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Abstract—Cognitive radio is considered as a possible disruptive
force to improve the spectral resource efficiency through sensing
and interacting with the environment. Traditional electrical tech-
nologies to implement the cognitive radio face challenges in terms
of bandwidth, resolution, and speed. In this paper, the concept
and architecture of broadband cognitive radio systems enabled
by photonics are proposed. Key microwave photonic techniques
for the architecture are reviewed, including the photonics-based
spectrum sensing, the photonic arbitrary waveform generation,
the photonics-based self-interference cancellation processing, and
the microwave photonic dechirp processing and radar imaging. A
preliminary demonstration of a cognitive radar system enabled by
photonics is performed. The future possible research directions on
this topic are discussed.

Index Terms—Cognitive radio, microwave photonics, spectrum
sensing, waveform generation, self-interference cancellation, radar
imaging.

I. INTRODUCTION

AGLOBAL challenge faced by modern wireless systems
is to develop new services covering broad bandwidth

with limited available spectrum source. Conventional radio-
frequency (RF) systems work independently and have no in-
teraction with the environment. Thus, it usually has to allocate
a static frequency spectrum to exclusive licensed users. With
the wireless devices and systems increasing explosively, the
electromagnetic environment becomes more and more complex,
and the available spectrum is increasingly scarce.

Cognitive radio technology is considered to be a possible
disruptive force within the spectrum management, making the
RF system work effectively, reliably and robustly in a complex
electromagnetic environment [1], [2]. Unlike traditional RF
systems, cognitive RF systems learn, infer and react to the
environment, which can be described as OODA (i.e., observe,
orient, decide, act) loops, as illustrated in Fig. 1 [2], [3]. The
environment is first observed through different kinds of sensors.
The information is then processed by a cognitive processor and
oriented to infer the meanings based on prior knowledge. A
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Fig. 1. Cognitive RF system described as an OODA loop. OODA: observe,
orient, decide, and act [3].

decision is made and sent to a dynamic control system, which
configures the transceiver to act according to the environmental
changes. In this way, the cognitive radio system can dynamically
allocate the RF spectrum resources for RF applications.

A conceptual scheme of the cognitive radio system has been
proposed in [1], which is mainly composed of the cognitive radio
platform and the cognitive controlling part. The cognitive radio
platform realizes the functions of spectrum sensing, and adaptive
signal generation and processing over a wide frequency range.
Meanwhile, the cognitive controlling part orients the meaning
of the observed information, makes decisions, and controls the
cognitive radio platform.

Typical approaches for implementing the cognitive radio plat-
form primarily comprise analog RF front-ends, analog-to-digital
converts (ADCs), digital signal processors (DSPs), and digital-
to-analog converters (DACs). The key difference between these
platforms is originated from the architecture of the analog RF
front-ends after antennas and RF amplification chains. One such
architecture applies a number of switches, frequency converters
and narrow-band filters to cover a wide bandwidth, while others
employ tunable RF components to improve the flexibility of
bandwidth and operation frequency. Complex platform config-
urations have to be applied if the system needs to have broad
bandwidth due to the factor that the ADCs to sample the input
RF signals usually have a limited effective number of bits at high
frequency, the DSPs to extract the information from the input
signals would encounter intolerable latency and power con-
sumption if the amount of data is huge, and the DACs to produce
the waveforms can output signals in the low-frequency regime
with relatively small bandwidth. In addition, the cognitive radio
system generally exploits multiple RF functions to observe
the environment, such as radar imaging and electromagnetic
spectrum sensing. The devices, layer structure, and optimal fre-
quency bands for different RF functions are diverse. Challenges
in interoperability, including the coexistence, cooperation, and
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TABLE I
PERFORMANCE COMPARISON BETWEEN MICROWAVE TECHNIQUES AND

MICROWAVE PHOTONIC TECHNIQUES FOR COGNITIVE RADIO

EMI: electromagnetic interference; SWaP: size, weight, and power consumption.

collaboration of different function layers exist, and the increase
of the size, weight and power consumption (SWaP) is inevitable.

Microwave photonics is considered to be an effective solution
to these problems [4]–[7], due to the advantages of wideband
and real-time signal generation, transmission, controlling and
processing capability brought by photonics. Table I lists several
key advantages for establishing the cognitive radio system by
introducing microwave photonics, as compared with those using
traditional microwave techniques. As can be seen, the innovative
implementation of the cognitive radio system will be allowed
with significant added values based on microwave photonics.

