jamming signal and SOI can be differentiated by the positions of the jammer and 

legitimate transmitter [28,29]. Even with the help of MIMO, to separate the wide-band jam-

ming signal from the SOI is still challenging. To separate SOI from the jamming signal in a 

MIMO system requires analog to digital conversion (ADC) and digital signal processing 

(DSP) for all the antennas. If the jamming bandwidth is in the range of GHz, it is extremely 

difficult for the mobile devices to achieve ADC in such bandwidth [30,31]. Moreover, jam-

ming cancellation based on DSP is a multi-variable process, and the difficulty of digitally 

solving this multi-variable process increases with the bandwidth of the signals. 

In this paper, we solve the wide band anti-jamming problem by using a bandwidth 

independent method to remove the jamming before ADC, and introduces a reference signal 

for the jamming separation, so the multi-variable problem can be simplified, and each vari-

able is solved separately. The bandwidth independent method is photonic signal pro-

cessing, which processes and cancels the wide-band jamming signal in the analog domain, 

so narrow-band ADC can be applied to the SOI (Figure 2). The reference signal for jamming 

separation is transmitted through a free space optical (FSO) communication channel. Since 

the bandwidth of a FSO channel is up to 20 GHz [32,33] a single FSO is able to carry reference 

signals for canceling jamming signals that covers all the possible RF communication bands. 

The FSO channel carries both of the signal of interest and the jamming signal, and by using 

the protocols and network model discussed in Section 3, the receiver is able to cancel the 

jamming signal with the FSO reference signal. Since the optical carriers have much higher 

frequencies than the radio frequency carriers, the bandwidths of the optical carriers are 

much larger than the radio frequency counterpart. By properly choosing the FSO transmit-

ter, as is discussed in Section 4, the wideband property of the FSO channels can be fully 

utilized, so jamming signals with GHz bandwidth can be canceled in real-time. Since the 

FSO has been widely deployed in the transportation systems [34−36], the anti-jamming sys-

tem can be easily implemented with the existing transportation infrastructures with rela-

tively low cost. 

Figure 1. A comparison between (a) narrow band jamming (b) wide band jamming.

The jamming cancellation technique provides an active way to defend jamming attacks.
It removes the jamming signal and extracts the SOI at the receiver. Traditional jamming
cancellation techniques are based on processing the mixture of jamming signal and SOI
in a digital way. Since the malicious jamming signal is random, there are very few hints
for this blind source separation (BSS) process [26,27]. The emerging technique of multiple-
input multiple-output (MIMO) provides some hints. By using multiple antennas at the
receiver, the jamming signal and SOI can be differentiated by the positions of the jammer
and legitimate transmitter [28,29]. Even with the help of MIMO, to separate the wide-
band jamming signal from the SOI is still challenging. To separate SOI from the jamming
signal in a MIMO system requires analog to digital conversion (ADC) and digital signal
processing (DSP) for all the antennas. If the jamming bandwidth is in the range of GHz,
it is extremely difficult for the mobile devices to achieve ADC in such bandwidth [30,31].
Moreover, jamming cancellation based on DSP is a multi-variable process, and the difficulty
of digitally solving this multi-variable process increases with the bandwidth of the signals.

In this paper, we solve the wide band anti-jamming problem by using a bandwidth
independent method to remove the jamming before ADC, and introduces a reference signal
for the jamming separation, so the multi-variable problem can be simplified, and each
variable is solved separately. The bandwidth independent method is photonic signal pro-
cessing, which processes and cancels the wide-band jamming signal in the analog domain,
so narrow-band ADC can be applied to the SOI (Figure 2). The reference signal for jam-
ming separation is transmitted through a free space optical (FSO) communication channel.
Since the bandwidth of a FSO channel is up to 20 GHz [32,33] a single FSO is able to carry
reference signals for canceling jamming signals that covers all the possible RF communica-
tion bands. The FSO channel carries both of the signal of interest and the jamming signal,
and by using the protocols and network model discussed in Section 3, the receiver is able
to cancel the jamming signal with the FSO reference signal. Since the optical carriers have
much higher frequencies than the radio frequency carriers, the bandwidths of the optical
carriers are much larger than the radio frequency counterpart. By properly choosing the
FSO transmitter, as is discussed in Section 4, the wideband property of the FSO channels
can be fully utilized, so jamming signals with GHz bandwidth can be canceled in real-time.
Since the FSO has been widely deployed in the transportation systems [34–36], the anti-
jamming system can be easily implemented with the existing transportation infrastructures
with relatively low cost.
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2. Background

The jamming cancellation system deploys the emerging photonic signal processing
technique to cancel the jamming signal and free space optical communication technique
to provide a reference signal for the cancellation. This section discusses the features of
photonic signal processing and free space optical communication, and shows that both of
the wideband signal processing and high speed data transmission feathers improve the
performance of a jamming cancellation system.

