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Abstract—As the only method for all-weather, all-time and long-
distance target detection and recognition, radar has been inten-
sively studied since it was invented, and is considered as an essential
sensor for future intelligent society. In the past few decades, great
efforts were devoted to improving radar’s functionality, precision,
and response time, of which the key is to generate, control and
process a wideband signal with high speed. Thanks to the broad
bandwidth, flat response, low loss transmission, multidimensional
multiplexing, ultrafast analog signal processing and electromag-
netic interference immunity provided by modern photonics, imple-
mentation of the radar in the optical domain can achieve better
performance in terms of resolution, coverage, and speed which
would be difficult (if not impossible) to implement using traditional,
even state-of-the-art electronics. In this tutorial, we overview the
distinct features of microwave photonics and some key microwave
photonic technologies that are currently known to be attractive
for radars. System architectures and their performance that may
interest the radar society are emphasized. Emerging technologies
in this area and possible future research directions are discussed.

Index Terms—Radars, microwave photonics, LO generation,
waveform generation, mixing, filtering, analog-to-digital
conversion, beamforming, interference cancellation, analog
signal processing, synthetic aperture, radar imaging, photonic
integration.

I. INTRODUCTION

R
ADAR, the acronym of RAdio Detection And Ranging,

is regarded as the primary and popular method for all-

weather, all-time and long-distance target detection, imaging,

classification and recognition [1]. By radiating radio frequency

(RF) signals into the free space through a transmitter and

collecting the echoes with a receiver, the information (e.g.,

distance, altitude, image, direction, and speed) of the targets can

be extracted after de-chirping, auto-correlation or other algo-

rithms [1]. Traditionally, radars are realized with pure electronic

technologies, which now suffer severely from the limited band-

width, few functions, low speed, and poor resolution, making
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them difficult to detect and identify low-attitude, low-speed and

small targets for civil applications in the complex electromag-

netic environment. To deal with these issues, photonics-based

technologies were introduced to radars thanks to the distinct

features of modern photonics, such as broad bandwidth, flat

response, low loss transmission, multidimensional multiplexing,

fast analog signal processing, highly coherent pulse source and

electromagnetic interference (EMI) immunity [2]–[7]. Typical

microwave photonic subsystems like optoelectronic oscillators

(OEOs), broadband waveform generators, optical beamform-

ing networks (OBFN), microwave photonic mixers, real-time

Fourier transform (RTFT) systems, and photonic analog to

digital convertors were developed and optimized for possible

application in radars [8]–[13]. Besides, different architectures

of microwave photonic radars were proposed recently, which

demonstrated the exceptional reconfigurability, multiple func-

tionalities, wide area distribution, and high-resolution imaging

capability enabled by the photonics.

This tutorial firstly overviews the unique features of mi-

crowave photonics that are attractive for radars, which is pre-

sented in Section II. Then, in Section III several microwave

photonic technologies that are known interesting to the radar

society are reviewed, including photonic local oscillation (LO)

generation, photonic radar waveform generation, microwave

photonic mixing and channelization, microwave photonic fil-

tering, optical beamforming, optical RTFT, photonic analog-to-

digital conversion (ADC), and co-site interference cancellation.

In Section IV, recent advancement on the microwave photonic

radars is introduced, with an emphasis on the system architec-

tures and the achieved performance. The possible future research

directions in this area are discussed in Section V.

II. THE FEATURES OF MICROWAVE PHOTONICS

In a conventional microwave system, microwave or inter-

mediate frequency (IF) signals are distributed or processed in

the electrical domain using electronic components, as shown in

Fig. 1(a). To take benefits from modern photonics, broadband

electrical-to-optical (EO) and optical-to-electrical (OE) conver-

sions are introduced to the system so that the signals can be

transmitted in an optical fiber or processed in the optical domain

using optical devices, as shown in Fig. 1(b).

EO conversion with a bandwidth of several or tens of gi-

gahertz can be implemented by a direct-modulated laser diode

(LD) or a continuous-wave (CW) laser source together with an

external modulator. For an LD, the output optical power would

increase linearly with the drive current in a certain range, so EO
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Fig. 1. Schematic diagrams of (a) a conventional microwave system and
(b) a typical microwave photonic system.

conversion can be easily realized if the LD is properly biased and

the drive current to the LD is controlled by a microwave or IF

signal. In the external modulation scheme, the phase, intensity

or polarization of the CW light from the laser is modulated at

an electro-optic modulator (EOM) by changing the refractive

index, gain (absorption) coefficient or birefringence of the ma-

terial in the modulator according to the input electrical signal.

Compared with the external modulation, direct modulation is

more energy-efficient and cost-efficient, but it is usually difficult

to provide a large bandwidth, a high gain, and a large dynamic

range that are required by radars. Therefore, EO conversion in

the following refers to external modulation unless specified. The

broadband OE conversion can be realized by either photovoltaic

or photoconductive effect, which converts the optical power into

an electrical current. Different types of photodetectors (PDs) are

developed to achieve the OE conversion [14], including wave-

guide PD, uni-traveling carrier PD (UTC-PD), velocity-matched

distributed PD, traveling-wave PD and so on [15].

The parameters of the devices for the EO/OE conversion

have fundamental impacts on the performance of the microwave

systems, such as the link gain, bandwidth, dynamic range, signal

to noise ratio (SNR), and conversion efficiency. Thanks to the

fast development of the optoelectronic devices, the relative

intensity noise (RIN) of the LD, which affects the noise floor

of the microwave photonic system, has been improved from

−135 dB/Hz in the 1980s to the current −168 dB/Hz [16],

[17]; the linewidth, which could be converted into microwave

amplitude, phase, or frequency noises in different microwave

photonic systems, has been declined from 7.5 GHz to 0.01 Hz

[14], [18]; and the output power, which is associated with the

gain of the system, has been boosted from several mW to 2 W

[19], [20]. The half-wave voltage of the EOM has been reduced

from 84 to 0.8 V [21], [22], and its 3-dB bandwidth has been

grown from 1 to 500 GHz [23], [24]. In addition, PDs with

high responsivity and large bandwidth are also available. For

example, UTC-PDs with a 3-dB bandwidth of over 300 GHz

[25], a responsivity of 1.02 A/W [26], or an output power

as high as 22 dBm [27] has been reported. Besides, arrayed

laser [28], arrayed modulator [29] and arrayed PD [30] are also

commercially available.

With the improved performance of microwave photonic de-

vices, the amplifier-less microwave photonic link could reach

a 12.7-dB gain and a noise figure of less than 5.7 dB [31],

and the spurious-free dynamic range (SFDR) could exceed

Fig. 2. (a) The target consisting of eight reflectors, and microwave images
achieved by (b) a 2-GHz bandwidth radar and (c) an 8-GHz bandwidth radar.

130 dBc�Hz2/3, making microwave photonics highly potential

for radar applications. In the past few decades, many unique

features of microwave photonics have been revealed which may

not be achievable using traditional, even state-of-the-art elec-

tronics. Some of these features are obvious and well accepted

by the researchers on radars, while some are not fully utilized to

form intriguing techniques at the current stage.

A. Broad Bandwidth

Bandwidth is of great importance to radars, which directly

determines the range resolution and the functionalities (or re-

configurability) of the system. Generally, the range resolution

of a radar is expressed as,

LRES = c/2B (1)

where c is the speed of light in vacuum, and B is the bandwidth

of the radiated signal. As can be seen, the range resolution is

inversely proportional to the bandwidth of the transmitted signal

[32], so broad bandwidth could lead to high-resolution radar

imaging. Fig. 2 shows the microwave images achieved by radars

with different bandwidths. The target in Fig. 2(a) is an abstract

aircraft composed of eight corner reflectors, which are placed on

a rotator with a speed of 360°/s, and the reconstructed images in

Fig. 2(b) and (c) are achieved with radars with 2-GHz and 8-GHz

bandwidths, respectively. As can be seen, the eight reflectors can

be differentiated through the 8-GHz bandwidth radar while the

2-GHz bandwidth one can only obtain a blurred figure. Further

increase the bandwidth may enable multispectral radar imaging

of complex targets.

Besides, the functions of radars are highly diverse, including

air traffic control [33], landing guidance [34], radar astronomy

[35], earth exploration [36], aircraft/vehicle anti-collision [37],

outer space surveillance [38], meteorological precipitation mon-

itoring [39], altimetry [40], ground-penetrating [41], battle-field

surveillance [42], target tracking [43], fire control [44], and

so on. Several of these functions may be required in a single

platform. Taking radars for autonomous driving as an example,

the future self-driving vehicle may call for ultrahigh-resolution

imaging, pre-crash warning, chassis-to-ground monitoring, and

driver vital-sign monitoring simultaneously or alternately [45].

As different radar functions have their best operation frequency

bands, RF frontends with wide bandwidth are the basis of

multi-functional or reconfigurable radars.
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In addition, for a given emitting power a broadband signal will

have small power spectral density, which is beneficial for radars

in relation to anti-jamming and anti-intercept [46]. Moreover,

broadband radars may decrease the “dead zone” (an area that

cannot be detected by a radar) at close ranges since short pulses

can be applied.

In traditional radar, the microwave signal is generated and

processed in the electrical domain. The signal manipulation

capability of a microwave system is connected with the relative

bandwidth which is defined as the ratio of the signal bandwidth

and the center frequency [47]. For a traditional microwave sys-

tem, the center frequency is generally around tens of gigahertz.

Taking a signal centered at 10 GHz as an example, when its

instantaneous bandwidth is 1 GHz, the relative bandwidth is

10%. On the other hand, for a microwave photonic system,

the center frequency is ∼193 THz, so the relative bandwidth

of the 1-GHz signal is only ∼0.0005%. That is to say, the

broadband signal in the electrical domain can be regarded as

a very narrow-band signal in the optical domain. Therefore,

photonic systems hold an excellent broadband microwave signal

handling capability. One such example is optical fiber. The OFS

AllWave optical fiber and Corning Ultra optical fiber have a

low transmission loss from 1285 to 1625 nm, corresponding

to a flat magnitude response of ∼48.8 THz (or ∼25% relative

bandwidth) [48], [49].

B. High-Performance Signal Transmission

Transmission lines are widely used in radars, especially ar-

rayed radars, distributed radars, and radars requiring remote

signal processing. Optical fiber is regarded as the best medium

for information transmission on account of its ultra-low trans-

mission loss (∼0.2 dB/km), light weight (∼60 g/km), low cost

and immunity to EMI. The thermal coefficient of delay of the

fiber is <5 parts per million (ppm)/°C (some specially-designed

fiber may reach a thermal coefficient of delay of < 0.5 ppm/°C),

which is a factor of 3∼10 lower than the best coaxial cable

[50], [51]. More importantly, optical fiber supports bidirectional

transmission, which ensures delivery of ultra-stable frequency

and timing reference signals to distributed transceivers since

accurate feedback loop can be easily established [52]–[54]. With

this feature, an optical link with a transmission distance of 1840

km and a frequency transfer stability at the level of 10−19/day

was achieved [54].

As early as the 1970s, NASA successfully applied the radio-

over-fiber (RoF) technique in its Deep Space Network (DSN),

to deliver RF references to different antennas separated by more

than 10 km [55]. In February 2000, a length of ∼60-m long fiber

was used to connect two radar transceivers carried by the Space

Shuttle Endeavour, enabling the successful mapping of Earth

from the 233-km orbit [56].

The high-performance optical signal transmission can also

enable a number of new applications for radar systems. The low

loss and small dispersion optical fiber can serve as a broadband

delay line with a large amount of delay but ignorable loss for

radar target simulators, to test radars on aircrafts and ships. With

phase-derived ranging enabled by bidirectional transmission,

Fig. 3. Illustration of the multi-dimensional multiplexing in microwave pho-
tonics. MCF: multi-core fiber.

accurate length of a long fiber can be achieved with a resolution

of 0.001 ps [57], [58], ensuring precise analog signal processing

in the optical domain due to the fact that time delay is one of the

essential elements of analog signal processing. By inserting a

length of optical fiber into a microwave oscillator together with

EO and OE converters, an unprecedented high-Q optoelectronic

cavity would be formed, which can generate a high-purity and

low-phase-noise microwave LO signal (see OEOs in Section III).

Besides, the bidirectional transmission capability of fiber leads

to the invention of fiber Bragg gratings (FBGs) [59], which

enables a number of advanced signal processing functions for

radars.

C. Multi-Dimensional Multiplexing

Active electronically scanned array (AESA) [60], [61] and

multiple-input multiple-output (MIMO) [62], [63] radar sys-

tems, which are the dominant form of today’s radars, are as-

sembled with hundreds, thousands, or even tens of thousands of

transmit/receive (T/R) modules. If there is a strategy of multi-

plexing in the system, the number of the required components

would be significantly decreased, leading to a dramatic reduction

of cost, size, weight, and power (SwaP) [64]. In addition, fre-

quency response mismatches and other defects among different

channels would be minimized. Previously, different types of

multiplexing methods were developed for radars (especially for

MIMO radars) in the electronic domain, such as time-division

multiplexing (TDM), frequency-division multiplexing (FDM)

and code-division multiplexing (CDM) [65]–[69].

Photonics would provide additional degrees of freedom for

performing multiplexing, which opens the possibility for large-

scale, broad-bandwidth, and large dynamic range arrayed radar

with reduced hardware resources, as shown in Fig. 3.