Recently, we have proposed the concept and architecture of
the broadband cognitive radio enabled by photonics [5]. In this
paper, the key microwave photonic techniques to establish the
cognitive radio system are reviewed, including photonics-based
spectrum sensing, photonic arbitrary waveform generation,
and photonic signal processing. Recent experimental studies
to establish the cognitive radio system based on microwave
photonics are introduced. The future possible research directions
are also discussed.

II. THE ARCHITECTURE OF THE PHOTONICS-BASED

COGNITIVE RADIO

The basic concept of the cognitive radio enabled by photonics
is illustrated in Fig. 2. The system is mainly composed of the
inputs and outputs (IOs), the photonic cognitive radio platform
and the radio artificial intelligence (AI) cognitive processing
module. The IOs contains the wideband RF amplification chains.
The photonic cognitive radio platform consists of three main
parts: (1) the photonic spectrum sensor to realize the real-time
spectrum sensing of the ultra-wideband electromagnetic envi-
ronment; (2) the photonic signal generator to produce wideband
adaptive waveform; (3) the photonic signal processor to realize
the real-time processing of the wideband signals.

The photonic spectrum sensor realizes the real-time spectrum
sensing of the ultra-wideband electromagnetic environment. The
complex electromagnetic environment brings great challenges
to realize the spectrum sensing using traditional electrical tech-
nologies. Microwave photonic spectrum sensing approaches

Fig. 2. The concept of the cognitive radio enabled by photonics.

have the advantages of wide instantaneous bandwidth, immunity
to electromagnetic interference and parallel fast sensing ability.

The photonic signal generator realizes the function of gen-
erating RF waveforms. Since the generated RF signals should
be flexibly adjusted according to the complex electromagnetic
environment, the signal generator must be reconfigurable over a
wide bandwidth. Photonic approaches have been demonstrated
to have the capability of broadband arbitrary waveform genera-
tion with high performance.

The photonic signal processor realizes the processing of the
received RF signals. If the received RF signals cover a wide
bandwidth, the response speed of the cognitive radio system
needs to be fast. In addition, for the cognitive radio system,
the capabilities of in-band full-duplex operation and spectral
efficiency improvement over a wide frequency range are needed,
leading to the requirement of the self-interference cancellation
over a large bandwidth. Thanks to the advantages of wide
bandwidth, parallel signal processing and low transmission loss
introduced by photonics, high processing speed over a wide
operation bandwidth will be enabled.

The operation process of the system is as follows. The pho-
tonic spectrum sensor observes the ultra-wideband electromag-
netic environment. The observed information is fed back to the
radio AI cognitive processors to orient the meaning. A decision
will be made accordingly and applied to control the photonic
signal generator to generate the optimal RF signals. The photonic
signal processor is also adjusted to process the received signals
and achieve the required functions decided by the cognitive
system. In this way, a broadband cognitive radio system can be
established to address various challenges of the pure electronic
implementation, thanks to the advantages introduced by pho-
tonics. For instance, the photonic cognitive radio demonstrated
in [5] easily achieved an instantaneous bandwidth of 4 GHz in
the frequency range of 17.5-26 GHz, while the bandwidth of the
electronic approaches is around tens of MHz [8].
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Fig. 3. Coherent optical channelization based on two OFCs.

III. KEY TECHNOLOGIES FOR THE PHOTONICS-BASED

COGNITIVE RADIO

Previously, various microwave photonic techniques that might
be applied to the architecture in Fig. 2 were demonstrated,
including the photonics-based spectrum sensing, the pho-
tonic arbitrary waveform generation, the photonics-based self-
interference cancellation processing, and the microwave pho-
tonic dechirp processing and radar imaging. This section pro-
vides a brief review of these techniques and discusses the benefits
that might be brought by them.

A. Photonics-Based Spectrum Sensing

Microwave photonic spectrum sensing approaches have been
widely studied in recent years [9], [10]. Typical methods include
optical channelization [11]–[37], photonics-based frequency
scanning [39]–[49], and optical Fourier transform [50]–[58].

The basic function of channelization is to slice the received
spectrum into a number of narrowband parallel channels, which
can then be processed by low-speed electronics [59]. One
straightforward way to implement the microwave channelization
in the optical domain is based on an array of optical filters
[11]–[23], but the crosstalk, channel bandwidth and channel
consistency are usually restricted by the limited performance
of the optical filters. To solve this problem, coherent optical
channelization was proposed [24]–[28]. One typical scheme is
based on parallel photonic mixing and two OFCs with slightly
different spacing [26]–[29], as shown in Fig. 3. The RF signal is
broadcasted to each comb line of the signal OFC, and the local
OFC serves as a photonic LO bank to downconvert different
RF components from different optically carried copies. Since
these RF components have been well separated in the optical
domain by using the OFC, optical filters with low requirements
are sufficient to split them into a series of different channels.