2.1. Photonic Signal Processing

Photonic signal processing processes analog signals directly without ADC [37,38].
One of the advantages of optics and photonics-based methods is large bandwidth [39,40].
The optical carrier frequencies are much higher than both RF baseband signals and RF
carrier frequencies. The carrier frequency for c-band optical communication is 193THz,
which is at least four orders of magnitude larger than the maximum frequency of most RF
signals in the 4th generation (4G) networks [41]. The large carrier frequencies enable unan-
imous frequency response in GHz bandwidth, which means optical and photonic devices
can process signal with GHz bandwidth. Another advantage is the low latency [42,43].
Low latency is achieved not only because the time consumption of wide-band ADC is
saved, but also based on the fact that the photonic methods process the signals in a differ-
ent mechanism compared with DSP. The signal is processed by the propagation of light
waves in resonator, modulators, amplifiers, nonlinear fibers, and, etc., or in another word,
at the speed of light [44]. While in DSP, latency is introduced because of the limit of the
processor clock, and latency increases exponentially with the bandwidth and the power
of the interference to be processed. By using the photonic method to process the analog
signals, signal of interested is separated from the wideband interference, so narrow band
and low-resolution ADC is needed at the receiver. Compared with digital method that
requires wide band and high-resolution ADC, the photonic method scientifically reduces
the latency.

A wide range of signal processing functions has been studied with the optics and
photonics-based methods. For example, logic Exclusive OR (XOR) has been demonstrated
by semiconductor optical amplifier [45,46]. The function of optical thresholder is achieved
by nonlinear optics [47,48]. Weight control for multiple signals has been achieved by using
the attenuation of waveguides [49,50].

The wide bandwidth and zero latency properties of photonic signal processing are
especially important for anti-jamming. The performance of an anti-jamming system is mea-
sured by its operational bandwidth and cancellation depth. As DSP methods typically work
under Nyquist–Shannon sampling theorem, the operational bandwidths of DSP-based
anti-jamming methods are limited by the ADC circuits. Moreover, with wideband jamming
signals (Figure 2a), power consumption of ADC and DSP circuits increase exponentially
with the bandwidth, and considerable power consumption and latency are introduced if
the bandwidth of the jamming signal is in GHz range. By using photonic-based methods to
pre-process the analog signal before ADC, the problem of digitizing and processing a wide
band signal can be simplified to a narrow band signal processing (Figure 2b). The time and
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power consumption of DSP can be reduced by orders of magnitudes. Table 1 summarize
the comparison of the anti-jamming techniques. The spread spectrum techniques are
effective when the jamming signal has a narrow bandwidth [17–22]. For wide band signals,
digital jamming cancellation method introduces large latency, and the photonic method
has less latency [42,43]. As an analog signal processing method, the photonic method is
also scalable to multiple stages, and the cancellation ration can be multiplied by the stages.

Table 1. Comparison of different anti-jamming techniques. ADC: analog to digital conversion; MIMO:
multiple-input multiple-output; FSO: free space optical communication.

Description Spread Spectrum-
Based Techniques

Digital Jamming
Cancellation

Photonic Jamming
Cancellation

Jamming Signal Bandwidth Narrow Wide, introduce
large latency Wide, low latency

Cancellation ratio Not applicable Depend on
ADC resolution

Scalable, can be
multiplied with
multiple stages

Latency Low High Low

Hardware requirement Spectrum sensing MIMO system FSO system

The photonic signal processing provides instant jamming cancellation, and is compati-
ble with the existing spectrum sensing methods that detect the existence of the jamming
signals [51–53]. By using the learning algorithm to improve the spectrum sensing, the jam-
ming signal can be detected in real-time [54–56]. With the data from the spectrum sensing,
both of the spectrum resources and the jamming cancellation resources can be allocated
based on the existence of the jamming signal and the needs for communication band-
width [57].

2.2. Free Space Optical Communication

FSO has been widely studied as an alternative solution for wireless communications.
Hybrid FSO/RF network has been proposed for the next generation wireless communica-
tions (fifth generation (5G) networks) [58–60]. In this paper, an FSO transmitter functions
as an anti-jamming station that receives the RF jamming signal, modulates the RF jamming
signal to a FSO channel and sends the FSO signal to the legitimate receivers. The carrier
frequencies of the FSO channels range from 192THz to 750 THz. Compared with RF
wireless communication carrier frequencies that range from 500 kHz to 6GHz (fourth Gen-
eration wireless network) and 30 GHz to 70 GHz (5G), the bandwidth of a FSO channel is
orders of magnitude larger than a RF channel. The disadvantages of FSO channels are the
large power consumption at the transmitter, and high directionality, which requires the
line-of-sight transmission. Because of such disadvantages, FSO cannot completely replace
RF communications, and mostly exists in a hybrid FSO and RF communication system.

This paper strategically exploits both the advantages and disadvantages of the FSO
channel. First, the large bandwidth of the FSO channel can provide the reference for
removing the jamming signal that covers all the possible RF bands. Second, the high
directionality of the FSO channel, which is normally considered a limitation of FSO, can in
fact be used to benefit the anti-jamming system: the line-of-sight requirement ensures the
high spatial selectivity between the FSO transmitter and FSO receiver, which protects the
FSO channel itself from being jammed. If the jammer sends out a strong optical beam to
blind the legitimate FSO receiver, the receiver can select to receive optical signals from
the legitimate FSO transmitter by using a lens hood. The position of the FSO transmitter
needs to be carefully selected for the receiver to differentiate the jammer and the FSO
transmitter and a handshaking protocol is needed between the transmitter and receiver,
which is discussed in Section 3. Third, since the FSO signal is carried by a light beam
generated with lasers, the power consumption of FSO transmitter is always an issue for
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battery powered devices. This hybrid system does not simply turn off RF communications,
and switches to FSO communications when the RF channels are being jammed. The FSO
channels are used to provide reference signals for jamming cancellation in the RF channels.
The battery-powered devices only receive the optical beams, which requires relatively less
power than sending the optical beams. The FSO transmitters are immobile and powered
by cable.