One well-known optical multiplexing technique is

wavelength-division multiplexing (WDM), which takes benefit

from tens-THz available bandwidth of optical devices and is now

widely applied in optical communications [70]. Researchers

on microwave photonics have already employed WDM to

establish different kinds of microwave photonic systems, such

as high-performance OBFNs [71], multichannel mixing [72],

multichannel RF delivery [73], microwave photonic filtering

[74], compressive sensing [75] and so on.

Polarization is another dimension for multiplexing, which

has been investigated in a variety of microwave photonic
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systems for signal generation, transmission, processing, control

and measurement [76]–[83]. Thanks to the broadband polariza-

tion modulation and mature polarization manipulation, polariza-

tion multiplexing is very interesting for coherent operations, but

one possible limitation is its sophisticated demultiplexing which

usually requires adaptive tracking of the polarization states in

the system [84].

Recently, another optical multiplexing technology, i.e., spatial

division multiplexing (SDM), was proposed and extensively

studied to break the capacity limitation of optical communica-

tion systems [85]–[88]. In an SDM system, optical devices such

as multi-core fibers (with tens of cores), multi-mode fibers (with

thousands of modes) and few-mode fibers are usually employed

[89]–[95]. With a pair of fan-in and fan-out modules, optical

signals can be coupled into different cores of a multi-core fiber

(MCF) and split from the fiber into a number of single-mode

fibers (SMFs) [96]. For multi-mode fiber or few-mode fibers,

a device named photonic lantern is employed to translate the

signals into different transmission modes [97], [98]. The ap-

plication of SDM technology in microwave photonic systems

for multi-LO generation, signal transmission, spectral sensing,

filtering, and beamforming was previously investigated [99]–

[102]. One primary concern for exploiting SDM in microwave

photonics is its severe inter-channel crosstalk due to the limited

isolation between different cores or modes [103].

D. Broadband Analog Signal Processing

Analog signal processing is usually a part of the RF frontend in

radars. The results are achieved in real time and the functions are

always elementary. Examples contain filtering, mixing, phase

shifting, frequency division and multiplying, time stretching or

compressing, sensitivity time control and so on. Other advanced

signal processing functions have to be carried out in the digital

domain since digital signal processing (DSP) is flexible, repeat-

able and accurate. However, DSP would encounter significant

challenges when handling broadband signals because of high

power consumption, unacceptable latency, and the high-cost and

low-performance ADCs at high frequencies [104]. Therefore,

the role of analog signal processing should be pronounced for

broadband radars.

In electrical analog signal processing systems, signals

are processed by passing them through circuits consisting

of capacitors, resistors, inductors, delay lines, operational

amplifiers, transistors, and other nonlinear devices, which would

have a limited bandwidth due to the finite frequency response

of these devices [105]. In the optical domain, however, we can

implement the analog signal processing in different manners. In

particular, we have optical frequency combs (OFCs) or ultrashort

optical pulses spreading in a spectral range of several THz.

With a programmable filter to shape the spectrum and an EOM

to load the microwave signal, the signal can be easily stretched

or compressed in a dispersive element. Based on this operation,

Fourier transform [106]–[108], pulse coding [109], [110],

sampling and quantization [111]–[113], filtering [114]–[116],

and time reversal [117] can be achieved. In addition, the spectral

lines of the OFCs can be separated in the spatial domain using

Fig. 4. Frequency responses of (a, b) an electrical 90° hybrid and (c, d) an
optical 90° hybrid.

an optical diffraction grating. Then, spatial light modulators

can be used to process the signal. Because of the line-by-line

spectral manipulation capability of the SLMs, any linear

signal processing function can be potentially executed. Typical

examples include correlation [118], spatial Fourier transform

[119], [120], matrix calculation [121] and mode shaping [122],

[123].

Other broadband analog signal processing based on CW lasers

was also reported, such as phase shifting [124]–[126], mixing

[10], [127], phase coding [128], [129], filtering [130]–[132],

Fourier transform [133], [134], and frequency multiplication

[135]–[137], which exhibits excellent flexibility and reconfig-

urability as well. The combination of OFCs and CW-based signal

processing would further enhance the signal processing with par-

allel processing capability, which not only reduces the number

of devices but also improves the inter-channel consistency.

E. Flat Magnitude and Phase Responses

Radars always demand high receiver sensitivity and large dy-

namic range, which, however, are usually degraded by receiver

noise, nonlinearity, inter-/inner-channel crosstalk, and image

interference [138]–[140]. The noise or interference out of the

radar’s frequency band of interest can be easily removed by

a filter, while the in-band interference which occupies part or

full of the frequency band with the signal-of-interest (SOI) is

difficult to be removed. The most effective way for in-band

noise and interference mitigation is coherent cancellation, of

which a signal with the same power but complementary phase to

the undesirable signal is coherently combined with the original

signal [138]–[140]. To obtain such a signal, devices with flat and

tunable magnitude and phase responses are needed. However, in

the electrical domain, the response flatness of a device can only

be maintained in a very narrow bandwidth. As an illustration,

Fig. 4(a) and (b) show the frequency response of an electrical

90° hybrid. As can be seen, in a 30-GHz frequency range the

variation of the phase reaches 7° and that of the power is greater

than 3 dB.
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Fig. 5. Block diagram of a typical radar system.

Thanks to the flat magnitude and phase response of optical

devices, it is quite easy to realize broadband signal phase shifting

and power manipulating with very small frequency-dependent

variations. One example is illustrated in Fig. 4(c) and (d),

showing the frequency responses of a commercial optical 90°

hybrid. The power and phase variations are 0.1 dB and 1° over a

6-THz frequency range, which is much better than its electrical

counterpart. The excellent amplitude-phase consistency would

enable wideband noise and interference cancellation in the op-

tical domain.

Previously, coherent cancellation is explicitly or implicitly

used in many microwave photonic systems, such as high-

linearity analog optical links [141]–[145], image-reject mixers

[10], [146]–[152], co-site interference cancellation [153]–[159],

and frequency multipliers [160]–[162] to suppress the noise,

undesirable nonlinear components, interference and image fre-

quencies. For example, a linearized analog optical link with the

third-order intermodulation distortion (IMD3) component sup-

pressed by 40 dB was built in [142]; an image-reject mixer with

an image-rejection ratio of 25 dB for a 1.2-GHz instantaneous

bandwidth linearly frequency-modulated (LFM) signal was re-

alized in [150] (as a comparison, the instantaneous bandwidth

of an electrical image-reject mixer is less than 160 MHz [146]);

a 30-dB co-site interference cancellation ratio over 9.5 GHz fre-

quency range was obtained in [156] (while for electrical method

the maximum reported bandwidth is only 120 MHz [163]); and

an optical link with the common-mode noise suppressed by

15 dB over an 18-GHz frequency range was implemented in

[164].

F. Highly Coherent Pulse Source

Thanks to the high-frequency nature of the light wave, ultra-

short pulses down to a few femtoseconds can only be generated

in the optical domain. Ultrashort pulses have many unique

attributes that may enable the radar system to have some ex-

treme performance [165]. First, the picosecond or femtosec-

ond pulse-width could provide ultrahigh time resolution for

time-domain manipulation of microwave signals like sampling,

switching, time-delay control, and pump-probe measurement.

Fig. 6. Typical electrical spectrum of an LO signal.

The ultrashort pulses also lead to a bandwidth on the order of

THz, which could enable flexible frequency-domain processing

of microwave signals. More importantly, the spectral lines of

ultrashort pulse trains exhibit ultra-stable phase and magnitude

relationships, i.e., the spectral lines are ideally coherent, other-

wise, all the spectral components cannot be concentrated into

a time scale of picoseconds or femtoseconds. With the high

coherence, microwave signals with ultra-low phase noise would

possibly be generated, and time-to-frequency and frequency-to-

time mapping is also enabled, as has been mentioned in Part D of

this section. In addition, for a given pulse energy, the peak power

of an ultrashort pulse would be very high, which could easily

stimulate various nonlinear effect, and may enable nonlinear

microwave signal processing although works on this topic are

rarely found in the literature.

Previously, the highly coherent pulse source was em-

ployed for developing a number of new techniques for radar

applications, such as low-noise microwave signal generation

[166], [167], optical sampling and ADC [112], [168], [169],

Fourier transform [170], [171], phase detection [172]–[174],

time delay measurement [175], synchronizations [173], [176],

etc. Most of them can achieve extreme performance in some

aspects which is impossible for pure electronic approaches.

III. MICROWAVE PHOTONIC TECHNOLOGIES FOR RADARS

Due to the aforementioned features, microwave photonics at-

tracted considerable interest from the radar and optical societies

since the 1960s [4], [177]–[183]. A number of photonics-based

techniques have been developed over the past few decades,

ranging from LO signal generation, waveform modulation, up-

and down-conversion, distribution, beamforming, filtering, to

analog-to-digital conversion, which covers almost all the RF

modules in radars as shown in Fig. 5 except for antennas and

amplifiers. Early studies were mainly focused on analog opti-

cal links for distributing RF/LO signals or for implementing

time delays, which are considered as the basis of microwave

photonic systems. These works were well summarized in [6],

[184]. Some of the recent advancement on this topic is also

described in Section II, so this section will pay more attention

to other microwave photonic technologies that are known inter-

esting for radar applications, including photonic LO generation,
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TABLE I
PERFORMANCE COMPARISON OF DIFFERENT PHOTONIC LO GENERATION METHODS

PN: phase noise; SSR: spur suppression ratio

Fig. 7. Photonic LO generation based on optical frequency multiplication.

Fig. 8. Photonic LO generation based on an optical-to-microwave phase detec-
tor. MLL: mode-locked laser; PolM: polarization modulator; PC: polarization
controller; BPD: balanced photodetector; PI: proportional-integral controller;
DRO: dielectric resonator oscillator.

photonic radar waveform generation, photonic mixing and chan-

nelization, microwave photonic filtering, optical beamforming,

photonic analog-to-digital conversion, optical real-time Fourier

transform, and optical co-site interference cancellation.

A. Photonic LO Generation

As an essential part of radars, an LO generator provides refer-

ence signals for waveform generation, up- and down-conversion,

synchronization, and timing for ADCs, digital-to-analog con-

versions (DACs) and DSP modules. The frequency stability

and spectral purity of the LO signal provide the performance

baseline for coherent radar systems in which the received signals

are “phase compared” to the transmitted waveform. Short-term

frequency stability of the LO is usually denoted as phase noise,

which is particularly important for radars to extract Doppler

information from weak echo signals under a heavy-clutter or

hostile jamming environment [185]–[187]. For commercial-

available 10-GHz electronic LOs, the phase noise can reach

<−105 dBc/Hz@ 1-kHz frequency offset or <−115 dBc/Hz@

10-kHz frequency offset. Long-term frequency stability can be

evaluated using Allan frequency deviation, which is critical for

long-distance radars and multi-static radars, i.e., the frequency

of the LO should maintain the same if the echo is received

with a large time delay or out of sync. The Allan deviation

for a typical 10-GHz commercial RF source is <1×10−11@1s.

Spurious level is another key parameter of the LO source which

is related to the false alarm probability of a radar system. The

spectral purity of the LO is usually degraded by the harmonics,

sub-harmonics, and non-harmonic spurs, as shown in Fig. 6. All

of them should be suppressed to <−50 dBc for a practical radar.

Conventional high-frequency LO signals are generated

mainly based on frequency multiplication of a low-frequency

electronic oscillator such as oven-controlled crystal oscillator

and atomic clock. If the low frequency signal is expressed as

E1(t)= cos[2πft+φ0(t)], where f is the frequency andφ0(t) is the

phase noise, the LO signal after frequency multiplication with a

factor of n can be written as E2(t)= cos{n×[2πft+φ0(t)]+φ1(t)}

= cos[2πnft+nφ0(t)+φ1(t)], where φ1(t) is the auxiliary phase

noise introduced by the frequency multiplier. As can be seen, the

phase noise of the generated signal is increased by more than

n times (or > 20lg(n) dB). In addition, the spur level is usually

high, which demands filters with high out-of-band rejection and

suitable electromagnetic compatibility design. There are also

many types of resonators for low phase noise signal generation,

such as dielectric resonators, ceramic coaxial resonators, meta-

material Möbius strips resonators [188], and so on. However,

these techniques are frequency limited as their Qs degrade with

frequency.

Photonics has been introduced to the generation of LO sig-

nals since the early 1960s [189], and many methods were

proposed and studied, such as those using optical frequency

multiplication [190], optical phase-lock loops [191], Brillouin

oscillators [192], sideband-injection-locked lasers [193], Kerr

frequency comb oscillators [194], optical-to-radio frequency

division [166], optical-microwave synchronization [174], and

OEOs [195]. However, only a few of them can meet the high

requirements of radar systems when considering the phase noise,

frequency stability, purity, complexity, and reliability. Table I
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Fig. 9. Photonic LO generation based on optical-to-radio frequency division. DDS: direct digital synthesizer; OFC: optical frequency comb.

shows the performance comparison of different photonic LO

generation techniques. As can be seen, the methods based

on optical frequency multiplication, optical-to-radio frequency

division, optical-microwave synchronization, and OEOs can

achieve comparable or superior performance as compared with

the electronic implementations.