Thanks to the square-law detection nature of photodetectors,
the components of the signal located at the left and right sides of

TABLE II
PERFORMANCE COMPARISON OF COHERENT CHANNELIZERS BASED ON OFCS

BW: bandwidth; CBW: channel bandwidth; CN: channel number; IRR: image rejection
ratio.

the comb line in the local OFC would be downconverted simul-
taneously and overlapped in the frequency domain [30]. One ap-
proach to solve this problem is to introduce in-phase/quadrature
(I/Q) demodulation and electrical digital signal processing [31]–
[33] or to apply microwave photonic image-reject mixers (IRMs)
[30], [34]–[37]. Another issue associated with the coherent op-
tical channelization is that a large number of high-quality comb
lines are required to achieve broadband spectrum sensing with
high resolution. Previously, we proposed a microwave photonic
dual-output IRM based on balanced Hartley architecture, which
can reduce the requirement of the comb line number by half
[36], [38]. By further applying the polarization multiplexing
technique [37], the requirement of the comb line number can
be reduced to 1/8. The performance of different coherent optical
channelizers based on dual OFCs is summarized in Table II.

Photonics-based frequency scanning is another effective
method for spectrum sensing, which follows the concept of
frequency scanning receiver in the electrical domain and can be
realized by sweeping the frequency of a photonic LO [39]–[42],
an optically carried RF signal [43]–[46], or the response of an
optical filter [47]–[49]. Table III compares the performances of
the spectrum sensing based on different methods in this category.

Fourier transform is a widely-used and mature method for
spectrum sensing, especially in the digital domain [50]. With the
increase of the bandwidth, the amount of data to be processed
will be huge. The relatively-low processing speed of the DSPs
would hinder real-time operation, and the power dissipation is
considerable. Many approaches have been proposed to realize
the Fourier transform in the optical domain [51]–[58], by which
the spectrum information of the input RF signal is directly
mapped into the time domain and obtained without using DSPs.

One intuitive method to realize the optical Fourier transform is
based on an optical dispersive medium [51]–[54]. The concept
comes from the space-time duality, referring to the similarity
between the diffraction of an electromagnetic beam in the space
domain and dispersive propagation of an electromagnetic pulse
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TABLE III
PERFORMANCE COMPARISON OF SPECTRUM SENSING METHODS BASED ON

PHOTONICS-BASED FREQUENCY SCANNING

BW: bandwidth.

Fig. 4. Real-time Fourier transform system based on time-frequency con-
volution. OS: optical source, EOM: electro-optical modulator, DE: dispersion
element, PD: photodetector.

in the time domain [51]. Fraunhofer diffraction in the space do-
main realizes the Fourier transform of the input beam. Similarly,
in the time domain, when a short optical pulse passes through a
dispersion medium, the pulse spectrum will be mapped into the
time domain. By modulating the electrical signal to be measured
to the optical pulse, the Fourier transform of the optically carried
signal will be accomplished [52]–[53]. To improve the frequency
resolution, the method of bandwidth magnification is proposed
and demonstrated [54].

Fourier transform can also be implemented by using a
photonics-based temporal convolution system [55], as shown
in Fig. 4. An ultra-short optical pulse passes through a tem-
poral stretching medium, an electro-optical modulator (EOM)
and a temporal compression medium, and then injected into a
photodetector (PD). The temporal stretching medium and the
temporal compression medium are realized by two dispersive
mediums with inverse dispersion values. The spectrum of the
applied RF signal is mapped into the time domain at the output
of the system. To reduce the requirement of the ADC sampling
rate for the output waveform observation, the technologies of
temporal amplification [56] and asynchronous optical sampling
[57] are utilized. Recently, an optical frequency-shifted loop is
established to implement the Fourier transform [58]. The RF
signal to be measured is first converted into the optical domain,
which is then shifted in the optical frequency-shifted loop both in
the time domain and in the frequency domain. The mathematical
expression of the optical output of the loop is adjusted to match
with the Fourier transform definition. Table IV compares the per-
formances of the photonics-based Fourier transform systems.