3. Methods and System Model

Figure 3 shows the schematic diagram of the anti-jamming system. The wireless RF
transmitter and receiver communicate with RF channels. The jammer sends out RF jamming
signals that overlap with the legitimate RF bands for the transmitter and the receiver.
The FSO transmitter functions as an anti-jamming station that receives the jamming signal
and modulates the RF signal on to an optical carrier and send it to the receiver through an
FSO channel.
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Figure 3. Schematic diagram of the anti-jamming system. The free space optical (FSO) transmitter
receives both of the signal of interest from the wireless RF transmitter (grey arrow) and the jamming
signal from the jammer (red arrow). The FSO transmitter modulates both of the signals on optical
carriers, and sends the signals to the FSO receiver through FSO channel (blue arrow).

The FSO transmitter receives both jamming signals and SOI from legitimate transmitter.
The relative amplitude of the jamming signals and the SOI received by FSO transmitter
depends on relative positions of the FSO transmitter, jammer, and legitimate transmitter,
and can be controlled by selecting the appropriate FSO transmitter. A mixture of SOI and
jamming signals are received at the FSO transmitter and the mixed signals are modulated
to the FSO channel. The RF/FSO receiver receives both RF signals rrf and FSO signals rfso,
which can be expressed in the following equation:[

rr f
r f so

]
=

[
h1 h2
h3 h4

][
ssoi
sjam

]
(1)

where ssoi is the SOI, sjam is the jamming signal, and hi, where i = 1,2,3,4 is the complex
channel coefficient. The channels can be either RF channels or FSO channels. hi is a complex
number. The signal attenuation/amplification is the amplitude of hi, and the signal phase
delay is the phase of hi. Using the channel coefficients shown in Figure 3, Equation (1),
can be written in the following form.[

rr f
r f so

]
=

[
hTR hJR

hTFhFR hJFhFR

][
ssoi
sjam

]
(2)

To separate the jamming signal and the SOI, we need to solve Equation (1) from the
received signals rrf and rfso. This is a complex BSS problem, and considering both phases and
amplitudes of hi=1,2,3,4, there are 8 unknown parameters for the optimization process. In this
system, the blind source problem is simplified to a noise cancellation problem by properly
designing the protocols for anti-jamming. As shown in Figure 4, when the jamming is
detected by the FSO transmitter, a command is sent to the RF transmitter/receivers through
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FSO channel to switch the system to the anti-jamming mode. At the step of jamming
cancellation, SOI is turned off, which means ssoi = 0, and Equation (2) is simplified to

rr f = hJRsjam (3)

r f so = hJFhFRsjam (4)
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Equation (3) shows the jamming signals, and Equation (4) shows the reference signals.
Both the jamming signal and reference signals are wide band signals, and are feed into
the photonic signal processing circuit. The photonic signal processing circuit has two
functions: first, to match the channel coefficient (Equation (5)); second, to subtract the
received jamming signal by the reference signal (Equation (6)).

hM =
hJR

hJFhFR
(5)

rr f − hMr f so = 0 (6)

where hM is to match the amplitude and phase of jamming signal channel coefficient hJR,
and reference signal channel coefficient hJFhFR. hM is achieved in the photonic circuits by
controlling the amplitude and phase of the optical signal. This is an optimization process
of finding the minimum of the residue the of jamming signal rrf − hMrfso by changing the
phase and amplitude of the reference signal to match with the jamming signal.

Once the matching condition is satisfied, the SOI can be switched on. This is the signal
recovery step in Figure 4. The output of the cancellation system is

rout = rr f − hMr f so = hTRssoi − hMhTFhFRssoi (7)

The first term is the direct transmission from the legitimate transmitter and receiver,
and the second term is the interference generated from the reference signal. This inter-
ference is similar to the multi-path problem in wireless communications. The rout is a
narrow-band signal, and SOI can be recovered from rout with narrow band ADC and
signal processing circuits.

4. System Validation
4.1. Results

Figure 5 shows the experimental setup, which corresponds to jammer, FSO transmitter,
RF/FSO receiver in the schematic diagram (Figure 2). The FSO transmitter is able to detect
and receive the RF jamming signals and modulate the jamming signal on to a laser carrier
(Laser 1). The modulated signal is sent through a FSO link to the RF/FSO receiver. RF/FSO
receiver receives both the RF signals and FSO signals for jamming cancellation. RF signals
are modulated to another laser carrier (Laser 2). Both the FSO transmitter and RF/FSO
receiver is able to control and match amplitude and phase of the modulated optical signal
to achieve matching condition, which is to solve hM in Equation (6).
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The optical wavelength for the FSO transmitter (Laser 1 in Figure 5) is 1544 nm, and
the optical wavelength for jamming cancellation at the FSO receiver (Laser 2 in Figure 5) is
1560 nm. We choose the wavelength at the optical communication band, so the correspond-
ing optical components, such as optical amplifiers, attenuators, modulators, and delays,
are available at this wavelength range. The amplitudes of the optical signals at the FSO
transmitter and the receiver are controlled by the Erbium-doped fiber amplifiers (EDFAs)
and tunable optical attenuators. The phases of the optical signals at the FSO transmitter
and the receiver are controlled by the tunable optical delays.