Optical frequency multiplication is generally realized by beat-

ing the selected sidebands of the optically-modulated signal

after EOM [196]–[199], as shown in Fig. 7. Sideband selection

is usually accomplished by adjusting the DC biases of the

EO modulator or inserting an optical filter. In this way, LO

signals with frequencies that are twice [196], four times [197],

eight times [161], even twenty-four times [198] of the input

low-frequency RF signal can be successfully generated, with

other harmonics largely suppressed. It should be noted that the

quality of the output frequency is determined by the input signal,

and its phase noise is deteriorated by 20lg(n) dB, which does not

overcome the limitations of electrical approaches.

The spectral lines from a mode-locked laser (MLL) exhibit

high phase consistence, by which pulses with sub-ps pulse width

are formed [165]. Selecting and beating two of these spectral

lines would lead to the generation of microwave signals with

very low phase noise. However, the carrier variations and other

defects in the PDs would drastically raise the phase noise.

To overcome this problem, optical-microwave synchronization

based on an optical-microwave phase detector is a promising

solution [174], [199]. Fig. 8 shows a typical scheme of RF gen-

eration based on the optical-microwave synchronization [174].

The phase detector contains a polarization modulator (PolM)

and a balanced photodetector (BPD). By tuning the DC bias and

the polarization controller, the output is proportional to the phase

difference between the optical pulse and zero-crossing positions

of a microwave signal under test. With a proportional-integral

servo system as a feedback loop, the phase of the microwave

signal will be locked to the optical pulse. An 8-GHz microwave

signal with a phase noise of −138 dBc/Hz @10 kHz and

−165 dBc/Hz@10 MHz was experimentally generated. Based

on a similar principle, an X-band signal synthesizer was estab-

lished using an optical-microwave phase detector, a dielectric

resonator oscillator and a direct digital synthesizer (DDS) [200],

showing a phase noise of −145 dBc/Hz @ 10 kHz for a 10-GHz

carrier frequency. Besides, the generated signal can be tuned

from 9 to 10 GHz with an integrated RMS timing jitter between

7.6 fs and 9.1 fs.

Fig. 10. Functional block diagram of an OEO. LS: laser source; MZM: Mach-
Zehnder modulator; PD: photodetector; EA: electrical amplifier; BPF: band-pass
filter.

Optical-to-radio frequency division is another photonic LO

generation method to take advantage of the phase consistence

of the MLL spectral lines. A typical setup is shown in Fig. 9

[166]. A fiber-based OFC is phase locked to a narrow linewidth

CW reference laser which is locked to an ultra-stable Fabry-

Perot cavity via the Pound-Drever-Hall technique, realizing

optical division with high performance. By using high-linearity

low-noise PD, finely controlling the amplitude-to-phase noise

conversion and managing the link dispersion and pulse width,

the phase noise of the 12-GHz harmonics from the fiber-based

OFC is optimized. An ultra-pure 12-GHz microwave signal with

a frequency stability of lower than 6.5×e−16 @ 1s and a recorded

low phase noise of < −173dBc/Hz@10 kHz is achieved.

OEO is considered as one of the most promising photonic

LO generation approaches for radar applications [201]. Fig. 10

shows the functional block diagram of an OEO. A CW light

from a laser source passes through a Mach-Zehnder modulator

(MZM) and a long optical fiber, and is then converted into

an electrical signal at a PD. The generated electrical signal

is amplified, filtered and finally fed back to the RF port of

the MZM, forming an oscillation loop. The phase noise of a

single-loop OEO can be briefly given by

Sϕ(f) = noisefloor

− 10 lg

[

(

1−
fosc

fosc + j2Qf
e−j2πfnrL/c

)2
]

(2)

where fOSC is the oscillation frequency, f is the frequency offset

from fOSC, and Q, L, and nr are the quality factor of the electric

filter, fiber length, and fiber refractive index, respectively. As

can be seen from Eq. (2), the phase noise is determined by

the noise floor of the system and the fiber length. Previously,
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Fig. 11. Experimental results of the OEO based on coherent noise cancel-
lation. (a) Schematic diagram. (b) Electrical spectrum and (c) phase noise of
the generated 10-GHz signal. LS: laser source; PM: phase modulator; MZI:
Mach-Zehnder interferometer; LNA: low-noise amplifier; BPF: bandpass filter;
PLL: phase-locked loop; VCPS: voltage-controlled phase shifter.

the phase noise of the OEO was reduced mainly by using a

long optical fiber. As a case in point, a length of 16-km optical

fiber was inserted in a 10-GHz OEO to achieve a phase noise of

−163 dBc/Hz @ 6 kHz [202]. However, ultra-small free spectral

range (FSR) would be resulted if a long optical fiber is employed,

leading to a great challenge for sidemode suppression. Although

ultra-narrow optical filters like whispering gallery mode (WGM)

resonators [203] or Fabry-Perot (FP) etalons [204] have been

developed to suppress these sidemodes, it is a vital problem to

let the optical source have the same wavelength drift with these

optical filters.

To achieve low phase noise oscillation with relatively-short

length fiber, we have proposed a coherent noise cancellation

method to reduce the noise floor of the OEO [205]. As shown

in Fig. 11(a), a pair of cascaded phase modulators (PMs) is

applied to expand the output optical spectrum and keep the

optical power in the optical fiber constant, which reduces the

intensity noise induced by the nonlinear effects in the optical

fiber. A reference signal for injection locking and the oscillation

signal of the OEO are introduced to the two PMs, respectively.

A dual-output Mach-Zehnder interferometer is inserted to con-

vert the phase modulation into two complementary intensity

modulations which are then detected by a BPD. Because of

the complementary intensity modulations and the balanced de-

tection, the common-mode intensity noise of the link will be

largely suppressed. Based on this approach, a 10-GHz signal

with a phase noise of < −153 dBc/Hz @ 10 kHz is achieved

using a 4.4-km optical fiber, which is 38.7-dB lower than that

of a commercially available signal generator (Keysight 8257D).

The sidemode suppression ratio reaches 85 dB by means of the

injection locking process, as shown in Fig. 11. The frequency

stability of the OEO is around 10−12. The main unstable factors

are related to the temperature, humidity, variation etc. With

temperature and variation controlling and feedback loops, the

stability can be further improved.

B. Photonic Radar Waveform Generation

The performance of a radar largely depends on the waveform

applied in the system. Suitable waveform will make a radar

Fig. 12. Typical waveforms used in radars.

having the desired resolution in range and velocity since the

waveform determines the delay-Doppler response of a radar

system. Also, advanced waveforms would improve spectrum

efficiency, obtain high pulse energy with low peak power, or

enable advanced signal processing. Different kinds of wave-

forms have been exploited in radars, such as LFM signals,

nonlinearly frequency-modulated signals, phase-coded signals

with binary sequences or polyphase sequences, frequency-coded

waveforms, and orthogonal FDM (OFDM) signal (also known

as multicarrier waveforms), as shown in Fig. 12.

Traditional electrical systems generate the waveforms either

in the analog domain using a voltage-controlled microwave

oscillator, or digitally using a DDS. The DDS offers excellent

flexibility for programmable waveform generation, but it suffers

from the limited instantaneous bandwidth which is usually less

than 2 GHz. In order to break through the bandwidth limita-

tion of the electrical approaches, photonics-based microwave

waveform generation has been proposed. Benefiting from the

high frequency and large bandwidth of optical devices, mi-

crowave photonic technologies open the possibility of radar sig-

nal generation with high frequency, broad bandwidth and large

time-bandwidth product (TBWP). In general, photonics-based

microwave waveform generation methods can be divided into

five categories: spectral shaping and frequency-to-time mapping

[206]–[212], externally optical injection of a semiconductor

laser [213]–[216], photonic microwave frequency multiplication

[160], [217], [218], optical frequency-time stitching [219], and

photonic digital-to-analog conversion (DAC) [220], [222]. The

comparison of the key performances of the main methods for

radar waveform generation are illustrated in Table II.

In the spectral shaping and frequency-to-time mapping

method, an optical ultrashort pulse generator, an optical spectral

shaper, and a dispersive element are needed, as shown in Fig. 13

[9], [223]. The optical spectrum of the ultrashort optical pulse is
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TABLE II
PERFORMANCE COMPARISON OF DIFFERENT PHOTONIC RADAR WAVEFORM GENERATION METHODS

Fig. 13. Schematic diagram of the microwave photonic radar waveform gen-
erator based on spectral shaping and frequency-to-time mapping.

firstly shaped according to the profile of the desired waveform

with an optical spectral shaper such as superimposed chirped

FBG [206], Sagnac loop filter [207], tilted FBG [208], phase-

shifted Lyot optical filter [209], differential group delay element

[210], and optical programmable processor [211], [212]. The

shaped spectrum is then mapped into the time domain via the

dispersive element. After optical-to-electrical conversion in a

PD, microwave waveforms are generated. The instantaneous

bandwidth of the generated signals can reach 37.4 GHz [212].

However, this method suffers severely from the limited time

duration (usually <10 ns), which is not suitable for radar appli-

cations with long-distance detection.

In the photonic waveform generation method based on ex-

ternally optical injection of a semiconductor laser, an optical

carrier with a dynamical amplitude variation is injected into a

semiconductor laser, as shown inFig. 14 [213]–[216]. Under

proper injection conditions, period-one (P1) oscillation state

can be invoked through undamping the relaxation resonance.

The injection light pulls the intracavity field oscillation of the

slave laser by locking the optical phase of the laser. Meanwhile,

the necessary gain for the slave laser is reduced by the optical

injection. According to the antiguidance effect, the refractive

index inside the cavity changes, resulting in the redshift of

the cavity resonance. Therefore, the output spectrum of the

slave laser is dominated by two frequency components, i.e., the

regenerated optical carrier and injection-shifted cavity mode.

After optical-to-electrical conversion, a microwave signal can

be generated. Since the cavity resonance shift depends on the

gain reduction which is determined by the injection strength, the

beating microwave frequency is also dependent on the injection

strength. Therefore, by shaping the amplitude of the injected

optical signal, the instantaneous frequency of the generated

Fig. 14. (a) Schematic diagram of the microwave photonic waveform gen-
erator based on externally optical injection of a semiconductor laser, and (b)
illustration of its operation principle. ML: master laser, ATT: optical attenuator;
IM: intensity modulator; SL: slave laser.

microwave signal would be programmed accordingly. For in-

stance, when the injection light has a linearly increased optical

amplitude, a linearly chirped microwave waveform would be

generated. If the injected optical signal is coded by a sequence,

a frequency-coded waveform would be produced. Previously,

the LFM waveforms with a center frequency tuning from ∼10

to ∼67 GHz, an instantaneous bandwidth of 12 GHz, and a

TBWP of.×105 were generated [213], [214]. The generation of

a frequency-hopped waveform with a stepped linear sequence

or a Costas sequence was also reported [216].

This scheme has several advantages over generation schemes

based on a femtosecond pulsed laser or high-speed electrical

AWG, i.e., low cost, simplicity, reconfigurability and large

TBWP. However, the P1 oscillation frequency is sensitive to

the fluctuation of optical injection parameters, resulting in lim-

ited frequency stability and chirp repeatability of the generated

microwave waveform. In addition, since the regenerated opti-

cal carrier and the lasing cavity mode are not strictly phase

locked, the phase coherence of the generated waveforms is not

satisfactory.

Photonic microwave frequency multiplication is a straightfor-

ward way for broadband radar waveform generation, in which

a low-frequency and narrow-band radar signal is generated in

the electrical domain with high quality, and then frequency
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Fig. 15. (a) Dual-LFM signal generation based on photonic microwave fre-
quency multiplication, and (b) illustration of the operation in each DPMZM.

multiplied in the optical domain with high performance [160],

[217], [218]. The main difference between the electrical and

optical frequency multiplications is that the optical method has

an intermediate state in the optical domain, so we can remove

most of the undesirable frequency components by applying

wideband coherent cancellation or using an optical filter. A

large-bandwidth and high-frequency waveform with a low spur

level can thus be generated. Fig. 15 shows a typical optical

frequency quadrupler based on a dual-parallel MZM. When

an electrical signal is introduced to the sub-MZMs of the

dual-parallel MZM, different-order sidebands will be generated

together with the optical carrier because of the electro-optical

nonlinearity of the MZMs. The odd-order sidebands are firstly

removed by biasing the sub-MZMs at the maximum transmis-

sion point. Then, the optical carrier is eliminated by coherent

cancellation with the help of an electrical 90° hybrid, leaving

only the two second-order sidebands. Beating the sidebands

in a PD, a frequency-quadrupled microwave signal is obtained

with other harmonics largely suppressed. With this scheme, a

dual-band LFM radar signal (18∼22 GHz, 28∼32 GHz) was

produced based on a low-frequency electrical dual-band signal

(4.5∼5.5 GHz, 7∼8 GHz) [160]. Thanks to the high quality

and high stability of the generated signal, several ultrahigh-

resolution imaging radars were built based on this method [147],

[217], [218], [224]–[228].

