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Abstract: The emerging new concepts and technologies based on microwave photonics have led to an ever-increasing
interest in developing innovative radar systems with a net gain in functionality, bandwidth/resolution, size, mass,
complexity and cost when compared with the traditional implementations. This paper describes the techniques de-
veloped in the last few years in microwave photonics that might revolutionize the way to design multifunction radar
systems, with an emphasis on the recent advances in optoelectronic oscillators (OEQOs) , arbitrary waveform gener-
ation, photonic mixing, phase coding, filtering, beamforming. analog-to-digital conversion, and stable radio-fre-
quency signal transfer. Challenges in implementation of these components and subsystems for meeting the tech-
nique requirements of the multifunction radar applications are discussed.
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1 Introduction

The modern use of radar is highly diverse,
including air traffic control, radar astronomy,
marine radars for locating landmarks and other
ships, aircraft/vehicle anticollision systems, out-
er space surveillance and rendezvous systems,
meteorological precipitation monitoring, altime-
try and flight control systems, ground-penetrat-
ing radar for geological observations, and military
systems for wide-area search, target tracking,
and fire control"’!. Several of the above functions
may be required in a single platform. However,
due to the different requirements of frequency
band, bandwidth, waveform, and signal process-
ing methodology, most of these functions can on-
ly be implemented using an independent electro-
magnetic system. This presents a lot of prob-
lems, including increased weight and size, in-
creased antenna blockage, electromagnetic inter-

ference (EMI), increased radar cross section, and
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maintenance issues because each system has its
own unique set of spare parts, operators, and re-
pair personnel®. Fig. 1 shows the block diagram
of a typical radar system, consisting of local oscil-
lators (LOs), waveform generators, modulators.,
filters, mixers, amplifiers, antennas, analog-to-
digital converters ( ADCs), signal processors,
computers, and power supplies. If most of these
components can be shared by the radars with dif-
ferent functions (usually at different frequency
bands), multifunction radar with reduced space,
weight, power, cost and demands for human op-
erators is possible™. However, it is very difficult
for the state of the art electronic technologies to
operate the microwave components in multiple
frequency bands without sacrifice of the perform-
ance. In addition, the calibration of the system
would be a critical issue because the electrical de-
vices always have different insertion losses, phase

shifts and reflection coefficients in different fre-
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Fig.1 Schematic diagram of a typical radar system

quency bands. To solve these problems, many

microwave technologies were developed, ranging

[4] .[5]

from the multiband mixers'" , receivers

[6]

, trans-
ceivers'® to detectors'? and antennas™®*, but all
of them were realized at the expense of significant
increase of the weight, size, complexity, EMI or
power consumption.

On the other hand, microwave photonics,
which brings new opportunities to revolutionize
has
evolved significantly in scope and technical matu-

(07 As defined by

microwave pho-

the microwave components and systems,

rity over the past 30 years
many pioneers in this areat'*',
tonics is an interdisciplinary field that studies the
interactions between microwave and optical waves
for the generation, processing, control, distribu-
tion and measurement of microwave, millimeter-

Table 1 lists

several key aspects of the performance difference

Table 1

wave and THz-frequency signals.

between the conventional microwave system and
the microwave photonic system. Thanks to the
broad bandwidth, low loss, light weight, flat fre-
quency response, and immunity to EMI provided
by the photonic technologies, microwave photon-
ics may allow innovative implementation of the
multiband reconfigurable radar with significant
added values.

Previously, there were considerable efforts
devoted to applying the fast developing micro-
wave photonic technologies to the radar systems,
which can date back to the early 1990s°?7, Ex-
amples include the trials to construct phased array
radar based on photonic true time delay and the
proposals to build photonic radio-frequency (RF)
front-end. In 2009, the European Research Coun-
cil (ERC) granted a project entitled “Photonic-
based full digital radar” (PHODIR, Dec. 2009—
Dec. 2013), focused on the study, design and re-

Performance comparison between conventional microwave system and microwave photonic system

Parameter Microwave system Microwave photonic system
Frequency range Tens of GHz THz
Instantaneous bandwidth Several GHz Tens of GHz
Transmission loss ~0.6 dB/m 0.000 2 dB/m
EMI Serious Immue
Weight Heavy (EMI shielding) Light
Size Big Small
Isolation Low High
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alization of a full digital transceiver radar demon-
strator based on photonic technology both for sig-
nal generation and for RF received signal process-

28] A photonic radar was built and demon-

ing
strated in a field trial at the port of Livorno, Ita-
ly. Based on PHODIR, another project “Pre-
industrial photonic-based radar design” (PRE-
PARE) was set up recently, aimed to address the
research on the specific application for the airport
security, providing a pre-industrial design. Mean-
while, the Europe seventh framework programme
(FP7) established a project named GAIA (Pho-
tonics front-end for next-generation SAR applica-
tions, Oct. 2012—0Oct. 2015), to develop the
photonic technologies required in future array an-
tenna systems for the implementation of the next
generation synthetic-aperture radar (SAR) appli-
cations for future Earth observation missions®’.