Once the jamming signal is detected, the FSO transmitter is turned on and the system
operate at step 2 in Figure 4. The intensity modulator in FSO transmitter is inversely biased
to achieve the cancellation function. An optical combiner is used to combine the modulated
signal at the RF/FSO receiver, and the reference signal from the FSO link. The photodiode
at the receiver converts the combined optical signal to RF signal. At phase 2, feedback
control is applied to minimize the output power and achieve cancellation.

Figure 6 shows the cancellation results at the receiver in phase 2. The jamming signal
is random white Gaussian noise with bandwidth of 1 GHz, and the signal of interest is
binary polar non-return to zero signal with 100 Mbps data rate. Figure 6a is the base band
spectrum of signal received at the receiver without removing the jamming signal. Both of
bandwidth and power of jamming signal are at least one order of magnitude larger than
the signal of interest. The mixed spectrum (Figure 6) only shows the white gaussian noise,
and does not shows the pattern of the signal of interest. Figure 6b shows the recovered
signal of interest after removing the jamming signal; 30 dB cancellation is achieved over the
jamming signal bandwidth, and the pattern of the signal of interest is clearly shown. In the
system test, the jamming signal and signal of interest are digitally simulated signal and the
30dB cancellation ratio is based on experimental test result. To measure the cancellation
ratio, a network analyzer (Keysight E5063A) is used; 30 dB of cancellation ratio is measured
by turning off the signal of interest and feeds the signal output of the network analyzer to
both of the RF input of the FSO transmitter and the receiver. The output of the receiver
photodiode shows a 30 dB cancellation. To minimize the effect of antenna with limited
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bandwidth, the test result is obtained by replacing the wireless channels between the
jammer, FSO transmitter, and RF/FSO receiver with RF cables and RF splitters.Sensors 2020, 20, x FOR PEER REVIEW 8 of 12 
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Figure 6 shows the jamming cancellation for baseband signals. The wideband proper-
ties of the photonic jamming cancellation method enable the system to process signals with
radio frequency carriers, or in another word, bandpass signals. In such cases, the jamming
signal and the signal of interest has the same carrier frequency and are overlapped in the
radio frequency spectrum. Since the processing bandwidth of the system is higher than
the radio carrier frequency, signal of interest with multiple channels can be processed
simultaneously with one photonic system.

4.2. Network Implementation

The jamming attacks can be identified by measuring the availability of the wireless
communication channels; however, the antennas and signal processing units of the legiti-
mate users have limited bandwidth, and the detection of jamming based on the each users
is lack of overall control of all the RF bands under attacked. Moreover, if all the RF bands
are being jammed, the users and controller cannot communicate to send commands in
anti-jamming protocol. FSO transmitters behave as anti-jamming stations and have spec-
trum sensing facilities to detect the jamming attacks. The FSO transmitters are powered by
cables and mobile users are powered by batteries. The FSO transmitters have more power
budget and can be equipped with RF spectrum analyzers, and measure the wireless signal
with a wider bandwidth and faster measuring rate. Multiple FSO transmitters exist in anti-
jamming network. Figure 7 shows an example of anti-jamming network, where two FSO
transmitters are located in the bottom left and bottom middle of the figure. The number
FSO transmitters is scalable to n based on the size of the network and locations of the RF
receivers. of The FSO transmitters measure the RF spectrums at different positions and
shared the measured results with each other to determine whether a wide-band jamming
attack has been identified and the network should be switched to the anti-jamming mode.
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tom middle show two FSO transmitters (TX: wireless RF transmitter, RX: RF/FSO receiver, FSO:
FSO transmitter).
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The position of the jammer determines the channel coefficients hJR and hJF, and pre-
known information about the channel coefficients can greatly simplify the process of finding
the matching condition and canceling the jamming (Equations (5) and (6)). Moreover, the rel-
ative positions between FSO transmitters, jammer, and legitimate transmitters/receivers
determine of the performance of the system and the SNR of the recovered signal. As an
extreme example, if the FSO transmitter is close to the legitimate user or the jammer and
legitimate transmitter are at the symmetric positions to the FSO transmitter, the channel
coefficients in Equation (7) satisfy:

hTR − hMhTFhFR ≈ 0 (8)

The output of the cancellation system is rout ≈ 0, and the SNR of the recovered SOI
is also close to zero. The position of the jammer can be estimated by the multiple FSO
transmitters. The multiple FSO transmitters function as a phase array antenna, and jammer
localization can be approximately measured by the relative phase and amplitude of the
jamming signal detected by each FSO transmitter.

Generally, the closer distance between the FSO transmitter and the legitimate receiver,
the closer values of the two terms in Equation (8), and the smaller SNR of the recovered
signal. This issue can be addressed by properly selecting the FSO transmitter to serve
for a certain user. The flexibility of selecting the FSO transmitter is another advantage
of the hybrid system compared with the jamming separation methods based on MIMO
techniques. The counterparts of the FSO transmitter and the legitimate receiver are two
antennas in a MIMO system. In a MIMO system, the relative distance between the two
antennas is limited by the size of the mobile device, and thus the spatial resolution is also
limited. In this hybrid system, there is no distance limit between FSO transmitter and
legitimate receiver.