TABLE IV
PERFORMANCE COMPARISON OF PHOTONICS-BASED FOURIER TRANSFORM

SYSTEMS

For the broadband cognitive radio applications, the three kinds
of spectrum sensing approaches have their respective advan-
tages and disadvantages. The optical channelization approaches
are reliable and effective, but there is a tradeoff between the
bandwidth and the resolution, and a large amount of hardware
resources might be consumed due to the parallel structure.
For the photonics-based frequency scanning approaches, the
required hardware resources are effectively reduced, but the
cost is the relatively-large response time. The photonics-based
Fourier transform can realize a fast measurement over a large
bandwidth, but the dynamic range needs improvement for prac-
tical applications. For the cognitive radio system, the selection of
the spectrum sensing method depends on the requirement of the
application. For example, photonics-based frequency scanning
may be applied if the interference in the environment is slowly
varied, while the photonics-based Fourier transform can be
deployed in the scenario when the interference is strong.

B. Photonic Arbitrary Waveform Generation

Photonic arbitrary waveform generation can be achieved
based on optical spectral shaping and frequency-to-time map-
ping [60]–[68], time-domain synthesis [69]–[84], and photonic
DAC [85]–[98].

Optical spectral shaping and frequency-to-time mapping for
arbitrary waveform generation are usually implemented based
on ultrashort optical pulses [60]–[68]. The frequency compo-
nents of the optical pulses are firstly shaped via an optical
spectral shaping device, and then go through a dispersive device
to map the spectral profile into the time domain. After optical
to electrical conversion, a microwave arbitrary waveform can
be obtained. One key component in the system is the optical
spectral shaping module, which should be reconfigurable to
adapt to the cognitive radio applications. Previously, the optical
spectral shaping module was realized by programmable spatial
light modulators [60], [62], fiber Bragg gratings (FBGs) [65],
and ring resonator-based optical filters [66].

Time-domain synthesis can also be exploited to generate
flexible microwave waveforms. One typical example is real-
ized based on the injection of semiconductor lasers [69]–[84].
The optically injected semiconductor laser is operated in the
period-one (P1) oscillation state. An optical carrier and a side-
band with its frequency dependent on the injection strength
and wavelength are generated at the output of the laser. After
optical to electrical conversion, a microwave waveform will be
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Fig. 5. Microwave waveform generation based on an optically injected semi-
conductor laser with a control signal to configure the generated microwave signal
and an optoelectronic feedback loop to improve the signal quality.

generated. By controlling the optical injection strength and/or
the frequency detuning between the master laser and the slave
laser, microwave waveform with tunable frequency will be
generated. Previously, reconfigurable microwave waveforms in-
cluding the CW/pulsed, linearly chirped and frequency-hopping
signals were successfully generated [79]–[83]. The quality of
the generated microwave waveform can be improved by in-
jecting a low-frequency stable subharmonic microwave signal
[73] or introducing all-optical or optoelectronic feedback loops
[74]–[77]. Fig. 5 shows an example for reconfigurable waveform
generation with improved quality based on this kind of method,
which applies an external control signal and a feedback signal
simultaneously to an EOM inserted between the master laser
and the slave laser [84].

Similar to electronic DACs, photonic DAC is another effective
way to generate arbitrary waveforms [85]–[98]. In general, the
photonic DAC can be implemented using a parallel or serial
architecture. In the parallel structure [85]–[94], the lightwave
is divided into N channels. The nth channel is set to have a
weighted optical power of 2n times the power in the first channel.
Then, these channels are modulated by a number of digital
inputs and summed in the PD. Since the parallel photonic DAC
converts multiple bits at the same time, the speed is high. But the
effectiveness of the system is limited by the extinction ratio of the
EOMs. In the serial photonic DAC, a serial bit stream is used as
the input, and the digital-to-analog conversion is implemented
by optical gating of the delayed and weighted signals [95] or
by pulse pattern recognition [96]. Since the modulation and
summation can be implemented in a single channel, the system
is simplified. But a strict requirement of time delay control is
needed.