In this paper, techniques developed in the
last few years in microwave photonics that might
change the way to design modern radar systems
are reviewed. The recent advances in optoelec-
tronic oscillators (OEOs), arbitrary waveform
generation (AWG) ., photonic mixing, phase cod-
ing, filtering, beamforming, analog-to-digital
conversion, and stable RF signal transfer are de-
scribed. Challenges in implementation of these
components and subsystems for meeting the re-
quirements of the radar applications are dis-

cussed.

2  Optoelectronic Oscillator

The ability of modern radar to detect low tar-
get signatures in clutter and hostile jamming envi-
ronment is highly dependent on the quality of the
transmitted signal, the receiver, and the data

%1 As an essential part in the modern

processing'
radars (as shown in Fig. 1), a microwave genera-
tor not only determines the quality of the RF sig-
nal in the transmitter and the intermediate fre-
quency (IF) signal in the receiver, but also serves
as a time standard for signal processing modules,
by which, for example, the signal delay is meas-

ured to extract the range information. In modern

radar systems, the phase noise of a microwave

source is one of the key performance limiting fac-

L1321 Due to the phase noise, weak targets

tors
would be hidden by strong unwanted echoes even
if the echo from the target has Doppler shift. The
spurious level is another key parameter of the mi-
crowave source which should be carefully consid-
ered in the radar systems. Without the high side
mode-suppression ratio (SMSR) ., the false alarm
probability will be significantly increased.
Thanks to the capability of ultra-low phase
noise microwave signal generation, OEQsH4
have received much attention for potential radar
applications in the past two decades. Fig. 2 shows
the schematic diagram of a typical OEQO, which is
a feedback loop consisting of an intensity modula-
tor, a high-Q optical storage element (e.g. a
length of fiber), a photodetector (PD), an
electrical amplifier, an electrical bandpass filter
(EBPF), and an electrical phase shifter. When a
continuous-wave (CW) lightwave is injected into
the modulator, the OEQO starts to oscillate at one
of its eigenmodes determined by the center fre-
quency of the EBPF if the net gain of the loop is
greater than unity. The spacing between two ad-
jacent eigenmodes is determined by the total

length of the loop.
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Fig. 2 Block diagram of a typical OEO""]

The phase noise performance of an OEO is
directly related to the Q-factor of the loop. In
general, the longer the fiber in the OEO, the
lower the phase noise®!. But the flicker noise of
the amplifiers, the laser relative intensity noise
(RIN), the shot noise in the PD and the noise in-
troduced by the optical reflection would create a
noise floor in the phase noise spectrum. Previous-

ly, considerable efforts were devoted to reduce
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this noise floor. By using amplifiers with lower
flicker noise and high-Q filters, the phase noise
performance was improved™*!. A fiber-optic im-
plementation of the carrier-suppression technique
was demonstrated to reduce the close-to-carrier
noise of a triple-loop OEOP* . About 20-dB phase
noise reduction at 10 Hz away from the 10 GHz
carrier is realized. The laser RIN can be signifi-
cantly reduced by inserting an optical power limit-
er after the laser, and the noise associated with
the PD can be largely suppressed by operating the
PD in the saturation limit. In addition, through
laser frequency modulation, the noise due to the
reflection in optical connectors or splices and
double Rayleigh scattering in fiber can be re-
duced®™™,

The mode selection and spurious level are de-
termined by the EBPF in the OEO loop. For a
single loop OEQO, the modes close to the peak fre-
quency will have large possibility to oscillate, and
spurious will show up at these sidemodes™®.
With the increasing of the fiber length, which is
always adopted to improve the phase noise per-
formance of the OEO, the mode spacing becomes
narrower and the spurious level will be high, be-
cause the ability of the EBPF to remove the su-
permodes is always limited. By using a high-Q
microwave or optical filter, the SMSR will be im-
proved. A possible approach is to incorporate an
ultrahigh-Q whispering gallery mode resonator
(WGMR) in the OEO™, A typical Q value of
the WGMR is greater than 10°, which can be
used to select only one mode in a loop with a
length of several kilometer. Another way to ef-
fectively suppress the undesired sidemodes is to