The selection of the FSO transmitter also depends on the visibility of the FSO trans-
mitter to the legitimate receiver. Because of the high directionality of the FSO channel,
an optical beam may be blocked from the line-of-sight of the receiver. In this case, the re-
ceiver needs to switch to another FSO transmitter and rebuild the matching condition
(Figure 8). The dynamic selection of FSO transmitter also ensures the FSO channel to
maintain its wide-band transmission, so jamming signals with GHz bandwidth can be
cancelled consistently.
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5. Conclusions

We proposed and demonstrated an anti-jamming system for wide-band jamming
cancellation. Both the network model and the physical layer implementation are studied.
The jamming cancellation is based on photonic signal processing, which processes GHz
signal with zero latency. FSO channel is used to provide reference signal to cancel the
jamming signal. The separation of FSO transmitter and the legitimate user enable large
angle resolution that differentiate the legitimate transmitter and the jammer. Wide band and
real-time signal processing enables the deployment of the hybrid system in transportation
networks that require both high speed and instant communication. The main contribution
of this work is to use optical spectrum to carry the reference signal and remove the jamming
signal with the optical reference signal. Compared with the similar concepts from radio
frequency counterpart, the system in this manuscript processes the signals on optical
carriers and achieves a much larger bandwidth. The prospective work will implement the
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anti-jamming system on both the existing 4G and evolving 5G networks. The wideband
property of the photonic system meets the requirement of high data rate of 5G network.

Author Contributions: B.W. and Y.Q. carried out the experiment and performed signal processing.
C.Q. and Y.T. performed the system analysis and network design. The paper was written by B.W.
and edited by Y.Q., C.Q., and Y.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Menouar, H.; Guvenc, I.; Akkaya, K.; Uluagac, A.S.; Kadri, A.; Tuncer, A. UAV-Enabled Intelligent Transportation Systems for the

Smart City: Applications and Challenges. IEEE Commun. Mag. 2017, 55, 22–28. [CrossRef]
2. Guerrero-Ibáñez, J.; Zeadally, S.; Contreras-Castillo, J. Sensor Technologies for Intelligent Transportation Systems. Sensors 2018,

18, 1212. [CrossRef] [PubMed]
3. Taheri, M.; Ansari, N.; Feng, J.; Rojas-Cessa, R.; Zhou, M. Provisioning Internet Access Using FSO in High-speed Rail Networks.

IEEE Netw. 2017, 31, 96–101. [CrossRef]
4. Kaymak, Y.; Rojas-Cessa, R.; Feng, J.; Ansari, N.; Zhou, M. On Divergence-Angle Efficiency of a Laser Beam in Free-Space Optical

Communications for High-Speed Trains. IEEE Trans. Veh. Technol. 2017, 66, 7677–7687. [CrossRef]
5. Fawzi, H.; Tabuada, P.; Diggavi, S. Secure Estimation and Control for Cyber-Physical Systems Under Adversarial Attacks.

IEEE Trans. Autom. Control 2014, 59, 1454–1467. [CrossRef]
6. Jino, S.R.; Moni, D.J. Applications of wireless sensor networks—A survey. In Proceedings of the 2017 International Conference on

Innovations in Electrical, Electronics, Instrumentation and Media Technology (ICEEIMT), Coimbatore, India, 3–4 February 2017;
pp. 325–329.

7. Mukherjee, A.; Fakoorian, S.A.A.; Huang, J.; Swindlehurst, A.L. Principles of Physical Layer Security in Multiuser Wireless
Networks: A Survey. IEEE Commun. Surv. Tutor. 2014, 16, 1550–1573. [CrossRef]

8. Zou, Y.; Zhu, J.; Wang, X.; Hanzo, L. A Survey on Wireless Security: Technical Challenges, Recent Advances, and Future Trends.
JPROC 2016, 104, 1727–1765. [CrossRef]

9. Chu, Z.; Cumanan, K.; Ding, Z.; Johnston, M.; Le Goff, S.Y. Secrecy Rate Optimizations for a MIMO Secrecy Channel with a
Cooperative Jammer. IEEE Trans. Veh. Technol. 2015, 64, 1833–1847. [CrossRef]

10. Butun, I.; Morgera, S.D.; Sankar, R. A Survey of Intrusion Detection Systems in Wireless Sensor Networks. IEEE Commun.
Surv. Tutor. 2014, 16, 266–282. [CrossRef]

11. Manju, V.C.; Sasi, K.M. Detection of jamming style DoS attack in Wireless Sensor Network. In Proceedings of the 2012 2nd IEEE
International Conference on Parallel, Distributed and Grid Computing, Solan, India, 6–8 December 2012; pp. 563–567.

12. Zhao, N.; Yu, F.R.; Li, M.; Yan, Q.; Leung, V.C.M. Physical layer security issues in interference- alignment-based wireless networks.
IEEE Commun. Mag. 2016, 54, 162–168. [CrossRef]

13. Wang, Q.; Xu, P.; Ren, K.; Li, X.Y. Towards Optimal Adaptive UFH-Based Anti-Jamming Wireless Communication. IEEE J. Sel.
Areas Commun. 2012, 30, 16–30. [CrossRef]

14. Wu, Y.; Wang, B.; Liu, K.J.; Clancy, T.C. Anti-jamming games in multi-channel cognitive radio networks. IEEE J. Sel. Areas Commun.
2012, 30, 4–15. [CrossRef]

15. Yan, Q.; Zeng, H.; Jiang, T.; Li, M.; Lou, W.; Hou, Y.T. Jamming resilient communication using mimo interference cancellation.
IEEE Trans. Inf. Forensics Secur. 2016, 11, 1486–1499. [CrossRef]

16. Yan, Q.; Zeng, H.; Jiang, T.; Li, M.; Lou, W.; Hou, Y.T. Mimo-based jamming resilient communication in wireless networks.
In Proceedings of the IEEE INFOCOM 2014-IEEE Conference on Computer Communications, Toronto, ON, Canada, 27 April–
2 May 2014; pp. 2697–2706.