Among different kinds of waveforms, linear frequency mod-
ulated (LFM) microwave waveforms are widely applied in a
variety of RF applications thanks to the capability of pulse com-
pression [99]. Various microwave photonic approaches to gen-
erate the LFM waveform has been proposed [100]–[126]. One
intuitive method is the optical heterodyne between a pre-chirped
optical pulse and a CW lightwave [100], a fast wavelength-
sweeping laser and a CW laser [101]–[102], or two time-delayed
quadratically frequency-modulated optical pulses [103]. The
methods, however, face challenges of poor linearity, small time-
bandwidth product, or limited bandwidth. These problems can
be easily solved by the waveform synthesis methods based on
OFCs [104]–[105]. Taking the scheme in [105] as an example,
two coherent OFCs with a slightly different comb line spacing

Fig. 6. Photonic microwave waveform generation based on OFCs. MZM:
Mach-Zehnder modulator.

are used, as shown in Fig. 6. An IF-LFM signal is used to mod-
ulate the signal OFC. The modulated signal OFC is combined
with the local OFC, and spliced into different channels. If signals
in these channels are sent to optical to electrical converters,
LFM signals with different center frequencies will be generated.
If a series of time delays are introduced to the channels and
combining them in the optical domain, LFM signals with both
the time duration and bandwidth multiplied can be generated.
The time-bandwidth product of the generated LFM signal can
be improved by N × N times, and the linearity is improved
by N times, where N is the used comb line number. The LFM
waveforms can also be generated based on the Fourier domain
mode-locked optoelectronic oscillators (OEOs) [106]–[110].
Besides, investigations are also taken in the microwave photonic
dual-chirp LFM signal generation [111]–[122] to avoid the
range-Doppler coupling effect of the single-chirp LFM signal
[123]–[125].

Different photonics-based waveform generation approaches
would be best suitable for the generation of one or two specific
waveform types, and have their own merits and shortcomings.
For the broadband cognitive radio systems, the selection of the
photonics-based waveform generation method depends on the
aimed function of the system. Meanwhile, the compatibility of
the system with the other functional blocks of the cognitive radio
system should be taken into consideration.

C. Photonics-Based Self-Interference Cancellation Processing

Photonics-based self-interference cancellation [127]–[132]
can be used to achieve wideband and high isolation between
the transmitter and the receiver of a cognitive radio system. The
basic idea of self-interference cancellation is to introduce a small
portion of the transmitted signal as the reference signal to the
receiver. The received RF signal (containing the interference)
and the reference signal are modulated to the optical domain,
respectively. The optically carried reference signal is properly
delayed, power weighted, phase inverted, and then combined
with the optically carried RF signal, by which the interference
in the received signal is canceled. Wideband phase inversion
is the key to implement the optical self-interference cancel-
lation, which can be realized in the optical domain by using
counter-biasing modulations [128], the out-of-phase property
of the phase-modulated sidebands [129], a microwave photonic
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TABLE V
PERFORMANCE COMPARISON OF PHOTONIC SELF-INTERFERENCE

CANCELLATION APPROACHES

c depth: cancellation depth.

phase shifter [130], balanced photodetection [131] or an RF
balun [132].

Multipath interference due to the reflection, diffraction and
scattering is another issue that must be considered in a realis-
tic scenario. This can be addressed by establishing an optical
compensation branch with a parallel set of weighted time-delay
lines. In [133], the optical compensation branch is realized by
inserting a number of parallel fiber delay lines and optical power
attenuators; while in [134], an array of tunable lasers are used,
and the delays and the magnitudes are tuned by adjusting the
wavelength and the optical power of each laser.

Since the interference signals reflected from different materi-
als may have frequency-independent phase shifts, they would
not be canceled with only a fixed π-phase shift. To remedy
this, microwave photonic phase shifters based on a polarization
modulator is applied to introduce tunable phase shifts [130]. In
addition, it would be interesting that the self-interference can-
cellation is implemented together with frequency mixing from
the practical point of view. Recently, approaches to simultane-
ously realize the self-interference cancellation and image-reject
mixing are demonstrated based on a DP-QPSK modulator [135],
or a polarization multiplexed 90° optical hybrid [136]–[137].

According to [138], a typical narrow-band cancellation depth
for Wi-Fi and cellular applications is 110 dB, and the active ana-
log cancellation should contribute 30-45 dB. The performance
of typical photonic self-interference cancellation approaches in
the literature is summarized in Table V. As can be seen, the
photonics-based self-interference cancellation can provide more
than 56-dB cancellation depth for narrowband applications.
Some implementation can provide a cancellation depth of more
than 30 dB over a 9.5-GHz bandwidth [130], which is not
possible for the state-of-the-art electronic approaches.

Fig. 7. Photonic dechirp processing combined with microwave photonic signal
generation.