Optical frequency-time stitching is another interesting wave-

form generation method that takes advantage of both electronics

and photonics, in which channelized LFM signals are first gen-

erated and then stitched in both the time and frequency domains

to form a large-bandwidth LFM signal [220]. The channelized

LFM signals can be obtained by using two OFCs with differ-

ent frequency spacings. One of the OFCs is modulated by an

intermediate-frequency (IF) LFM signal via carrier-suppressed

single-sideband modulation, and the other one is frequency

shifted by an optical frequency shifter. Then the modulated

signal OFC and the frequency-shifted local OFC are combined

and sent into a wavelength-division demultiplexer to divide the

signal into multiple channels. Each channel has one comb line

from the signal OFC (carrying the low-frequency waveform)

and one comb line from the local OFC. Due to the different

frequency spacings of the two OFCs, multiple sub-LFM signals

with different center frequencies can be generated in different

channels. By introducing proper time delays to these sub-LFM

signals and combing them, a frequency-stepped LFM signal can

be obtained. Particularly, when the bandwidth of the IF-LFM

signal is equal to the space difference of the comb, a new LFM

waveform with multiplied bandwidth and time duration could be

generated. As a result, a reconfigurable multi-band LFM signal

with large TBWP is obtained. Since the frequency variation in

each sub-LFM signal keeps unchanged and the bandwidth of the

combined signal is multiplied by N times, where N is the channel

number, the linearity of the output signal would be enhanced

by N times. In an experiment, LFM signals with frequencies

from DC to 10 GHz and from 20 to 30 GHz over a 5-µs time

duration were produced, and the TBWP of the generated signals

is multiplied by 25 times [219].

Analogous to electronic DACs, photonic DAC is another

effective approach for flexible radar waveform generation. The

basic principle is to design digital sequences according to the

required waveform, and then use it to drive a parallel-weighted

[229]–[238] or serial-weighted [239]–[241] optical link. Taking

the parallel weighted photonic DAC as an example, an optical

carrier or pulse train is divided into N channels. The nth channel

is set to have an equivalent power that is 2n times the power

of the first channel, which is modulated by the nth sequence

and eventually summed in a PD with other modulated channels.

After an electrical filter, a radar waveform can be generated.

The prominent advantage of the waveform generation based on

a PDAC is the superior flexibility, i.e., both the temporal duration

and waveform profile can be arbitrarily designed. For example,

in [220], triangular, parabolic, rectangular and sawtooth wave-

forms are generated using a 2.5-GSa/s and 4-bit photonic DAC.

In [221], a 4-GHz LFM signal is realized based on a 4-bit DAC.

The system is further optimized to generate a W-band LFM

signal with a bandwidth of 8 GHz and a time duration of 9.9 µs

[222], which is applied for radar imaging. However, the photonic

DACs at the present stage usually have a small effective number

of bits (ENOB), leading to a poor linearity and small dynamic

range.

In addition to these methods, radar waveforms can also be

generated with photonic microwave phase modulation [124],

[161], [242], photonic microwave delay-line filtering [243], het-

erodyning of a fixed wavelength and a wavelength-swept laser

[244] and so on. These methods are not discussed in detail here

due to their limited phase coherence, system complexity, poor

stability or small TBWP at the current stage, but they are likely

to contribute to radar applications after certain improvement.

C. Microwave Photonic Mixing and Channelization

Frequency mixer is one of the essential parts of radars. In

the transmitter, mixers are needed to upconvert the wave-form

generated at the IF band to the desired RF band; while at the

receiver, the mixers are required to down-convert the received

RF signal to the baseband or IF band since the ADCs and DSP

units usually have insufficient bandwidth to directly process the

RF signals. To meet the requirement of future multifunctional or

reconfigurable radars, mixers should be capable of processing
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Fig. 16. Evolution of the image interference in a frequency mixer

large-bandwidth signals with high conversion efficiency, low

mixing-spur level, and large dynamic range.

Although a lot of wideband mixers have been developed

using pure electronics, they always generate a large number of

undesired mixing components (15-dB LO and RF to IF isolation

for a 4-44 GHz commercially available electrical mixer [10]).

Filters can remove some of the mixing spurs, but they may not

work if the input signal has a wide bandwidth. In that case,

the mixing spurs and the desired output might overlap in the

spectrum. As a result, the operational instantaneous bandwidth

and the dynamic range of the mixer are still limited (i.e., IF

instantaneous bandwidth limited to no more than 3 GHz [10]),

leading to multi-stage frequency converters together with filters

employing to today’s radar systems to ensure a sufficiently high

dynamic range, favorable conversion efficiency, and acceptable

mixing-spur suppression [245]–[247].

To overcome the above problem, microwave photonic mixers

with the potential to provide high mixing performance have

attracted significant interests [248]. In principle, any nonlinear

effect in the optical or electro-optic devices can be applied

to implement frequency mixing. Such device includes a semi-

conductor optical amplifier (SOA) [249], an electro-absorption

modulator [250], a directly-modulated laser [251], an external

modulator [252] and so on. A comprehensive review of these

mixers can be found in [10].

It should be noted that conventional photonic microwave

mixers are usually implemented through heterodyne structures,

which can be easily interfered with by image signals, as shown

in Fig. 16. This could create at least two problems for modern

radars. First, the noise from the image frequencies can easily

pollute the noise figure of the receiver by 3 dB. Second, the

signals at the image frequency would dramatically lower the

sensitivity and dynamic range of the receiver or even jam it.

To deal with the problem, considerable efforts have been

devoted to implementing the image-reject mixer [253]. Table III

shows the performance of typical microwave photonic image-

reject mixers in the literature, which can be divided into two

main categories, i.e., pre-filtering and phase cancellation.

With an optical filter [254] or an electrical filter [255] placed

before a conventional mixer, the image interference can be

directly removed with a large image rejection ratio. For instance,

by using two cascaded electrical bandpass filters, a microwave

photonic mixer with an image rejection ratio of >150 dB

was reported [255]. One critical problem associated with the

pre-filtering method is the limited bandwidth and the strict

requirement on the sharp edge of the filters, which impedes their

application in multifunction or reconfigurable radars.

TABLE III
PERFORMANCE COMPARISON OF DIFFERENT MICROWAVE PHOTONIC

IMAGE-REJECT MIXERS

BW: bandwidth; IRR: image-rejection ratio; CE: conversion efficiency; SFDR: free

dynamic range

Fig. 17. Schematic diagram of the image-reject mixer based on Hartley archi-
tecture. RF: radio frequency, LO: local oscillation, IF: intermediate frequency.

On the other hand, phase cancellation based on Hartley ar-

chitecture can realize the image-reject mixer without using a

filter. Fig. 17 illustrates the principle of the Hartley architecture.

A pair of quadrature LO signals are mixed with the input RF

signals to generate two quadrature IF signals, which are then

combined by a low-frequency 90° hybrid. The purpose of the

two 90° phase shifts in the upper path is to let the IF signal

from the image out of phase and those IF signals from the

wanted signals in phase. In this way, the desired IF signals are

enhanced while the downconverted image is suppressed. Since

this kind of image-reject mixer uses phase differences of the

signals to realize the image rejection, broadband mixing can be

achieved if the frequency responses of the devices are flat, which

is exactly one key feature of microwave photonics. Previously, a

microwave photonic image-reject mixer with an image rejection

ratio of∼60 dB and an operational frequency range of∼40 GHz

was successfully achieved [151], [256], [257].

The image-reject mixer, however, can only suppress the im-

ages while the mixing spurs caused by the nonlinear effect still

exist. For instance, the 2nd-order harmonic mixing spur between

the RF and image is usually close to or even overlap with the

desired IF signal for wideband radars. To eliminate the image

and other mixing spurs simultaneously, recently we proposed

a new image-reject mixing architecture, i.e., balanced Hartley

architecture [146], as shown in Fig. 18. The modulated RF and

LO signals are respectively sent to the signal port and LO port of

the 90° optical hybrid, and phase shifts of 0, π/2, π and 3π/2 are

introducing to the input signals. The phase cancellation is first re-

alized by the balanced detection, which removes the undesirable

mixing spurs and common-mode noises. Then, a second phase

cancellation is implemented by using an electrical 90° hybrid, by
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Fig. 18. The balanced Hartley architecture for image-reject mixers [146].

which the image interference is eliminated. With this structure,

a photonics-based radar using balanced I/Q de-chirping in the

receiver was reported [225], achieving an image-rejection ratio

higher than 30 dB. The spurs caused by the baseband envelope

and the frequency mixing between radar echoes with different

time delays were successfully eliminated.

Photonics-based image-reject mixers can be applied in coher-

ent optical RF channelizers to avoid spectrum aliasing, which

is a crucial problem associated with the traditional optical

channelizer based on directly spectrum slicing [258] and comb

filtering-based spectrum slicing [259], [260]. The optical RF

channelizer, which slices a broadband RF signal into multiple

consecutive narrowband sub-channels, would be an effective

preprocessor for multiband or broadband radars to relieve the

requirement of high sampling rate and large dynamic range

ADCs [261]. Fig. 19 shows the schematic diagram of the co-

herent optical RF channelizer based on a microwave photonic

image-reject mixer. Two OFCs are employed. The signal OFC,

which consists of a number of optical carriers with different

wavelengths, is modulated by the received wideband RF signal,

leading to many copies of the RF input in the optical domain.

Then, the RF-modulated optical signal is combined at an optical

90° hybrid with the local OFC which has a frequency spacing

that is slightly different from the signal OFC. Two waveshapers

are used to split the signals at the I and Q ports into multiple

channels. In each channel, the I and Q signals are detected by

two PDs, combined by a low-frequency electrical 90° hybrid

and then low pass filtered. Because of the low pass filtering,

only the frequency components around the spectral lines in the

local OFC is downconverted. The spectrum aliasing problem,

which is the same as the image interference, is suppressed

by the image-reject photonic microwave mixing. As a result,

optical RF channelization with all the information in the input

signal maintained is achieved. In an experiment, a five-channel

optical channelizer with an operational frequency range of 13–

18 GHz and an image-rejection ratio of 25 dB was demonstrated

[262]. In addition, a microwave channelizer using a dual-output

image-reject mixer based on the balanced Hartley architecture

was demonstrated recently [263], which further improves the

channelization performance.

D. Microwave Photonic Filtering

Filters that can remove the out of band noise, spurs and

interference are essential components in radar systems. Thanks

to the flexibility of DSP, most of the advanced filters for radars

are realized in the digital domain. However, due to the in-

sufficient dynamic range of the ADC, analog filters are still

indispensable in the RF frontend, especially for broadband

radars. While electronic filtering is a well-established function

for low-frequency signals, the filter parameters such as inser-

tion loss, passband flatness, edge steepness, and out-of-band

rejection would worsen with the center frequency. Besides,

reconfigurable or programmable filters are difficult to achieve

using pure electronic approaches, so high-speed switches with

filter banks have to be applied in multiband, multifunctional or

software-defined radars.

Microwave photonic filters would be interesting for radars if

other microwave photonic techniques have been already used in

the system [3], [264]–[266]. In that case, no additional EO/OE

conversion loss is introduced. Moreover, realizing the analog

filter in the optical domain can benefit from the distinct features

brought by the photonic technologies. For instance, because

of the low loss (independent of the RF signal frequency) and

light weight of the optical fiber, a very long time delay can be

introduced to the microwave photonic filters, so the Q value can

be made high. In addition, the broad bandwidth of the optical

devices would allow the microwave photonic filters to be used

for multichannel filtering with excellent consistency between

different channels based on optical multiplexing technologies.

In general, a microwave photonic filter can be realized by

weighting, delay, and sum of the optical signals in multiple

taps, which can be divided into finite impulse response (FIR)

filters and infinite impulse response (IIR) filters according to the

number of taps [267], [268]. Because of the square-law detection

of the PDs, positive-coefficient microwave photonic filters can

be easily realized [269]–[271], which can only perform low pass

filtering. In order to overcome this issue, microwave photonic

filters with a negative coefficient were developed by introducing

a 180° phase difference between two adjacent taps based on

complementary modulation or balanced photodetection, etc.,

which can realize bandpass filtering [272]–[274]. However, as

the center frequency of the filter tuned, the 3-dB bandwidth

and FSR are also changed. To achieve a tunable microwave

photonic filter without affecting the shape of the frequency

response, complex coefficient microwave photonic filters are

implemented by changing the phase of the taps. Previously,

complex coefficient taps were obtained by stimulated Brillouin

scattering (SBS) [275], a phase-shift FBG [276], non-uniformly

spaced delay lines [277], 2-D liquid crystal on silicon [278], an

SOA with slow and fast light effects [279], an all-optical dif-

ferentiator [280], or a silicon-on-insulator microring resonator

[281]. However, these systems suffer from the small operation

bandwidth or stringent control of the wavelength and amplitude

of the optical carrier. In addition, full FSR-range tunability is

hard to implement because of the difficulties to perform the

full 360° phase shift. To remedy this, a full FSR range tun-

able microwave photonic filter with complex coefficients was

proposed by using a PolM [282], [283], a dual-parallel MZM

(DPMZM) [284], or a dual-drive MZM (DDMZM) [285]. As

an example, Fig. 20 shows the schematic diagram of a full

FSR-range tunable MPF with all complex coefficients [282],

[283]. The full 360° phase shifts are realized by a multi-channel

microwave photonic phase shifter [125], which is composed of

a laser source, a PolM, three wavelength-division multiplexers,
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Fig. 19. (a) Schematic diagram of the optical RF channelizer based on a multichannel image-reject mixer [262]. (b) Illustrations of the optical and electrical
spectra at different points of the channelizer. DMZM: dual-drive MZM; EDFA: erbium-doped fiber amplifier; OH: optical hybrid; EH: electrical hybrid; EBPF:
electrical bandpass filter.