[37,40-43]

apply multiple loops . By introducing addi-
tional fiber loops with shorter lengths in parallel
with the long fiber loop, the Vernier effect would
form additional filtering in the OEO cavity. For
example, in a dual-loop frequency-doubling OEO
based on polarization modulation and polarization
multiplexing™* , a SMSR of 78 dB is realized for a
fundamental microwave signal at 9. 95 GHz or a

frequency-doubled signal at 19. 9 GHz. In addi-

tion, a section of unpumped EDF in a coupled

OEO (COEO)™ can serve as a mode-restricting
device through spatial hole burning effect, which
can also significantly improve the SMSR of the
OEO.

Frequency hopping is widely used in modern
radars, thus fast and wideband tunability of the
microwave source is also required. The tunability
of the OEO can be realized by incorporating a
tunable EBPF in the loop™**!. But the frequency
tuning range is limited due to the electronic bottle
neck. To overcome the problem, a frequency-
quadrupling OEO was reported, in which the fre-
structure in the

quency-quadrupling output

branch improves the tuning range by four

timesH™

. Another way to realize tunable OEOs is
to form a tunable microwave photonic bandpass
filter in the OEO loop**", For example, a wide-
ly tunable OEO was reported based on a tunable
microwave photonic filter formed by a polariza-
tion modulator (PolM) and a chirped fiber Bragg
grating (FBG) together with a polarization beam
splitter (PBS)P. The chirped FBG serves as a
dispersive element (DE). By changing the polari-
zation state between the PolM and the PBS, sim-
ultaneously amplitude modulation and phase mod-
ulation with the ratio between them adjustable are
formed, which leads to a shift of the transmission
response. In this way, a tunable microwave pho-
tonic filter is formed to realize a coarse selection
of the oscillation mode in the OEO. The dual-
loop configuration is used to achieve the fine fre-
quency tuning. A tuning range of 5. 8—11. 8 GHz
is realized. In addition, an interesting tunable
OEO based on the stimulated Brillouin scattering
(SBS) effect was reported to convert a low-quali-
ty and low-frequency IF signal to a high-quality
and high-frequency signal without introducing any

high-Q electrical filter®?,

pressed-carrier modulated signal generated by

A single-sideband sup-

modulating a poor-quality IF signal is used as the
Brillouin pump wave, and a phase-modulated sig-
nal at the same wavelength is used as the probe
signal. A high-Q microwave photonic filter real-
ized by the selective amplification of the SBS

effect is used for mode selection in the OEO. By
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tuning the Brillouin pump wave, a wide tuning
range is realized. High quality microwave signals
from 10. 15 to 42. 15 GHz are experimentally gen-
erated by applying low quality IF signals.
Another strict requirement of the microwave
source in the modern radars, especially the air-
borne and space-based radars, is small size and
low power consumption. A lot of works have
been done to reduce the size of the OEO. One
way is to replace the long fiber in the OEO loop
by high-Q optical resonators, which could be
WGMRsP 1 or  fiber ring resonators™®’°%,
With the high-Q WGMRs, OEOs in a package
smaller than a coin can be realized without sacri-

B4 However, optical

fice of the performance
coupling and wavelength alignment will be very
difficult, and sophisticated circuits should be em-
ployed to make the OEO work stably. By using a
directly modulated laser (DML) to replace the la-
ser source and the intensity modulator, one de-
vice and its related control circuit can be saved to
reduce the OEO size”" ., However, the DMLs
under large signal modulation would lead to a
broad linewidth of the optical carrier, resulting in
poor phase noise performance. To further reduce
the size of the OEQO, a compact OEQO based on an
electroabsorption modulated laser (EML) was
proposed™®!. The EML can replace the laser
source, intensity modulator and PD, so that the
OEO can be miniaturized by saving two devices
and the corresponding drive circuits. The phase
noise with the generated 9.945 GHz signal is
—101.31 dBc/Hz, showing that the compact

OEO has an acceptable performance.