D. Microwave Photonic Dechirp Processing and Radar
Imaging

Since imaging radar has the capability of working under all
day and all weather conditions, it is one of the most important
sensors for a cognitive radio system to observe the physical
environment. Synthetic aperture radar imaging (SAR) and In-
verse synthetic aperture radar (ISAR) imaging are two popular
techniques for radar imaging. They both use the relative move-
ment between the radar and target to create a synthetic aperture,
which provides fine spatial resolution. The range resolution of
the imaging radar is mainly determined by the bandwidth of the
transmitted signal. Consequently, to meet the requirements for
ultra-high resolution observation, a large instantaneous band-
width is needed. In addition, fast signal processing is essential
to realize real-time imaging.

Imaging radar based on microwave photonics can generate
and process signals with large bandwidth, which is highly
required by a cognitive radio system. Many photonics-based
radar systems have been reported. The first photonics-based
fully digital radar called “PHODIR” was reported in 2014 [6].
A mode-locked laser (MLL) is used to generate reconfigurable
waveforms for the transmitter and provide ultra-low jitter sam-
pling pulse for the photonic analog to digital conversion in
the receiver, respectively. Later, several microwave photonic
imaging radar systems utilizing photonic dechirp processing
and/or microwave photonic signal generation have been pro-
posed [139]–[147]. To implement the dechirp processing, the
radar waveform is typically an LFM signal. The received echo
is mixed with the reference signal, generating an IF signal. The
sensing information, including the time delay and the Doppler
frequency and so on, will be effectively converted into the output
IF signal, which usually has a narrow bandwidth and a low
frequency.

The typical way to achieve the photonics-based dechirp pro-
cessing is to perform the mixing in the optical domain [139].
The bandwidth and frequency can be further extended by comb-
ing the microwave photonic signal generation [140]–[143]. As
shown in Fig. 7, the optical carrier is modulated by an IF-LFM
signal at EOM1. The obtained optical signal is divided into
two parts. One part is sent into PD1 to perform the optical-
to-electrical conversion. By properly adjusting the bias voltage
of EOM1, frequency doubling [140], quadrupling [141]–[142]
or sextupling [143] will be achieved. An RF signal with the
instantaneous bandwidth multiplied is generated. The other part
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Fig. 8. Schematic of the photonics-based broadband cognitive radar. EA: elec-
trical amplifier; ELPF: electrical low-pass filter; DSP: digital signal processing;
MLL: mode-locked laser; DCF: dispersion compensating fiber.

of the optical signal is injected into EOM2, which is driven by
the received RF echo. By injecting the output optical signal into
PD2, the dechirp processing is successfully achieved. Further-
more, in [144], a balanced I/Q dechirp receiver is established
by introducing the photonic IRM based on the balanced Hartley
structure [38]. Both the image interference and the undesired
mixing spurs are suppressed simultaneously for the dechirp
processing in the optical domain.

It should be noted that the microwave photonic dechirp pro-
cessing can also be used for multi-band radars [145]–[150]. The
key challenge is to process different band signals simultaneously,
and make the sensing information from different bands not
interfere with each other. In [145], the polarization multiplexing
and de-multiplexing are introduced to realize the dechirp pro-
cessing of dual-band LFM signals. Another way is to introduce a
specially designed integrated dual-band LFM waveform with in-
verse chirp rates [146]–[147], which can be received simultane-
ously and detected independently. To distinguish the de-chirped
outputs of different bands, a third auxiliary chirp signal is added
in [146], while the photonic I/Q mixing is introduced in [147].
With the multi-band operation capability enabled by photonics,
multiple RF functions can be implemented in a single system,
such as radar and communication [151] and radar imaging and
frequency measurement [152].

IV. DEMONSTRATION OF MICROWAVE PHOTONIC

COGNITIVE SYSTEM

Based on the proposed photonic cognitive radio architec-
ture, and the key enabling microwave photonic technologies,
a demo of a cognitive radar system enabled by photonics is
performed. Fig. 8 shows the schematic diagram of the proposed
photonics-based broadband cognitive radar, which is mainly
composed of two parts, i. e., a real-time electromagnetic envi-
ronment sensing module and a microwave photonic self-adaptive
radar transceiver. Real-time sensing of the environment is first
achieved by using photonics-based real-time Fourier transform
(RTFT). The obtained environment information is used to adjust

Fig. 9. The principle of the signal generation and processing in the microwave
photonic transceiver. (a) The radar waveform generation and (b) the signal
dechirping.

the microwave photonic transceiver, by which frequency-agility
RF signal generation based on dual OFCs and photonic dechirp
processing for radar imaging are implemented. A low-frequency
narrowband signal is then produced and real-time ISAR imaging
with high resolution is realized.