Fig. 20. A multi-tap microwave photonic filter with all complex coefficients
[283]. WDM: wavelength division multiplexers; Pol: polarizer; VNA: vector
network analyzer.

a number of polarization controllers and polarizers, and a PD.

By simply controlling the polarization controller in each tap, the

phase of the RF signal can be tuned independently in the range

from -180°to 180°. Thus, the frequency response of the filter can

be tuned over the full FSR-range while maintaining the shape

unchanged. The 3-dB bandwidth is easily tuned by adjusting

the time difference between adjacent taps since the FSR is the

inverse of the time difference. When the time difference is very

small (∼0.1 ns or smaller), the 3-dB bandwidth can be larger

than 10 GHz. However, since the system is polarization-based,

temperature and variation controlling circuits may be required

for practical applications.

In order to overcome the limitation of periodic filtering char-

acteristics, some single or multi-passband microwave photonic

filters were reported [265], [286]-[288]. A single-passband mi-

crowave photonic filter based on SBS and a fiber-ring resonator

was realized in [286]. The maximum Q-factor, 3-dB bandwidth

and center frequency tuning range of the microwave photonic

filter were ∼1.7×104, 825 ± 125 kHz and 2–16 GHz, respec-

tively. In [288], a dual-passband microwave photonic filter with

tunable passbands and invariant shape was realized based on

phase-modulation to intensity-modulation conversion by the

SBS effect, where two cascaded DPMZMs were employed to

generate a two-tone pump with programmable frequencies. The

two passbands of the proposed filter are freely tuned from

0–9.644 GHz, and the out-of-band rejection ratio and 3-dB

bandwidth were larger than 25 dB and smaller than 55 MHz,

respectively.

In recent years, integrated microwave photonic filters have

also drawn significant interests due to the compact size, low

cost, and low power consumption [289]–[295]. Many methods

have been demonstrated for integrated microwave photonic fil-

tering, such as those based on ring resonators [289], waveguide

grating [290], Mach-Zehnder interferometer [291], integrated

Kerr frequency combs [292], [293], and SBS effect [294], [295],

etc. Taking [290] as an example, an integrated filter enabling

narrow flat-top passband with steep roll-off and wide stopband

was realized using a third-order distributed feedback resonator,

and employed to introduce a 20-GHz frequency shift to a 5 Gbit/s

data signal with large sideband SNR, strong carrier rejection,

and low spurious sideband level. The high performance of the

integrated microwave photonic filters may pave the way for

the practical application of microwave photonic filters in radar

systems.
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E. Optical Beamforming Network

Beamforming network for phased array antennas is one of

the earliest radar subsystems in which microwave photonic

solutions are seriously considered. Initial proposals of the opti-

cally controlled RF beamforming can be dated back to the 1970s

[296] and pioneer demonstration can be found in the literature

since the 1990s [11], [297]–[299]. The major advantage of

realizing a beamforming network using microwave photonics

is the low loss delay lines with large achievable range and broad

bandwidth, which can radically solve the beam squint problem

(i.e., the main lobe direction is frequency dependent) of a phase

shifter-based array excited by wideband signals.

The key components in the OBFNs are optical delay lines, in

which the delays of RF signals are controlled through optical

approaches. A typical optical delay line consists of a laser

source, an EOM, an optical delay element and a PD [300].

The phase response of the delay element should be linear and

tunable over the operational optical band so that an RF frequency

response with a controllable linear phase, i.e., constant delay

over a broad bandwidth, can be obtained. Several optical delay

tuning mechanisms and the corresponding structures have been

reported. Changing the effective total length of an optical path

through optical switches is the most intuitive method for delay

tuning, in which the fixed optical paths to be selected can be

implemented by both the discrete optical fibers [301] and the

integrated waveguides [302]. To fill the gaps between discrete

time delays that are limited by the switch-based optical delay

elements, devices capable of continuous or quasi-continuous

delay tuning have also been proposed, which includes vector-

sum operation [303], [304], mechanically-adjusted free space

optics [305], Fourier-domain optical processors [306], tunable

chirped FBGs [307], thermally-tuned integrated ring resonators

[308], or pump-managed nonlinear optics such as SBS [309], etc.

Obviously, a continuously-tunable optical delay line with a large

delay range can be achieved through the joint use of the switch-

based optical delay elements and the continuous-controlled ones

[310]. Optical delay lines can also be realized by employing

dispersive optical delay elements and wavelength-tunable lasers

or an OFC [311]–[316], in which the phase response of the

dispersive element can be regarded as linear over the band around

the optical carrier. By adjusting the dispersion parameter or the

wavelength of the optical carrier, the RF delay can be controlled

since the effective phase response of the optical dispersive

element is changed.

Based on the optical delay lines, an OBFN for squint-free

beam steering can be established. One of the goals in the com-

bination of multiple optical delay lines is to use limited optical

devices to realize the delay control of a large number of RF sig-

nals, which is required by large arrays and multi-beamforming

systems. Owing to the intrinsic advantage of broad bandwidth

provided by optical solutions, the reuse of optical devices and

the parallel control of multiple RF signals can be easily achieved

through the WDM technique. For example, an OBFN that can

independently and simultaneously steer two wideband beams

was proposed [317]. The structure of the OBFN is shown in

Fig. 21, in which the delay elements with progressive dispersion

Fig. 21. Schematic diagram of the OBFN that can independently and simul-
taneously steer two wideband beams [317]. TLD: tunable laser diode; EOM:
electrooptic modulator.

Fig. 22. (a) Structure of a typical 2D OBFN [318] and (b) the response of
a tunable dispersive element used in the 2D OBFN. TDE: tunable dispersive
element.

parameters are used to generate stepped delays needed by the

antenna array. The directions of the two beams are controlled by

two wavelength-tunable lasers. Here, all the dispersive delay

elements are shared by the two RF beams. The concept of

device reuse can also be applied to the beamforming network

for planar arrays [318]. As shown in Fig. 22, based on the WDM

technique, N FBG-based tunable dispersive elements and M

wavelength-fixed laser sources are sufficient to construct the

kernel part of a 2D OBFN for an M×N array. By programming

the dispersion parameters and the wavelength offsets of the

tunable dispersive elements, time delays for different antenna

elements can be controlled to form the required two-dimension

delay steps, enabling the beam steering in both azimuth and

elevation directions.

Recently, researchers made significant progress on the pho-

tonic integrated circuits, which may enable the large-scale ap-

plication of the OBFN. For example, a fully integrated RF-

in-RF-out 1×4 OBFNs with built-in lasers, modulators, delay

elements, and detector arrays have been realized through the

hybrid integration using Si3N4 and InP platforms [319]. Two

structures of the OBFNs were demonstrated. The first one based

on switches achieved a delay range of 1.3 ns over a bandwidth
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Fig. 23. Block diagram of the photonic sampling ADC.

of 8 GHz, and the second one based on ring resonators realized

a delay range of 1.8 ns and a bandwidth of 2.2 GHz.

It is worth noting that OBFNs with large RF bandwidths

put forward the requirement of modified methods in modeling,

measurement and performance evaluation since the traditional

methods were derived under narrow-band conditions. Several

new concepts have been proposed to analyze the characteristics

of wideband OBFNs, including the impulse response analysis

with integrated array pattern [320], the frequency-dependent

array factor with correlation-maximum array pattern [300] and

the generalized pattern multiplication approach [321]. A time-

domain approach for the measurement of the wideband pattern

has also been reported, through which the nonlinearity in an

OBFN and its negative impact on the RF signals are addressed.

F. Photonic Analog-to-digital Conversion

With the growing demands such as multi-functional and

software-defined operation, it becomes a common consensus

that as many signal processing functions as possible should

be implemented in the digital domain. Thus, high-performance

ADCs are essential to bridge the radar frontends and the DSP

modules. The evolution of the radar systems is demanding ADCs

with a high sampling rate, a broad analog bandwidth, and a high

ENOB. Simultaneously satisfying the three requirements is quite

challenging for state-of-the-art electronic ADCs.

By virtue of the large bandwidth of photonic devices and the

low timing jitter of MLLs, photonic techniques can remarkably

enhance the performance of electronic ADCs [13]. In the last

few years, extensive efforts have been devoted to the design

and implementation of photonic ADCs, in which photonic tech-

niques play the role of an analog sampler with ultra-low timing

jitter, signal pre-processor or quantizer. Here, we focus on two

major kinds of photonic ADCs that have already been tried in

microwave photonic radar systems, i.e., ADCs with photonic

sampling and those with photonic pre-processing

In the optical domain, an MLL can produce pulses with

a sub-ps pulse width and a timing jitter in the order of tens

of femtosecond, which can be considered as the Dirac delta

functions and are ideal to sample the analog signals. The basic

structure of the photonic sampling ADC is shown in Fig. 23

[322]. Ultrashort pulses from an MLL are intensity-modulated

by the input analog signal, so the sampled values of the analog

signal are represented by the peak intensities of the modulated

optical pulses. The optical pulses are then sent to a PD to perform

the optical-to-electrical conversion, in which the peaks of the

obtained electrical pulses are quantized by an electronic ADC

Fig. 24. Block diagram of the photonic time-stretch ADC.

synchronized with the MLL. Photonic sampling ADCs can bring

about notable improvement to both the ENOB and the analog

bandwidth of an electronic ADC. Since the photonic sampling

process does not change the time duration of the signal to be

converted, the photonic sampling ADC can handle an analog

signal with a large pulse duration or even a continuous-wave

signal.

Although the photonic sampling cannot improve the sampling

rate of an electronic ADC directly, which leads to a limited

instantaneous bandwidth, the photonic structure can realize the

serial-to-parallel conversion of the pulse sequence with minor

modification. As a result, the sampling rate of multiple electronic

ADCs can be aggregated. A typical example of such photonic

sampling ADC is the one in the microwave photonic radar

reported in [323], [324]. A switching matrix consisting of three

dual-output MZMs is used to divide the sample sequence into

four parallel channels, so the equivalent sample rate of the

system is multiplied by four.

Another kind of photonic ADC applies photonic techniques

to pre-process the analog signals, making them easier to be

converted into the digital domain. Stretching the signal in the

time domain to slow the signal waveform down is an intuitive

pre-processing method. Fig. 24 illustrates the principle of the

photonic time-stretch ADC [325]. An ultrashort optical pulse

with a broad spectrum is firstly generated by an MLL and

pre-chirped in the first dispersive element. Then, by modulating

the pre-chirped pulse with the analog signal to be processed, the

time-domain waveform of the analog signal is mapped to the

spectrum of the chirped pulse. Through the second dispersive

element, the modulated optical pulse is further chirped, during

which the pulse along with the carried analog signal is stretched

in the time domain. Thus, a stretched replica of the input analog

signal can be obtained at the output of the PD, which is much

easier to be processed by an electronic ADC. In fact, if a stretch

factor of M is realized by the photonic time-stretch system,

both the equivalent sampling rate and the analog bandwidth

of the electronic ADC can be multiplied by M. Besides, the

noise induced by the timing jitter during sampling can also be

suppressed since the signal waveform is significantly slowed

by the photonic time-stretch process. Previously, a photonic

time-stretch ADC with distributed Raman optical amplification

was demonstrated, in which an equivalent sampling rate of up to

10 Tsample/s and a stretch factor up to 250 were realized [169].
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Improvements and modifications of the photonic time-stretch

ADC have been proposed to compensate for the nonlinearity

[326] and the dispersion-induced RF power fading [327]. A

microwave photonic radar system using photonic time-stretch

ADC in the receiver was also proposed with a stretch factor of

∼5 [328], in which the direct sampling of X-band radar echoes

was achieved.

Photonics-based periodic extension of the analog signal can

also be employed to enhance the performance of an electronic

ADC. If the analog signal to be converted is periodic, the ADC

sampling rate as low as the repetition frequency of the signal

is sufficient to acquire the waveform, providing that a minor

difference between the sampling period and the signal period

is introduced. This concept is similar to the principle of an

equivalent time sampling oscilloscope, in which the sampling

rate of the oscilloscope is far below the Nyquist rate required by

the analog signal. Although the analog signal to be converted

is usually aperiodic and can hardly use the aforementioned

principle of equivalent sampling, we can resort to photonic

techniques to perform the periodic extension. Both the linear

scheme [329] and the loop-based structure [330], [331] have

been proposed to repeat the signal in the time domain, in which

the advantage of a large time delay with low loss provided by

optical fibers is exploited.

Thanks to the high equivalent sampling rate brought by the

photonic time-stretching or periodic extension, photonic ADCs

with pre-processing can be used to convert signals with large

instantaneous bandwidths. However, these processes enlarge the

time slot occupied by the signal and could thus lead to the severe

time-domain aliasing. One of the solutions is to divide the analog

signal into multiple time slots and then process them using a

parallel structure. Several demonstrations based on this method

have already been reported [332], [333].