3 Photonic

Generation

Arbitrary-Waveform

For a radar system, the properties of the sig-
nal emitted by the antennas, such as the power,
the temporal waveform, and the spectral band-
width, will determine the detection range, reso-
lution, and the anti-interference ability. In mod-
ern radar systems, programmable and diverse

complicated waveforms are needed to increase the

resolution and meet the fast-switching require-
ments, thus, AWG is becoming more and more
important. In the current stage, the most com-
monly used electrical AWG in a radar system is
realized by the direct digital frequency synthesis
(DDS)7,

ibility for switchable waveform generation, but it

The DDS technology offers great flex-

suffers from the limited operation bandwidth
which is usually lower than a few GHz. Because
the radar systems are evolving towards working
at high frequency and large bandwidth, optical ar-
bitrary waveform generators (OAWGs) become a
promising solution because it can generate high
frequency and large bandwidth waveforms
through optical technologies and then convert the
optical signal into electrical arbitrary waveforms
for radar applications. Besides the huge band-
width, OAWG also features low cost, low loss
and immunity to EMI, etc. Up to now, several
kinds of OAWG have been successfully demon-
strated, showing the great potential for their use
in radar systems.

An OAWG can be realized by optical spectral
shaping followed by frequency-to-time mapping
(FTTM)“,

ciple of this method. The system is usually com-

Fig. 3 shows the fundamental prin-

posed of a pulsed laser source, an optical spectral
shaper, a DE and a PD. The spectrum of the
pulsed laser source is modified by the optical
spectral shaper. Then, FTTM is performed in
the DE, which can be a length of dispersive fiber
or a chirped FBG. Mathematically, the impulse

response of a DE isf®

h(t) oc exp(j 2%#) (D

where @ is the second-order dispersion of the DE.
If the temporal width At¢, of the input pulse a;, (1)
< |2nd]|, the output

is small enough to let | Az
signal after the PD ist®]
I =% aw (D |>?=C%| Flan (O] > s

(2)

where C is a constant and F denotes the Fourier

transformation, % is the responsivity of the PD.

As can be seen {rom Eq. (2), the generated elec-

trical signal is a scaled version of the input optical
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Fig. 3

power spectrum. As a result, by designing the

optical spectral shaper with arbitrary power
transfer function, arbitrary waveform can be gen-
erated.

The key component in an OAWG based on
spectral shaping and FTTM is the optical spectral

shaper, which can be implemented based on free-

[64] [65-67]

space optics'"" or fiber optics Fig. 4 shows
the structure of a typical optical spectral shaper,
where the input optical pulse is first dispersed
spatially by a grating and a spatial light modula-
tor (SLM) array is used to implement optical
spectral shaping before the dispersed light is com-
bined by another grating. The advantage of using
an SLM for spectral shaping is that the spectral
response of an SLM can be updated in real time,
making the generation of an arbitrary waveform
possible. The main limitation of a free-space-
optics-based spectral shaper is the large size and
high loss. In addition, the coupling between fiber
to free-space and free-space to fiber makes the
system complicated. On the other hand, a spec-
tral shaper can be implemented based on fiber op-
tics. A fiber-optic spectral shaper has the advan-
tages of smaller size, lower loss, and better com-
patibility with other fiber-optic components. For

instance, a scheme for the generation of frequen-

Modulator

Grating array Grating

%
pl][
'DQ/S(:

Fig. 4 Optical spectral shaper based on free-space-optics

[63]

Schematic diagram for waveform generation based on optical spectral shaping and FTTM

cy and phase tunable pulsed microwave waveform
based on spectral shaping and FTTM through all
fiber optics is demonstrated with the schematic
diagram shown in Fig. 5(a). The optical spectral
shaper is a tunable optical comb filter consisting
of a differential group delay (DGD) element, a
PolM and a polarizer™!, By passing a short opti-
cal pulse through the tunable comb filter and a

DE, a pulsed microwave signal is generated after
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optical-to-electrical conversion. The phase of the
generated microwave signal can be continuously
tuned by tuning the voltage applied to the PolM,
as shown in Fig. 5(b). Thanks to the large band-
width of the PolM, phase modulation of the mi-
crowave signal as high as tens of GHz can be a-
chieved. Besides, the frequency of the microwave
signal can be tuned by changing the DGD and/or
the dispersion of the DE, as shown in Fig. 3(c).