The RTFT for electromagnetic environment sensing is built
based on temporal convolution. Firstly, an ultra-short optical
pulse with a wideband spectrum is generated by an MLL. After
passing through a dispersive element with a dispersion value of
Φ0, the pulse is time-stretched and the profile of the stretched
pulse is consistent with its spectrum, realizing spectrum-to-time
mapping. The electrical signals received from the environment
are lead to MZM1 to modulate the stretched optical pulse. The
modulated optical signal is propagated through a second disper-
sive element with a dispersion value of −Φ0, by which the pulse
is recompressed. The frequency of the received electrical signal
is therefore transformed into the time domain, and the RTFT
process is realized with a frequency-to-time coefficient ofΦ0. By
simply analyzing the output temporal waveform, the frequency
spectra of the received RF signals from the electromagnetic
environment can be obtained.

The microwave photonic radar transceiver can self-adaptively
select the proper frequency band for target detection according
to the observed environment information. Fig. 9 illustrates the
principle of the microwave photonic radar transceiver, which
is constructed based on two OFCs. A signal OFC and a local
OFC with the free spectral ranges (FSRs) of fS and fS+Δf,
respectively, are used. For the radar waveform generation, the
signal OFC is modulated by an IF signal centered at fIF with a
bandwidth of δIF and a time duration of T based on the carrier
suppressed single sideband (CS-SSB) modulation, as shown in
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Fig. 9(a1). A programmable photonic processor is used to select
the optically-carried IF signal and the corresponding photonic
LO comb line, as shown in Fig. 9(a3). The selected optical signal
is then divided into two parts. One part is injected into PD2 to
generate the radar waveform. By selecting the required optical
components through the programmable photonic processor, the
center frequency of the radar waveforms can be tuned according
to the environment information. The generated signal is ampli-
fied by EA2 and radiated to the free space through an antenna
for target detection.

The other part of the optical signal from the programmable
photonic processor is served as the reference signal to realize
the dechirp processing of the radar echoes in the optical domain,
with the principle shown in Fig. 9(b). The echoes from the targets
are collected by an antenna, amplified by EA3, and used to
modulate the reference optical signal at MZM2. As can be seen
in Fig. 9(b1), the reference signal in the nth channel contains
two optical components of flo-OFC(n) and fsig_modulated(n). After
modulation at MZM2, a few new components are generated,
with the optical spectrum illustrated in Fig. 9(b2). By leading the
optical output of MZM2 into PD3, a low-frequency de-chirped
signal will be produced. It should be noted that the obtained
de-chirped signal comes from two parts, as shown in Fig. 9(b3).
One part is the beating signal between the optical component
of fsig_modulated(n) and the −1st-order signal sideband generated
from the optical carrier of flo-OFC(n). The other part is the
beating signal between the optical component of flo-OFC(n) and
the +1st signal sideband generated from the optical carrier of
fsig_modulated(n). Based on the dechirp processing output, ISAR
imaging can be realized through the two-dimensional Fourier
transform.

In an experiment, a microwave photonic cognitive radar with
two-band (17.5–21.5 GHz and 22–26 GHz) frequency agility
is established. Self-adaptive anti-jamming ISAR imaging is
achieved in the presence of interference. In the photonics-based
self-adaptive radar transceiver, a signal OFC and a local OFC
with 3 comb lines are used. The FSRs of the two OFCs are 31
and 35.5 GHz, respectively, and the frequency spacing between
the 1st comb lines of the two OFCs is adjusted to be 30 GHz.
An IF-LFM signal centered at 6 GHz with a bandwidth of 4
GHz and a time duration of 30 μs is used to modulate the signal
OFC with CS-SSB modulation. The optical spectra of the signal
OFC before and after modulation are shown in Fig. 10(a). The
modulated signal OFC and the local OFC with the spectra shown
in Fig. 10(b) are sent into the programmable photonic processor.

First, the programmable optical processor selects the 2nd
channel, and an LFM signal covering 17.5–21.5 GHz is gen-
erated. The observed electrical spectrum, waveform and the
instantaneous frequency-time diagram of the generated signal
are shown in Figs. 11(a)–(c), respectively. To show the target
detection capability of the proposed cognitive radar in the pres-
ence of interference, the imaging performance is investigated.
The target is a fan with three blades placed on a turntable, as
shown in Fig. 12(a). Each blade has a length of 16 cm and a
width of 7.5 cm, placed about 4 cm away from the center of the
turntable. The turntable is rotating in the horizontal plane with an
angular speed of 360° per second. Fig. 12(b) shows the imaging

Fig. 10. Experimentally measured optical spectra of (a) the signal OFC before
(dotted line) and after (solid line) modulation, (b) the local OFC (dotted line)
and the modulated signal OFC (solid line) sent into the programmable photonic
processor.