G. Real-Time Optical Fourier Transform

Fourier transform for fast electrical spectrum analysis is of

great importance for cognitive radars [334]. Conventionally,

Fourier transform is implemented using an ADC followed by the

digital fast Fourier transform (FFT) algorithm [335]. However,

FFT suffers from small processing bandwidth limited by the

ADC or intolerable latency due to the enormous amount of

data. To enable broadband cognitive radars, photonics-based

approaches for Fourier transform, especially optical RTFT, have

been proposed. The optical RTFT maps the spectrum of an

unknown RF signal into the time domain, thus enabling real-time

serial detection by analyzing the optical profile with time at the

output, without the cumbersome FFT process. Typically, RTFT

can be realized using dispersive elements or a frequency-shifted

loop.

The concept of dispersion-based RTFT comes from the space-

time duality, which refers to the similarity between the diffrac-

tion of an electromagnetic beam and the dispersive propagation

of an electromagnetic pulse [336]. In the space domain, Fraun-

hofer diffraction realizes the Fourier transform of the input beam.

Similarly, in the time domain, when a short optical pulse passes

through a dispersive medium, the pulse will be broadened and

Fig. 25. Schematic diagram of three typical RTFT systems. (a) Dispersion-
based RTFT; (b) temporal-convolution-based RTFT; and (c) frequency-shifted-
loop-based RTFT. DE: dispersive element; AOM: acousto-optic modulator.

the spectrum will be mapped into the time domain. Thus, by

modulating an optical source with the electrical signal to be pro-

cessed, RTFT of the signal will be implemented. The schematic

diagram of this method is shown in Fig. 25(a). The dispersive

element in the system can be implemented using a length of

dispersive SMF [12] or an FBG [337]. However, analogous

to the Fraunhofer diffraction, the RTFT method in Fig. 25(a)

only works under the condition of far-field dispersion. When the

dispersion value is not large enough, time lens would be useful,

which offers a quadrature phase shift [336]. It is worth noting

that the frequency resolution of the dispersion-based RTFT is

limited by the dispersion value of the dispersive element. A

better frequency resolution requires a larger dispersion value.

To improve the frequency resolution, bandwidth magnification

was proposed and a frequency resolution of 60 MHz was exper-

imentally demonstrated [338].

Temporal convolution [339]–[342] is another form of

dispersion-based RTFT, as illustrated in Fig. 25(b). In this

system, an ultrashort optical pulse from an MLL is temporally

stretched by a dispersive element. The stretched pulse is mod-

ulated by the RF signal via an MZM and then temporally com-

pressed by a second dispersive element. On the condition that

the dispersion of the two dispersive elements is complementary,

after OE conversion the spectrum of the electrical signal applied

to the modulator is mapped into the time domain at the output

of the system. In this method, the observation of the output

requires an oscilloscope with a high sampling rate. To over-

come this problem, the technologies of temporal amplification

[343] and asynchronous optical sampling [344] are utilized. The

temporal-convolution based RTFT has the potential for realizing

an instantaneous bandwidth as large as several Terahertz and a

frequency resolution as low as hundreds of megahertz at the

same time.

Another method to implement the RTFT is to use a frequency-

shifted loop [133], [134], [345]–[347]. As shown in Fig. 25(c),
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the electrical signal to be processed modulates an optical carrier

and the modulated optical signal is injected into the frequency-

shifted loop. In the frequency-shifted loop, the optical signal

is frequency shifted by an acousto-optic modulator (AOM) per

round. The filter is used to shape the spectrum of the output

signal. An erbium-doped fiber amplifier (EDFA) is inserted in

the loop to compensate for the cavity loss. On the condition that

the frequency-shifted loop works at a proper state, especially the

frequency shift per cycle being a multiple of the fundamental

cavity frequency, the spectrum of the signal to be processed

will be mapped into the time domain and can be observed by

an oscilloscope after the optical-to-electrical conversion. Com-

pared with the dispersion-based RTFT schemes, the frequency

resolution of this configuration is greatly improved. Meanwhile,

this system has the minimal processing latency, which equals to

the inverse of the frequency resolution. A frequency resolution of

30 kHz was experimentally demonstrated [133]. Different from

the dispersion-based RTFT, the frequency-shifted-loop-based

RTFT has no limitation on the time window, thus it can be

applied to the measurement of infinitely long signal. However,

the operation bandwidth of the frequency-shifted loop-based

RTFT is limited to only tens of megahertz, up to the frequency

shift of the AOM. To realize a larger bandwidth, some prior

information of the frequency band of the signal is required.

H. Optical Co-site Interference Cancellation

In a radar system, when a signal is radiated into the free

space via a transmitter, a portion of the radiated signal would be

leaked directly to the receiver due to the fact that the transmitter

and receiver are very close. This effect is also a long-standing

concern of distributed radars. The leakage, usually denoted as

co-site interference or self-interference in the literature, would

be overlapped with the weak SOI in the same frequency band

and is difficult to be removed with a filter [348], which seriously

affect the performance of the radar system. One direct way to

solve this problem is to let the transmitter and the receiver work

at different time slots, but this would introduce a “dead zone”

and make the implementation of multifunction radars difficult.

Another way for co-site interference suppression is coherent

cancellation, in which a mitigation signal that has the same

amplitude and complementary phase to the co-site interference

is first produced and then coherently combined with the received

signal. One such system is illustrated in Fig. 26. As can be seen,

the transmitted signal is split into two paths. One is sent to the

antenna for emission while the other is transmitted through an

attenuator and a phase shifter. Then, the signal is combined with

the received signals consisting of the leaked interference signal

and the SOI. By carefully adjusting the attenuator and the phase

shifter, the interference signal can be successfully suppressed

while the SOI remains.

Traditionally, co-site interference cancellation systems are

realized in the electrical domain, which, however, suffer from

low frequency and narrow operation bandwidth. The maximum

cancellation bandwidth that has ever been reported for pure elec-

tronic approaches is only 120 MHz centered at 2.45 GHz [163].

To achieve broadband co-site interference cancellation at high

Fig. 26. Schematic diagram of a typical co-site interference cancellation
system. PS: phase shifter, Cir: circulator.

frequency, photonics-based technologies become attractive, and

lots of efforts have been devoted to this topic in the past two

decades [153]–[159], [349]–[356].

A classical photonic co-site interference cancellation system

contains two optical links. One is utilized to convey the co-site

interference and the SOI captured by the receiver, and the other

is employed to produce and regulate the mitigation signal. A

fixed π phase shift should be introduced to the replica of the

interference signal, which can be implemented via differential

detection [353], balun coupling [356], complementary intensity

modulations [158], phase-modulation to intensity-modulation

conversion [273], or polarization modulation [274]. With a time-

delay line and a variable optical attenuator (VOA) to achieve the

delay and magnitude matching, the interference can be largely

suppressed.

It should be noted that the phase of the signals in the optical

links may be changed with the temperature and vibration in

the environment. In that scenario, tunable phase shifters imple-

mented in the optical domain to compensate the phase variations

become essential. Previously, photonic microwave phase shifters

were realized by slow light effect [357]–[361], optical vector

sum [362], [363], and external modulation together with optical

heterodyne detection [364]–[369]. Fig. 27 shows the key per-

formances of typical microwave phase shifters achieved in the

literature. As can be seen, microwave photonic phase shifters

based on external modulations have the broadest operational

bandwidth and best amplitude-phase consistency as compared

with others, which are attractive to the co-site interference

cancellation.

The photonic microwave phase shifters based on a DDMZM

[355], a DPMZM [155], a PolM [156], a PM [354], or a

polarization-division multiplexing (PDM) modulator [350] were

tested in the co-site interference cancellation systems, and the

performances of the systems are summarized in Table IV.

Most of the reported systems did not consider the scenario

that the interference signal is reflected, scattered or diffracted by

the surroundings, i.e., the received signals may contain multiple

delayed, attenuated and phase-shifted copies of the interfer-

ence signal. To address this issue, multi-channel interference

cancellation with independent phase and magnitude control in

each channel was proposed [153], [156]. Fig. 28 shows the

schematic diagram of one typical multi-channel interference
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Fig. 27. Performance comparison of typical photonic microwave phase shifters

TABLE IV
PERFORMANCES COMPARISON OF TYPICAL CO-SITE INTERFERENCE CANCELLATION SYSTEMS

Fig. 28. Optical multipath RF interference cancellation using a PolM-based
photonic microwave phase shifter. OTDL: optical time-delay line.

cancellation system [156] using a multichannel polarization-

modulation based photonic microwave phase shifter [124],

[370]. The upper optical link is employed to carry the SOI

signal and the multi-path interferences, and the lower link is

utilized to introduce multiple phase-shifted, time-delayed and

amplitude-manipulated mitigation signals by adjusting the po-

larization controller, the time-delay line and the VOA in each

path. As a result, interference cancellation with a 20-dB sup-

pression ratio over a 13.3-GHz range (from 3.5 to 16.8 GHz)

or a 30-dB suppression ratio over a 9.5-GHz range (from 5.5 to

15 GHz) was demonstrated.

IV. THE ARCHITECTURES OF MICROWAVE PHOTONIC RADARS

The microwave photonic techniques described in Section III

can be integrated to realize a radar transceiver, taking advantage

of the attractive features of photonics. Fig. 29(a) shows a general

block diagram of a microwave photonic radar, which comprises

T/R modules, optical modules, and DSP modules. According

to the architecture of the optical modules, microwave photonic

radars can be divided into two categories, i.e., optoelectronic

hybrid structure and all-optical structure.

Fig. 29(b) shows the architecture of the optoelectronic hybrid

radar, which is the traditional electronic radar shown in Fig. 5

with one or more subsystems implemented in the optical domain.

This structure is well compatible with the current radar systems,

so it would be readily accepted by researchers in the radar society

and be more likely to be deployed shortly. However, multiple OE

and EO conversions would be required if there are two or more

optical modules in the system. At the current stage, multiple pairs

of OE and EO conversions would introduce considerable loss,

noise, and nonlinear components, and therefore significantly

degrade the performance of the radar. Moreover, other electronic

components in the system would offset the merits obtained by

the microwave photonic technologies.

Different from the optoelectronic hybrid radar, an all-optical

radar implements all the RF signal generation, transmission, and

processing by photonics methods, which is usually built based

on an MLL, as shown in Fig. 29(c). In the transmitter, the MLL
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Fig. 29. (a) The architecture of a microwave photonic radar, and the optical
modules in (b) an optoelectronic hybrid radar and (c) an all-optical radar. DSP:
digital signal processing; OAWG: optical arbitrary waveform generator; O-
E: optical-to-electrical conversion; OADC: optical analog-to-digital converter;
RTFT: real-time Fourier Transform; E-O: electrical-to-optical conversion.

provides highly coherent optical carriers or ultrashort pulses for

broadband radar 0signal generation, and in the receiver, the echo

is handled with analog signal processing modules enabled by

the ultrashort pulses. The reference signals for the whole radar

system is also provided by the MLL. The advantages of the

all-optical radar include the dramatically reduced number of OE

and EO conversions and some extreme performance brought by

the highly coherent pulse source as stated in Section II. But

the problem is that most of the ultrashort-pulse based signal

processing modules do not have sufficient maturity to support

the practical deployment at the current stage.

Based on the two architectures, microwave photonic MIMO

radars, multifunction radars and distributed radars were demon-

strated.

A. Optoelectronic Hybrid Radar

Early demonstration of the microwave photonic radar based

on the optoelectronic hybrid structure can be dated back to the

1990s [11], [298], [371], in which the prototypes of OBFNs

were developed and investigated using outfield experiments.

Although target detection was not implemented in these works,

the systems developed can still be regarded as the optoelectronic

hybrid radars because they contain transmitters and receivers by

which radar functions can be implemented. In 1991, W. Ng et

al. from the HRL Laboratories realized the first demonstration

of an actual dual-band (1–2.6 GHz and 8–12 GHz) phased array

antenna based on an OBFN, verifying the squint-free operation

of radars steered by optical delay lines [11]. Later, the system de-

sign and performance of an L-band 96-element array controlled

by photonics was reported by J. J. Lee et al. from the same

group. Pulses were propagated through all the RF and optical

components. The bandwidth of the system was >550 MHz,

Fig. 30. Illustration of the principle of LFM de-chirping

corresponding to a range resolution of 30 cm for target detection

[372]. In 1994, A. Goutzoulis et al. from Westinghouse Electric

Corporation implemented the field demonstration of a 6-bit

fiber-optic true-time delay system for a 2×16 element broad-

band array antenna [298]. Squint-free beam steering over +45°

was demonstrated over the full antenna-limited 0.6–1.5 GHz

band. D. Dolfi et al. from Thales Research & Technology also

reported the experimental demonstration of a two-dimensional

optically controlled phased-array antenna operating between 2.7

and 3.1 GHz in 1996 [299]. Time delay scanning between 0° and

20° was realized using free-space propagation and spatial light

modulators.

Afterward, other microwave photonic components were

tested in radars under development. For instance, analog pho-

tonic links were applied in AN/SPQ-9B Advanced Development

Model radar operated in the X band to remote the antenna and the

transceiver [373]. Outfield measurement showed that the SNR

degradation caused by the incorporation of the analog photonic

link could be negligible (0.4 dB for transmit and 0.3 dB for

receive). In 2013, a chip-scale OEO from OEwaves Inc. was

incorporated into the Miniature Hit-to-Kill (MHTK) interceptor

designed by Lockheed Martin, which successfully supported the

guided test fight [374].