Another method for OAWG is Fourier pulse
shaping based on an optical frequency comb
(OFC). By manipulating the OFC to have certain
amplitude and phase properties corresponding to
the Fourier transformation of the target pulse
waveform, the target waveform can be obtained
in the time domain™®’. The key issues for OAWG
by Fourier pulse shaping is the generation of a
wideband OFC and manipulating both the ampli-
tude and the phase of the OFC. A mode locked
laser (MLL) can generate an OFC with a comb
line spacing being the same as the temporal inter-
val between adjacent short pulses in the time do-
main"™ . This method for OFC generation suffers
from poor stability and a high cost, and it is also
hard to obtain a flatted spectrum. A cost-effective
approach to generating a stable and flat OFC is to
modulate a CW light by electro-optic modula-
tors'’"'™, The flatness of the obtained OFC can
be less than 1 dB in the power spectrum'™. To
complete the Fourier pulse shaping based on the
generated OFC, an optical processor that can ma-
nipulate the amplitude and phase of the comb is
necessary. There have been commercially availa-
ble optical processors that can perform this task.,
and the principle is almost the same as that shown
in Fig. 4.

We have recently demonstrated an OAWG
scheme based on Fourier pulse shaping'™. The
OFC is generated by modulating a CW light
through an electro-absorption modulator (EAM)
and two cascaded electro-optic phase modulators
(PMs),
40 GHz, 3 dB bandwidth of 3. 8 nm and an opti-
cal signal-to-noise ratio (OSNR) of 40 dB. Then,

which has a comb line spacing of

using a commercially available programmable op-

tical processor (Finisar Waveshaper-4000S) with
a spectral resolution of 1 GHz, Fourier pulse sha-
ping is implemented by designing the transfer
functions of the optical processor according to the
Fourier transformation of the target waveform.
40 GHz square pulse, triangular pulse and para-

bolic pulse are experimentally generated.

4 Photonic Microwave Mixing

Microwave mixing for frequency upconver-
sion and downconversion is a basic function of
transmitters and receivers in modern radar sys-
tems. In the transmitter, to generate an RF sig-
nal at the desired frequency band, a frequency up-
conversion is usually needed, while at the receiver
site, being restricted by the bandwidth of the
ADC and digital signal processing (DSP) unit,
the received RF signal should be downconverted
to the baseband or IF band. The microwave mix-
er should have large bandwidth, high conversion
efficiency, high isolation and low distortion, to
meet the critical requirements of the future multi-
function radar systems. Photonic microwave mix-
er can potentially provide all the above features as
well as the immunity to the EMI.

Previously there were many methods pro-
posed to achieve photonic microwave mixing,
which can be generally divided into two catego-
ries; (1) the electro-optical approaches based on
modulation external modula-

direct and/or

tion"""#, (2) the all-optical approaches based on

the nonlinear effects of a semiconductor optical
amplifier (SOA)F7,

The electro-optical approach was first inves-
tigated by Kolner and Dolfi in 1980s by using
Mach-Zehnder modulators (MZMs)!*,
ing two signals to the RF port of an MZM, the

By send-

photonic microwave mixing is realized thanks to
the large nonlinearity of the MZM when biased at
the maximum transmission point. The photonic
microwave mixing can also be implemented by
two MZMs placed in serial, with one MZM to
perform the electrical to optical conversion, and

the other one to realize electro-optical mixing.
The bandwidth of the MZM-based photonic mi-
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crowave mixer can be more than 40 GHz, limited
only by the bandwidth of the MZMs and the PDs,
but the conversion efficiency is relatively low,
which was —60 dB for single-MZM approach and
—72 dB for series-MZM approach™™. To increase
the conversion efficiency, one promising way is to
apply large optical power. When the input optical
power is increased to 1 W, the conversion effi-
ciency can reach —34 dB"*. To further increase
the conversion efficiency, other optical amplifica-
tion method is of great interest. For example, by
introducing SBS amplification in the MZM-based
microwave photonic mixer, a conversion efficien-
cy of about —25 dB or —7 dB was achieved™ ™7,
and the SFDR was measured to be 89.5 dB -
Hz*®. PM can also be used to realize photonic
microwave mixing. As compared with the MZM-
based approach, the use of a PM may have the
advantages in terms of low insertion loss, high
linearity and bias-drift-free operation. Since the
phase-modulated signal cannot be detected direct-
ly by a PD, mechanisms for performing phase
( PM-IM )

conversion must be introduced. An effective way

modulation-to-intensity modulation

to implement the PM-IM conversion is to remove
the optical carrier by an FBG”. The conversion
gain based on series PMs with a FBG can reach
2.64 dB. In addition, by suppressing the optical
carrier, the linearity of the mixer is significantly
improved, resulting in an SFDR of 114 dB -
Hz"®. The anti-Stokes notch introduced by the
SBS effect can also be used to remove the optical
carrier™!. With the assistant of an Erbium doped
fiber amplifier (EDFA), the conversion gain is as
high as 11. 3 dB.