17. Lu, X.; Wang, P.; Niyato, D.; Kim, D.I.; Han, Z. Wireless Networks with RF Energy Harvesting: A Contemporary Survey.
IEEE Commun. Surv. Tutor. 2015, 17, 757–789. [CrossRef]

18. Hanawal, M.K.; Abdel-Rahman, M.J.; Krunz, M. Joint adaptation of frequency hopping and transmission rate for anti-jamming
wireless systems. IEEE Trans. Mob. Comput. 2016, 15, 2247–2259. [CrossRef]

19. Hassanien, A.; Himed, B.; Rigling, B.D. A dual-function MIMO radar-communications system using frequency-hopping
waveforms. IEEE Radar Conf. 2017, 1721–1725. [CrossRef]

http://doi.org/10.1109/MCOM.2017.1600238CM
http://doi.org/10.3390/s18041212
http://www.ncbi.nlm.nih.gov/pubmed/29659524
http://doi.org/10.1109/MNET.2017.1600167NM
http://doi.org/10.1109/TVT.2017.2686818
http://doi.org/10.1109/TAC.2014.2303233
http://doi.org/10.1109/SURV.2014.012314.00178
http://doi.org/10.1109/JPROC.2016.2558521
http://doi.org/10.1109/TVT.2014.2336092
http://doi.org/10.1109/SURV.2013.050113.00191
http://doi.org/10.1109/MCOM.2016.7537191
http://doi.org/10.1109/JSAC.2012.120103
http://doi.org/10.1109/JSAC.2012.120102
http://doi.org/10.1109/TIFS.2016.2535906
http://doi.org/10.1109/COMST.2014.2368999
http://doi.org/10.1109/TMC.2015.2492556
http://doi.org/10.1109/RADAR.2017.7944485


Sensors 2021, 21, 1136 11 of 12

20. Zedini, E.; Ansari, I.S.; Alouini, M. Performance Analysis of Mixed Nakagami-m and Gamma–Gamma Dual-Hop FSO Transmis-
sion Systems. IEEE Photonics J. 2015, 7, 1–20. [CrossRef]

21. Chen, T.; Liu, J.; Xiao, L.; Huang, L. Anti-jamming transmissions with learning in heterogenous cognitive radio networks.
In Proceedings of the 2015 IEEE Wireless Communications and Networking Conference Workshops (WCNCW), New Orleans,
LA, USA, 9–12 March 2015; pp. 293–298.

22. Chang, G.; Huang, J.; Wang, Y. Matrix-Based Channel Hopping Algorithms for Cognitive Radio Networks. IEEE Trans.
Wirel. Commun. 2015, 14, 2755–2768. [CrossRef]

23. Alagil, A.; Alotaibi, M.; Liu, Y. Randomized positioning dsss for anti-jamming wireless communications. In Proceedings of the
2016 International Conference on Computing, Networking and Communications (ICNC), Kauai, HI, USA, 15–18 February 2016;
pp. 1–6.

24. Xie, D.G.; Wu, N.; Wang, C.; Liu, Q.F. Performance analysis and simulation of dsss in tactical data link communication
system. In Proceedings of the 2012 6th Asia-Pacific Conference on Environmental Electromagnetics (CEEM), Shanghai, China,
6–9 November 2012; pp. 194–197.

25. Dai, W.; Qiao, C.; Wang, Y.; Zhou, C. Improved anti-jamming scheme for direct-sequence spread-spectrum receivers. Electron. Lett.
2016, 52, 161–163. [CrossRef]

26. Zhu, X.; Liu, Y.; Zhang, X. A blind source separation-based anti-jamming method by space pre-whitening. In Proceedings of the
2016 7th IEEE International Conference on Software Engineering and Service Science (ICSESS), Beijing, China, 26–28 August 2016;
pp. 454–457.

27. Sawada, H.; Araki, S.; Makino, S. Underdetermined Convolutive Blind Source Separation via Frequency Bin-Wise Clustering and
Permutation Alignment. IEEE Trans. Audio Speech Lang. Process. 2011, 19, 516–527. [CrossRef]

28. Li, L.; Chigan, C. A virtual mimo based anti-jamming strategy for cognitive radio networks. In Proceedings of the 2016 IEEE
International Conference on Communications (ICC), Kuala Lumpur, Malaysia, 22–27 May 2016; pp. 1–6.

29. Larsson, E.G.; Edfors, O.; Tufvesson, F.; Marzetta, T.L. Massive MIMO for next generation wireless systems. IEEE Commun. Mag.
2014, 52, 186–195. [CrossRef]

30. Timoshenko, A.; Lomovskaya, K. A survey on effective techniques of designing high-performance 1-ghz bandwidth adc. In Pro-
ceedings of the 2011 19th Telecommunications Forum (TELFOR) Proceedings of Papers, Belgrade, Serbia, 22–24 November 2011;
pp. 1609–1611.