Recently, the broadband nature of the optoelectronic hy-

brid radar was employed to achieve ultrahigh-resolution radar

imaging. In general, radar imaging can be performed by either

synthetic aperture radar (SAR) or inverse synthetic aperture

radar (ISAR), which uses the movement of radar antenna or

the target to create a synthetic aperture, providing finer spatial

resolution than the conventional beam-scanning radars. The

range resolution is determined by the bandwidth of the radar via

LR = c/2B which is distance independent, and the cross-range

resolution is related to the viewing angle θ and the carrier

frequency fc of the radar signal by LC = c/2θfc. Since high

cross-range resolution can be achieved by enlarging the viewing

angle, the key to improve the two-dimensional resolution is to

increase the bandwidth of the radar.

Most of the currently reported optoelectronic hybrid radars

for high-resolution imaging are realized through de-chirping

processing, where an LFM signal is used as the radar waveform

[32], [217], [218], [222], [224]–[228], [323], [375]–[379]. The

principle of de-chirp processing of the LFM signal is illustrated

in Fig. 30, which is performed by mixing the received LFM

echo with the reference LFM signal (i.e., the radiated signal).

Assuming the expression of the frequency of the reference LFM
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Fig. 31. Schematic diagram of the microwave photonic radar based on de-
chirping processing. DPMZM: dual-parallel Mach-Zehnder modulator; OBPF:
optical band-pass filter; ELPF: electrical low-pass filter.

signal is fT(t) = f0+kt, where f0 is the initial frequency and k is

the chirp rate. For the simplest scenario with a point target, the

echo frequency is a replica of the reference frequency with a time

delay of τ which could be written as fE (t) = f0+k(t+τ ). Then,

the mixing of the echo with the reference leading to fde-chirp(t)=
f0+k(t+τ )-(f0+kt) = kτ . kτ is usually much smaller than f0, so

a low-speed ADC is sufficient to sample the de-chirped signal,

which ensures high-speed signal processing in the following

stages. If τ is large, then an optical delay line can be used to

delay the reference signal, making fde-chirp(t) = k(τ -τ0), where

τ0 is the delay of the optical delay line. Therefore, the distance

between the radiator and the target can be calculated by L= cτ /2

= cτ0/2+cT/(2B)� fde-chirp, where T is the pulse width of the

LFM signal. The range resolution of the radar depends on the

full width half maximum of the de-chirped signal ∆B, i.e., LR

= cτ /2 = cT/(2B)�∆B. For an ideal case, ∆B = 1/T, so the best

resolution that can be achieved is LR = c/2B. If the target or the

transmitter is moving, the Doppler frequencies can be resolved

from the echoes to obtain the azimuth position of the target.

Fig. 31 shows a schematic diagram of a typical microwave

photonic radar architecture based on de-chirping processing

[217]. Photonic microwave frequency multiplication (as de-

scribed in Section III) is applied to achieve the frequency qua-

drupling of an IF-LFM signal from a low-speed signal generator.

The optical frequency-quadrupled signal is split into two parts

by an optical coupler (OC). One part is injected into a PD to

convert the optical signal into an electrical signal for emission.

The other part of the optical signal is introduced to a PM, which

is modulated by the radar echo. The PM together with an optical

band-pass filter (OBPF) and a PD is used to perform frequency

mixing. With an electrical low-pass filter (ELPF) to select the

different frequency components, de-chirp processing of the LFM

waveform is implemented. The de-chirped signal is sampled by

an ADC and then sent to a DSP unit to calculate the image of

the target. Based on this architecture, many experiments and

field trials have been conducted to achieve high-resolution and

real-time imaging [32], [218], [227], [228], [375]. In [32], an

LFM signal with a bandwidth of 8 GHz was generated and radar

imaging with a range resolution of ∼2 cm was achieved. The

image resolution was further improved by increasing the center

frequency and bandwidth of the LFM signal to the Ka band and

12 GHz, respectively, and a range resolution of ∼1.3 cm was

achieved [218]. In addition, real-time ISAR or SAR imaging of

non-cooperative targets was demonstrated, which successfully

achieved the ultrahigh-resolution microwave images or videos of

a Boeing 737 airplane [227], an unmanned aerial vehicle (UAV)

[375], and Leifeng pagoda [228].

To achieve a higher azimuth resolution of the ISAR imag-

ing without increasing the integration time, a MIMO radar

architecture can be applied. Fig. 32 illustrates a microwave

photonic M×N MIMO radar architecture [226], where M LDs

with different wavelengths serves as the CW light sources. Each

light of them is modulated by an IF-LFM signal at a DPMZM

to realize frequency quadrupling. The obtained M-channel fre-

quency quadrupled LFM signals have the same bandwidth but

different center frequencies. In the receive end, N receivers

are applied to collect echoes of the M transmitted signals. In

each receiver, de-chirping and separation of radar echoes from

different channels are implemented simultaneously. As a result,

M digital signals corresponding to the de-chirped echoes of the

M transmitted signals are separately obtained in each receiver. A

microwave photonic 2×2 MIMO radar with a 4-GHz bandwidth

was established in [226], and the functions of target positioning

and direction of arrival estimation were realized.

In order to remove the image-frequency interferences and

false targets in the single-channel photonic de-chirping receiver

with real-valued outputs used in [32], [218], [226]–[228], [375],

a photonics-based radar architecture using in-phase and quadra-

ture (I/Q) de-chirping receiver with balanced detection was

proposed [225], as shown in Fig. 33. In the receiver, balanced

I/Q de-chirping is conducted based on a 90° optical hybrid, and

two BPDs are adopted for the removal of baseband background

signals and interferences resulting from the frequency mixing

between echoes with different time delays. The key advantage

brought by the I/Q de-chirping scheme is the determination of

whether the de-chirped frequencies are positive. Thus, targets

that are farther or nearer than the observational reference point

can be distinguished. Furthermore, the balanced detection is

beneficial to boost the amplitude of the de-chirped frequency

components. An 8-GHz microwave photonic radar transceiver

based on such architecture was built in the K-band for ranging

and imaging, which experimentally verified the elimination of

the interference induced by image frequency, baseband enve-

lope, and unwanted frequency mixing.

Other optoelectronic hybrid radar architectures based on the

de-chirping mechanism were also reported to further improve

the radar performance, such as phased array radar [376] and

dual-band LFM CW radar [224], [377], and full-polarimetric

radar [378].

The optoelectronic hybrid radar architecture can also be

used for 3D imaging. In [380], an interferometric inverse syn-

thetic aperture radar was established with an optical arbitrary

waveform generator in the transmitter and photonic microwave

mixing in the receiver. The system uses the phase differences

between two complex-valued 2D images to evaluate the height

of each point. To further improve the performance of 3D imaging

especially for the height dimension, an equivalent 2D aperture

vertical to the radar-target line of sight is necessary. One of the

methods to achieve an equivalent 2D aperture is scanning the

antenna with a 2D translation stage, which has been adopted in

a radar with a photonic W-band millimeter-wave pulse generator
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Fig. 32. Schematic diagram of the microwave photonic M×N MIMO radar architecture. PA: power amplifier.

Fig. 33. Schematic diagram of microwave photonic radar architecture using
balanced in-phase and quadrature (I/Q) de-chirping receiver.

[381]. In addition, similar to the principle of an inverse synthetic

aperture radar for 2D imaging, rotating the target around two

orthogonal axes can also compose a 2D equivalent aperture.

Fig. 34 shows the experimental results of a rotation-based 3D

inverse synthetic aperture radar, in which a photonics-based

K-band radar transceiver capable of generating and processing

LFM signals with a bandwidth of 8 GHz was employed [224].

It is worthy to note that recording a large amount of raw data

during a relatively long time for completing the scanning or

rotation is almost unavoidable in 3D radar imaging, which puts

forward the requirements for fast analog signal pre-processing

and high coherence between radar pulses. Fortunately, with

key microwave photonics technologies mentioned in section III,

microwave photonic radar would achieve more satisfactory 3D

images with lower SWaP in the future.

Fig. 34. Experimental results of a microwave photonic 3D inverse synthetic
aperture radar [224].

B. All-Optical Radar Architecture

An MLL is the heart of an all-optical radar system which

provides a pulse train with ultra-stable repetition rate, ultrashort

pulse width, and a large number of spectral lines. As an example,

Fig. 35 shows the schematic diagram of the first all-optical radar

system demonstrated via a field trial experiment [323]. In the

transmitter, two OBPFs are used to select two comb lines from

the MLL. One comb line is modulated by a baseband waveform

while the other is frequency shifted. The two wavelengths are
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Fig. 35. Schematic diagram of the reconfigurable radar based on all-optical architecture [323]. DCF: dispersion compensation fiber.

then beating at a PD to generate the radar waveform at the desired

frequency band. By changing the baseband signal, the waveform

of the generated radar signal can be reconfigured, and the center

frequency can be switched by selecting two comb lines with

different frequency spacing. As a result, radar waveforms with a

center frequency from 400 MHz to 40 GHz and a bandwidth

of 200 MHz are generated. The bandwidth of the generated

waveform is limited by the repetition rate of the MLL, which

was 400 MHz in the demonstration. In the receiver, the received

echoes are sampled by the ultrashort optical pulses from the

same MLL. Then, the sampled signal is transferred to low-speed

signals by optical serial-parallel conversion and time stretching.

As a result, a low-speed electrical ADC is enough to digitize

the signal in each channel. In the field-trial experiment, the

feasibility of the all-optical radar was demonstrated. With a

13-bit Barker code radar signal, the range resolution of the radar

was around 23 m, and the detection range was about 30 km. The

range resolution can be further improved if an IF waveform with

a larger bandwidth is employed.

Thanks to the abundant spectral resources of the MLL, the

above system can be upgraded to realize dual-band microwave

photonic radar for multi-functional operation [379], with the

schematic diagram of the transmitter and receiver shown in

Fig. 36. In the transmitter, three comb lines of the MLL are se-

lected via optical filters, and one of them is modulated by two IF

waveforms with different center frequencies. Combing the three

signals and beating them at a PD, multiple radar waveforms are

generated. Then, two RF filters with different center frequencies

are employed to select the waveforms, which are radiated into the

free space via two antennas. In the receiver, the reflected echoes

are modulated onto one of the three reference optical comb lines

via a modulator and then sent to a PD along with the other two

comb lines. Down-conversion of the two radar waveforms is thus

realized. The obtained IF signals are sent to an electrical ADC

Fig. 36. Schematic diagram of the dual-band microwave photonic radar [379].

and DSP module to extract the ranging information or perform

radar imaging.

The structure of dual-band microwave photonic radar can be

further simplified to a setup shown in Fig. 37 [382]. Each comb

line from the MLL is modulated by the electrical signals in the

transmitter and the receiver. Although more unwanted optical

frequency components are introduced to the PDs, the comb

lines and the sidebands that are used to generate the desired

electrical signals are not interfered with each other. Therefore,

the microwave photonic radar transceiver without optical filters

is feasible. The system has been applied for ISAR imaging [383],
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Fig. 37. Schematic diagram of the dual-band microwave photonic radar with-
out optical filters [382].

Fig. 38. Structure of the photonics-enabled distributed coherent radar systems
with 2×2 MIMO [387].

naval target tracking [384], and landslides monitoring [385], in

which two radar signals in the S- and X-bands were handled

simultaneously. One key advantage of the dual-band all-optical

radar is that the generation and detection of the dual-band radar

signals can be achieved by the same transmitter and receiver,

which not only makes the system more compact but also ensures

the coherence of the signals in the two bands due to the shared

MLL, which is highly desired for simplifying the processing in

multi-band data fusion.

In order to further improve the performance of the all optical

radars in terms of detection, localization, and imaging, multiple

transmitters and multiple receivers can be used simultaneously to

construct a MIMO radar, similar to the concept based on the op-

toelectronic hybrid structure. The benefits of implementing the

MIMO radar using all-optical structure include the low-loss fiber

distribution as well as the coherence and stable clock provided

by the MLL. Thus, signals from all the distributed nodes can

be processed in a central unit, which guarantees the coherence

among different nodes and yields favorable system performance.

Fig. 38 depicts the structure of an all-optical 2×2 MIMO radar,

consisting of two radar headers and a photonic core with an

MLL serving as the optical master clock. In-field demonstration

Fig. 39. The schematic of the photonic time-stretch coherent radar system.

of the radar system has been successfully conducted [386], in

which a 100-MHz LFM signal in the X band is used to observe

a collaborative target.

To avoid the use of the electrical baseband source in [323], a

photonic time-stretch coherent radar system has been proposed

[328]. The structure of the photonic time-stretch coherent radar

is depicted in Fig. 39. The ultrashort pulses generated by the

MLL are sent into a dispersive element with a relatively large

dispersion value, so they are broadened in the time domain. The

broadened pulses are then divided and introduced into the signal

generation and reception channels. In the signal generation

channel, the pulses are further split into two arms. Two tunable

optical filters with different center frequencies are incorporated

into the two arms respectively to select a certain part of the

optical spectra. A second dispersive element is added into one

of the two arms to introduce a dispersion difference between

the two arms. After beating the signals in the two arms at a

PD, pulsed LFM microwave signals would be generated. In the

receiver, the optical pulses are modulated by the received echoes

in the EOM and sent to the third dispersive element, so they are

further stretched in the time domain. After OE conversion, the

received echoes are compressed in the frequency domain. As a

result, high-range resolution detection can be achieved without

the need for high-speed electrical ADCs. A dual-target detection

experiment based on the photonic time-stretch coherent radar

was conducted in the X band, by which a range resolution of

∼5.5 cm was achieved. The main advantage of this radar is its

strict coherence within the whole system since only one MLL

is used as the signal source.