Fig. 11. (a) The measured electrical spectrum, (b) waveform, and (c) the
instantaneous frequency-time diagram of the generated RF-LFM signal covering
17.5–21.5 GHz.

result. The three blades can be clearly observed. It should be
mentioned that the obtained de-chirped signal is only sampled
with a sampling rate of 10 MSa/s in the experiment, making
real-time ISAR imaging possible.

Then the interference signal is switched to 17.5–21.5 GHz.
The radar is interfered, with the imaging result shown in
Fig. 13(a). The real-time spectral sensing result is shown in
Fig. 13(b). The time delay between the reference pulse and the
signal pulse is 100 ps and the FWHM (full width at half-maxima)
of the signal pulse is 35 ps, indicating the existence of an interfer-
ence signal centered at 19 GHz with a bandwidth of∼6.63 GHz.
According to the feedback information about the environment,
the programmable optical processor is reconfigured to select the
1st channel shown in Fig. 10(b) to generate an RF-LFM signal
covering 22–26 GHz. The electrical spectrum, waveform and
instantaneous frequency-time diagram of the generated signal
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Fig. 12. (a) The target on a turntable, and (b) the imaging result when the radar
is operated at 17.5–21.5 GHz.

Fig. 13. (a) The imaging result and (b) the RTFT result when there is an
interference signal within 17.5–21.5 GHz.

Fig. 14. (a) The measured electrical spectrum, (b) waveform and (c) the
instantaneous frequency-time diagram of the generated RF-LFM signal at 22–26
GHz, and (d) the imaging result.

are shown in Figs. 14(a)–(c), respectively. ISAR imaging is suc-
cessfully implemented again, with the result shown in Fig. 14(d).
Therefore, the cognitive radar successfully achieves a reliable
working state via interaction with the environment.

For the spectrum sensing module, by introducing a photonic
dispersion medium that has short physics length, the spectrum
sensing time over large bandwidth will be very short. Taking a
dispersive FBG with a 1-m length as an example, the response
time is calculated to be about 10 ns. The switching time of the
microwave photonic transceiver is mainly determined by the pro-
grammable optical processor used to select the required optical
components. In our experiment, a waveshaper is used as the

programmable optical processor, whose typical response time
is several ms. Recently, the integrated programmable optical
processors with fast responses have been proposed [153]. By
introducing these devices, the response time of the system can
be further reduced.

V. DISCUSSION AND CONCLUSION

This article reviewed the recent advancement in microwave
photonics to establish broadband cognitive radio systems. By
introducing microwave photonic components and subsystems
to realize real-time broadband spectrum sensing of the com-
plex electromagnetic environment, wideband adaptive wave-
form generation, fast processing of the wideband signals, broad-
band and flexible cognitive radio system can be established.

Although the concept of microwave photonic cognitive radio
was demonstrated, there is considerable room for improvement.
First, the compatibility of different microwave photonic com-
ponents and subsystems to establish the cognitive radio system
should be improved to integrate multiple microwave photonic
modules in a single platform. The spectrum sensing, waveform
generation and dechirp processing modules are implemented
using different laser sources, modulators and photodetectors.
Second, the electromagnetic environment sensing only relies on
spectrum analysis, which is insufficient. In the future, modula-
tion format, signal strength, angle of arrival and so on should be
identified for building more efficient systems. Third, the research
on the cognitive radio covers multidisciplinary areas, ranging
from system architecture, testbed, signal processing, control
algorithms, security to network. This paper mainly deals with
the challenge of broadband cognitive radio systems associated
with the RF section. Other interesting issues associated with the
broadband cognitive radio enabled by photonics should be taken
into account. In addition, to exert the full potential of microwave
photonics for the cognitive radio, the RF components involved
in the system, including the antennas, the power amplifiers and
dividers and so on are also required to have wide bandwidth
operation capability.

Currently, integrated microwave photonics are developing
rapidly [154]–[156]. More compact and reliable photonics-
based spectrum sensing module and photonics-based transceiver
with higher performance are expected. With the research ef-
forts on these directions devoted to microwave photonics, the
cognitive radio platform enabled by photonics is becoming an
attractive and feasible approach for future radio systems such as
radar, electronic warfare, wireless communication systems, and
the comprehensive multi-function integration RF systems.
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