31. Kundu, S.; Alpman, E.; Lu, J.H.; Lakdawala, H.; Paramesh, J.; Jung, B.; Zur, S.; Gordon, E. A 1.2 v 2.64 gs/s 8-bit 39 mw
skew-tolerant time-interleaved sar adc in 40 nm digital lp cmos for 60 ghz wlan. IEEE Trans. Circuits Syst. I 2015, 62, 1929–1939.
[CrossRef]

32. Hussein, A.T.; Alresheedi, M.T.; Elmirghani, J.M. 20 gb/s mobile indoor visible light communication system employing beam
steering and computer-generated holograms. J. Lightw. Technol. 2015, 33, 5242–5260. [CrossRef]

33. Ying, C.L.; Lu, H.H.; Li, C.Y.; Cheng, C.J.; Peng, P.C.; Ho, W.J. 20-gbps optical LiFi transport system. Opt. Lett. 2015, 40, 3276–3279.
[CrossRef]

34. Fan, Q.; Taheri, M.; Ansari, N.; Feng, J.; Rojas-Cessa, R.; Zhou, M.; Zhang, T. Reducing the Impact of Handovers in Ground-to-Train
Free Space Optical Communications. IEEE Trans. Veh. Technol. 2018, 67, 1292–1301. [CrossRef]

35. Kaymak, Y.; Rojas-Cessa, R.; Feng, J.; Ansari, N.; Zhou, M.; Zhang, T. A Survey on Acquisition, Tracking, and Pointing Mechanisms
for Mobile Free-Space Optical Communications. IEEE Commun. Surv. Tutor. 2018, 20, 1104–1123. [CrossRef]

36. Fathi-Kazerooni, S.; Kaymak, Y.; Rojas-Cessa, R.; Feng, J.; Ansari, N.; Zhou, M.; Zhang, T. Optimal Positioning of Ground Base
Stations in Free-Space Optical Communications for High-Speed Trains. IEEE Trans. Intell. Transp. Syst. 2018, 19, 1940–1949.
[CrossRef]

37. Solli, R.; Bahram, D.J. Analog optical computing. Nat. Photonics 2015, 9, 704–706. [CrossRef]
38. Babashah, H.; Kavehvash, Z.; Koohi, S.; Khavasi, A. Integration in analog optical computing using metasurfaces revisited: Toward

ideal optical integration. J. Opt. Soc. Am. 2017, 34, 1270–1279. [CrossRef]
39. Wu, B.; Shastri, B.J.; Mittal, P.; Tait, A.N.; Prucnal, P.R. Optical Signal Processing and Stealth Transmission for Privacy. J. Sel. Top.

Signal Process. 2015, 9, 1185–1194.
40. Qi, Y.; Wu, B. Radio Frequency Spectrum Control Based on Wideband Jamming and Photonic Jamming Cancellation. In Proceed-

ings of the 2019 Optical Society of America Frontiers in Optics and Laser Science, Washington, DC, USA, 15–19 September 2019;
p. JW3A.65.

41. Shastri, B.J.; Chang, J.; Tait, A.N.; Chang, M.P.; Wu, B. Ultrafast Optical Techniques for Communication Networks and Signal
Processing. In All-Optical Signal Processing; Prucnal, P.R., Ed.; Springer: Cham, Switerland, 2015; pp. 469–503.

42. Tait, A.N.; Nahmias, M.A.; Tian, Y.; Shastri, B.J.; Prucnal, P.R. Photonic Neuromorphic Signal Processing and Computing.
In Nanophotonic Information Physics; Springer: Berlin, Germany, 2013; pp. 183–222.

43. Fok, M.P.; Tian, Y.; Rosenbluth, D.; Prucnal, P.R. Asynchronous spiking photonic neuron for lightwave neuromorphic signal
processing. Opt. Lett. 2012, 37, 3309–3311. [CrossRef] [PubMed]

44. Fok, M.P.; Tian, Y.; Rosenbluth, D.; Deng, Y.H.; Prucnal, P.R. Optical hybrid analog-digital signal processing based on spike
processing in neurons. Proc. SPIE 2011, 8134. [CrossRef]

45. Fok, M.P.; Prucnal, P.R. Polarization Effect on Optical xor Performance Based on Four-Wave Mixing. IEEE Photonics Technol. Lett.
2010, 22, 1096–1098. [CrossRef]

http://doi.org/10.1109/JPHOT.2014.2381657
http://doi.org/10.1109/TWC.2015.2392121
http://doi.org/10.1049/el.2015.3304
http://doi.org/10.1109/TASL.2010.2051355
http://doi.org/10.1109/MCOM.2014.6736761
http://doi.org/10.1109/TCSI.2015.2452372
http://doi.org/10.1109/JLT.2015.2495165
http://doi.org/10.1364/OL.40.003276
http://doi.org/10.1109/TVT.2017.2754960
http://doi.org/10.1109/COMST.2018.2804323
http://doi.org/10.1109/TITS.2017.2741999
http://doi.org/10.1038/nphoton.2015.208
http://doi.org/10.1364/JOSAB.34.001270
http://doi.org/10.1364/OL.37.003309
http://www.ncbi.nlm.nih.gov/pubmed/23381240
http://doi.org/10.1117/12.895347
http://doi.org/10.1109/LPT.2010.2050465


Sensors 2021, 21, 1136 12 of 12

46. Fok, M.P.; Prucnal, P.R. All-optical XOR gate with optical feedback using highly Ge-doped nonlinear fiber and a terahertz optical
asymmetric demultiplexer. Appl. Opt. 2011, 50, 237–241. [CrossRef]

47. Huang, C.; de Lima, T.F.; Jha, A.; Abbaslou, S.; Shastri, B.J.; Prucnal, P.R. Giant Enhancement in Signal Contrast Using Integrated
All-Optical Nonlinear Thresholder. In Proceedings of the 2019 Optical Fiber Communications Conference and Exhibition (OFC),
San Diego, CA, USA, 3–7 March 2019.