The performance of the photonic time-stretch coherent radar

was further improved by later studies [388]–[390]. The SNR of

the time-stretching receiver in the radar was analyzed in [388],

and a photonic time-stretch coherent radar system operating at

the W band with a bandwidth of 12 GHz was experimentally

demonstrated, achieving a range resolution of 1.48 cm. To over-

come the measurement range restriction due to the relatively-

narrow pulsed LFM signal, an optical switch was added in the

transmitter [389], which reduces the pulse repetition rate tenfold.

As a result, the measurement range was improved to more than

40 m with a range resolution of ∼4 cm. Furthermore, a phase

diversity scheme based on a dual-output MZM was employed

to decrease the frequency response fluctuation induced by dis-

persion [390]. Experiment results showed that the frequency
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response fluctuation was reduced by 9.7 dB and the peak power

in single target detection was increased by 6.7 dB.

In addition, MLLs can be exploited to generate broadband

coherent radar signals through the frequency-to-time mapping

approach [391], which can be used for radar detection with high

resolution as well. In one such system, a waveform generator

composed of an MLL, a high-resolution optical pulse shaper and

a variable delay line (VDL) produced an LFM waveform from

110 GHz down to 70 GHz [211]. By using this waveform, multi-

target ranging with a resolution of 3.9 mm and unambiguous

detection over a range of more than 5 m was achieved. Compared

with other all-optical radar systems, the radar signal in [211] had

an ultra-broad bandwidth, and the resolution can be significantly

increased. However, the time duration of the waveform is usually

about several nanoseconds (∼ns), resulting in a limited detection

range.

C. Multifunction Microwave Photonic Radar System

Due to the broad bandwidth and various multiplexing methods

provided by the photonic technologies, multiple signals can be

manipulated in the transceiver simultaneously, which enables

multifunctional radars with reduced hardware and cost. Some

novel microwave photonic radar transceivers have integrated

extra functional modules to generate or process signals for com-

munication or electronic warfare purpose. For example, in [392]

the photonics-based receiver concurrently down-converts both

the radar echoes and the communication signals with different

frequency bands, in which the experimental results verified the

penalty-free reception of S-band radar echoes and a C-band

54Gbps 64-QAM OFDM communication signal. Similarly, the

optoelectronic hybrid radar transmitter in [393] can also act as

a communication transmitter by encoding an amplitude shift

keying signal onto a radar signal. An imaging resolution up to

∼1.8 cm × 2 cm and a communication rate of 100 Mbit/s were

simultaneously achieved. Electronic warfare is another kind of

function that can be integrated into the microwave photonic

radars. A typical system of this kind has been proposed in

[394], in which fast frequency measurement and high-resolution

radar imaging can be implemented simultaneously. Ka-band

frequency measurement with a 40-MHz measurement resolution

and a 100-kHz refresh rate was achieved along with Ku-band

ISAR imaging. Lidars can be integrated with microwave pho-

tonic radars as well. In [395], a coherent radar-lidar system based

on a shared MLL is proposed for speed measurement, in which

different comb lines are allocated to lidar and radar, respectively.

D. Distributed Microwave Photonic Radars

The aforementioned microwave photonic radars are generally

monostatic, of which the sensitivity is limited by the transmis-

sion power and antenna aperture, and the positioning accuracy

will be affected by the radar observation angle, leading to issues

like speed ambiguity and false alarm. Meanwhile, threats such

as electronic jamming and stealth aircrafts are also plaguing

monostatic radar system. Thanks to the distinct features asso-

ciated with flexible array, large synthetic aperture, accumulated

observation angles and data fusion, distributed coherent radar

network is proved to have the potential to overcome the above

limitations and to improve the detection accuracy in the obser-

vation area.

Due to the low transmission loss, light weight, immunity

to EMI, and bidirectional transmission capability, optical fiber

is considered as the best signal transmission medium between

multiple base stations in the distributed radar network. Thus,

photonics-assisted distributed radar networks have attracted a lot

of attentions [396]. In [397], a broadband distributed coherent

aperture radar system consisted of a central controlling system,

several remotely distributed transceivers, and a fiber-based time

synchronization network was reported. The central controlling

system performs multichannel orthogonal LFM signal genera-

tion and processing, the time synchronization network achieves

time synchronization among different remote transceivers, and

the remote transceivers perform OE/EO conversion as well

as transmission and reception of the RF signals. An X-band

two-cell all-optical radar system with a bandwidth of 3 GHz is

verified experimentally. When full coherence is achieved, the

signal-to-noise ratio (SNR) gain can reach 8.33 dB, which is

consistent with the theoretical prediction, indicating the distance

detection accuracy may improve by 2.6 times. In addition, fiber-

distributed radar network utilizing ultra-wideband [398] and

chaotic [399] signals based on WDM structure were previously

proposed, which achieved high-precision positioning of targets.

MIMO radars introduced in the previous parts [386] can also be

regarded as a kind of distributed radars.

V. DISCUSSION AND CONCLUSION

The distinct features of microwave photonics in terms of broad

bandwidth, low loss transmission, multidimensional multiplex-

ing, flat response, fast analog signal processing, highly coher-

ent pulse source, and EMI immunity have stimulated signifi-

cant interests to apply photonics-based technologies to radars.

Different techniques for generation, transmission, processing,

and control of radar signals were proposed and investigated,

some of which have shown superior performance or potential

as compared to their electronic counterpart and are close to

practical application. The investigation of these techniques leads

to two typical microwave photonic radar architectures, i.e.,

optoelectronic hybrid structure and all-optical structure. Field

trial experiments of the prototype radars in both categories

have verified or envisioned the following benefits brought by

photonics: (1) the broad instantaneous bandwidth and large

frequency range enable high-resolution 2D or 3D imaging,

accurate target identification, and multi-band, multi-signal and

multi-function operation; (2) the low phase noise of the photonic

LO generator significantly enhances the detection performance

of weak Doppler-shifted signals in strong clutter environment;

(3) the exceptional reconfigurability of the photonic techniques

enables the generation and processing of various and compli-

cated waveforms for adaptive radars or cognitive radars; (4) the

optical analog signal processing reduces the data amount to the

DSP which dramatically accelerates the response of radars; and

(5) the high coherence of the pulsed laser and stable RF delivery

improve the SNR of radar systems, especially the distributed
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Fig. 40. The key performances of the recently reported photonic microwave radars.

and MIMO radars. Fig. 40 summarizes the key performances of

the reported photonic microwave radars in the literature.

Although a certain degree of maturity has been achieved

in the microwave photonic radar and related techniques, there

are few breakthrough applications that attract direct industrial

interest and investment. A considerable room for improvement

still exists. Several expected future developments are discussed

as follows.

What concerns the researchers in the field of microwave

photonic radars most might be the photonic integration. Al-

though many progresses have shown the inspiring potential

of microwave-photonic radar systems, most of them are con-

structed based on discrete optical components, leading to a bulky

system with low reliability. High-density integration is of critical

importance for arrayed radar systems and miniaturized platforms

such as unmanned aerial vehicles (UAVs), autonomous vehicles

or even mobile devices. Up to now, many achievements have

been reported on the photonic integrated circuits for possible

radar applications [400]. In particular, a variety of integrated

optical beamformers have been demonstrated based on optical

ring resonators [71], Mach-Zehnder delay interferometer [401],

and arrayed waveguide grating [402]; integrated OEOs were

also reported although the phase noise performance still needs

improvement [403]. In addition, some multifunctional building

blocks such as reflective-type microring resonator [404] and

programmable 2D mesh network [405] have been demonstrated,

which might be useful for reconfigurable or software-defined

microwave photonic radar. Recently, we demonstrated a chip-

based broadband microwave-photonic imaging radar occupying

the full Ku-band [406], as shown in Fig. 41. Both the wideband

signal generator and the de-chirp receiver are integrated on a

1.45 mm×2.5 mm silicon-on-insulator chip. A high precision

range measurement with a resolution of 2.7 cm and an error of

less than 2.75 mm were obtained. ISAR imaging of multiple

targets with complex profiles was also implemented. Despite

so, we have to say, the performance of most of the integrated

Fig. 41. The pictures of the chip-based microwave photonic radar

microwave photonic chip is not satisfactory for practical radar

applications. Development in this area is still at the initial stage

and advancement on chip-based microwave-photonic radars is

highly welcomed.

Since monolithic integration of key microwave photonic

subsystems does not have sufficient maturity for practical ap-

plications, co-packaging or hybrid integration of the devices

fabricated at their optimal integration platforms is of great

interest. At the present stage, indium phosphide, silicon ni-

tride, and silicon-on-insulator are three leading photonic inte-

gration platforms [400]. Each platform has its strengths and

weaknesses. Indium phosphide based-material inherently sup-

ports lasers, optical amplifier, modulator, detector, and most

passive functionalities, but suffers from the large component

footprint, high propagation loss, elevated charge carrier noise,

and complex fabrication process. Silicon nitride waveguide has

an ultralow propagation loss, hence it is particularly suitable for

the optical delay lines and high Q optical cavity. However, the

silicon nitride material cannot implement active optical devices

such as lasers, modulators and detectors. Silicon-on-insulator

is an attractive platform due to its capability of integrating

modulators, PDs, passive components, and the excellent com-

patibility with standard CMOS processing. But the lack of light
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sources and amplifiers is the main challenge. In addition, the

poor linearity and the tremendous loss of a pure silicon modu-

lator would significantly degrade the dynamic range and sensi-

tivity of the microwave photonic radar. Except for the three ma-

terials, thin-film lithium niobate (for modulators), chalcogenide

glass (for stimulated Brillouin scattering based devices), gallium

arsenide (for polarization modulators) and other materials are

also attractive to implement special microwave photonic func-

tions [7]. Packaging of these devices may significantly reduce

the SWaP of the microwave photonic radars as compared to those

based on discrete components, and enable high performance as

compared to the monolithically integrated ones.

As the essential components in microwave photonic systems,

EO and OE conversion devices provide the performance baseline

for microwave photonic radars. Continuous efforts should be

devoted to the improvement of them with respect to the con-

version efficiency, noise figure, and linearity. Although some

high-performance analog photonic links were reported, they

are usually complicated, costly, unstable or work only in some

specific scenarios. To compensate the loss introduced by the

EO/OE conversion, low-noise optical amplifiers that bring as

small intensity and phase noise as possible to the system are

highly desired. It is worth mentioning that in some kinds of radar

systems, pulse compression of broadband signals would bring

considerable gain to the system, which may compensate for the

dynamic range degradation due to the EO/OE conversion. Opti-

cal switch is another important device for microwave photonic

radars. High speed, low insertion loss and high extinction ratio

optical switches would introduce considerable design flexibil-

ity. The current optical switching techniques based on optical

micro-electromechanical systems (MEMS), thermal-optic ef-

fects, acousto-optic effects, electro-optic effects, magneto-optic

effects, liquid crystals and other effects seem to have tradeoff

between the speed and extinction ratio, which could not well

fulfill the requirement of large-scale OBFNs and reconfigurable

or programmable radars.

The system-level investigation of the microwave photonic

radar is still insufficient. For the microwave photonic radar

based on the optoelectronic hybrid structure, one key issue is

the compatibility of different microwave photonic subsystems.

The photonic LO generation, waveform generation, mixing,

filtering, beamforming, ADC, Fourier transform and interfer-

ence cancellation are currently implemented based on different

types of laser sources (i.e., CW, tunable, comb and pulsed laser

sources), modulation schemes (i.e., phase modulation, intensity

modulation, polarization modulation, and parallel or cascaded

electrooptic modulation) and detection methods (i.e., direct de-

tection, coherent detection, single-end or balanced detection).

Some implementations require optical filtering, which may af-

fect the realization of other microwave photonic functions. For

the all-optical structure, increasing the instantaneous bandwidth

is difficult since an MLL with a high repetition rate is needed

while the MLL with a high repetition rate usually exhibits a large

timing jitter. Direct generation of the radar waveform using the

ultrashort pulse may breakthrough the bandwidth limit but the

time duration is small and the quality is usually inferior due

to the nonlinearity and high-order dispersion of the dispersive

elements. Therefore, elegant microwave photonic radar archi-

tectures that could give full play to the advantages of photonics

would be highly expected.

Another serious issue associated with the microwave photonic

radars is the very scarce spectrum resource available under

Ka and lower band, which could not support wideband radar

detection. One way to deal with this problem is cognitive access

with multi-band data fusion. Recently, we have proposed a

cognitive microwave photonic radar [407], which can adaptively

select the proper operation band for target detection according

to the detected electromagnetic environmental information by a

spectrum sensing module. A self-adaptive anti-jamming ISAR

imaging is experimentally demonstrated in the presence of in-

terference.
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