48. Tait, A.N.; Shastri, B.J.; Fok, M.P.; Nahmias, M.A.; Prucnal, P.R. The DREAM: An Integrated Photonic Thresholder. J. Light. Technol.
2013, 31, 1263–1272. [CrossRef]

49. Tait, A.N.; Jayatilleka, H.; de Lima, T.F.; Ma, P.Y.; Nahmias, M.A.; Shastri, B.J.; Shekhar, B.; Chrostowski, L.; Prucnal, P.R. Feedback
control for microring weight banks. Opt. Express 2018, 26, 26422–26443. [CrossRef] [PubMed]

50. Tait, A.N.; Wu, A.X.; de Lima, T.F.; Nahmias, M.A.; Shastri, B.J.; Prucnal, P.R. Two-pole microring weight banks. Opt. Lett. 2018,
43, 2276–2279. [CrossRef] [PubMed]

51. Arjoune, Y.; Kaabouch, N. A Comprehensive Survey on Spectrum Sensing in Cognitive Radio Networks: Recent Advances,
New Challenges, and Future Research Directions. Sensors 2019, 19, 126. [CrossRef] [PubMed]

52. Xiong, T.; Yao, Y.; Ren, Y.; Li, Z. Multiband Spectrum Sensing in Cognitive Radio Networks with Secondary User Hardware
Limitation: Random and Adaptive Spectrum Sensing Strategies. IEEE Trans. Wirel. Commun. 2018, 17, 3018–3029. [CrossRef]

53. Jan, S.U.; Vu, V.H.; Koo, I. Throughput Maximization Using an SVM for Multi-Class Hypothesis-Based Spectrum Sensing in
Cognitive Radio. Appl. Sci. 2018, 8, 421. [CrossRef]

54. Lee, W.; Kim, M.; Cho, D. Deep Cooperative Sensing: Cooperative Spectrum Sensing Based on Convolutional Neural Networks.
IEEE Trans. Veh. Technol. 2019, 68, 3005–3009. [CrossRef]

55. Han, D. Spectrum sensing for cognitive radio based on convolution neural network. In Proceedings of the 2017 10th Inter-
national Congress on Image and Signal Processing, Biomedical Engineering and Informatics (CISP-BMEI), Shanghai, China,
14–16 October 2017; pp. 1–6.

56. Davaslioglu, K.; Sagduyu, Y.E. Generative Adversarial Learning for Spectrum Sensing. In Proceedings of the 2018 IEEE
International Conference on Communications (ICC), Kansas City, MO, USA, 20–24 May 2018; pp. 1–6.

57. Ejaz, W.; Ibnkahla, M. Multiband Spectrum Sensing and Resource Allocation for IoT in Cognitive 5G Networks. IEEE Internet
Things J. 2017, 5, 150–163. [CrossRef]

58. Vangala, S.; Pishro-Nik, H. A highly reliable fso/rf communication system using efficient codes. In Proceedings of the IEEE
GLOBECOM 2007-IEEE Global Telecommunications Conference, Washington, DC, USA, 26–30 November 2017; pp. 2232–2236.

59. Rakia, T.; Yang, H.; Alouini, M.; Gebali, F. Outage Analysis of Practical FSO/RF Hybrid System with Adaptive Combining.
IEEE Commun. Lett. 2015, 19, 1366–1369. [CrossRef]

60. Bag, B.; Das, A.; Ansari, I.S.; Prokeš, A.; Bose, B.; Chandra, A. Performance Analysis of Hybrid FSO Systems Using FSO/RF-FSO
Link Adaptation. IEEE Photonics J. 2018, 10, 1–17. [CrossRef]

http://doi.org/10.1364/AO.50.000237
http://doi.org/10.1109/JLT.2013.2246544
http://doi.org/10.1364/OE.26.026422
http://www.ncbi.nlm.nih.gov/pubmed/30469730
http://doi.org/10.1364/OL.43.002276
http://www.ncbi.nlm.nih.gov/pubmed/29762571
http://doi.org/10.3390/s19010126
http://www.ncbi.nlm.nih.gov/pubmed/30609719
http://doi.org/10.1109/TWC.2018.2805729
http://doi.org/10.3390/app8030421
http://doi.org/10.1109/TVT.2019.2891291
http://doi.org/10.1109/JIOT.2017.2775959
http://doi.org/10.1109/LCOMM.2015.2443771
http://doi.org/10.1109/JPHOT.2018.2837356

	Introduction 
	Background 
	Photonic Signal Processing 
	Free Space Optical Communication 

	Methods and System Model 
	System Validation 
	Results 
	Network Implementation 

	Conclusions 
	References