In addition to the serial-modulator structure,
the parallel-modulator structure is also of great
interest, because the parallel structure can effec-
tively suppress the modulation distortion in the
electro-optical modulators. For example, the
spurs of the photonic microwave mixer realized by
placing the MZMs in parallel are significantly re-
duced to about — 84 dBc at 100 MHz IFEY, By
placing PMs in a Sagnac loop, which is principally

a parallel structure since the clockwise and anti-

clockwise lights are combined at the output of the

loop to remove the optical carrier, a conversion
gain of 9 dB and an SFDR of 115 dB » Hz"* are
2] With the commercial-
MZM

(DPMZM), a compact high performance photonic

achieved, respectively

ization of  integrated  dual-parallel

microwave mixer can be easily implemented .
By properly setting the bias voltages of the
DPMZM, the optical carrier can be suppressed, a
high conversion gain of 10. 1 dB and a high SFDR
of 115.6 dB « Hz*”® are achieved with the assis-
tance of the EDFA.

Thanks to the various nonlinear effects in the
SOA, such  as

(XPM)1, cross-gain modulation (XGM)®% and
[87]

cross-phase modulation

four-wave mixing"®”, an SOA is another promis-
ing device for implementing optical mixing. For
SOA-based mixer, both of the signals for mixing
are optical. Compared with the high speed elec-
tro-optic modulators, the SOA has a relatively
low bandwidth due to the relatively slow gain re-
covery in the SOA. However, most of the SOA-
based methods are polarization insensitive, which
can reduce the system cost since no adaptive po-
larization controlling is needed.

Recently, we proposed a polarization-insensi-
tive photonic microwave down converter based on
parallel MZMs and a balanced photo receiver™®*,
as shown in Fig. 6. By biasing the MZMs at the
transmission points on the opposite linear slopes,
the performance of the proposed photonic micro-
wave downconverter is almost independent of the
polarization state of the input optical microwave
signal to be down-converted. The measured po-
larization dependent loss (PDL) is less than

0.06 dB. We also proposed a compact photonic

microwave mixer based on a single dual-drive

Fig. 6 Polarization-insensitive photonic microwave

downconvertert®®
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MZM™! The LO and RF signals are sent to the
two RF ports of the dual-drive MZM, respective-
ly. By biasing the modulator at the minimum
transmission point, a downconverted IF signal
without RF and LO leakage is obtained. Since the
modulator is biased at the minimum transmission
point, the optical carrier is suppressed. Similar to
Refs. [ 79, 80, 82—83], a high conversion effi-
ciency can be achieved.

In a photonic microwave mixer, an 1O is in-
evitable. The quality of the LLO, especially the
phase noise performance, will significantly affect
the performance of the entire system. Since the
OEOQ is an attractive LO, several photonic upcon-
version and downconversion systems based on an
OEO have been reported™ .

recently reported a high-performance downconve-

For example, we

rter based on an OEQO using a single dual-drive
MZM"*1 . The dual-drive MZM is used to simul-
taneously convert the input RF signal into an op-
tical signal, form an OEO for RF carrier extrac-

tion, and downconvert the optical RF signal to
the baseband.

S Photonic Microwave Phase Coding

For radar system, higher range resolution
can be achieved with a shorter radar pulse. For a
given distance, a shorter pulse needs a larger peak
power, which greatly increases the difficulty for
the design of the radar system since the compo-
nents in the transceivers must be able to tolerate
the large peak power. To overcome this problem,
microwave pulse compression is widely adopted,
which can be implemented by generating a linear
frequency-modulated or a phase-coded signal in
the transmitter and performing the cross correla-
tion in the receiver. Since the phase-coded signals
generated in the electrical domain always have
limited frequency (only a few GHz), photonic ap-
proaches become attractive*®1%!,

In general, phase coded signals can be gener-
ated in the optical domain by phase modulating
one wavelength of a phase-correlated dual-wave-
length optical signal with an electrical coding sig-

nal. For instance, a phase coded signal was gen-

erated by employing a Sagnac interferometer in-
corporating a PM"". In the scheme, two = Ist
order sidebands are generated by biasing a MZM
at the minimum transmission point, and then
sent into the Sagnac interferometer incorporating
a PM and a FBG which are used to modulate the
incoming optical signals and reflect back the —1
As a result, only one

In the PD, the

square-law photodetection converts the phase

sideband, respectively.

sideband is phase modulated.

modulation in the sideband to the generated RF
signal. A phase coded signal is thus obtained.
Another phase coded signal generator was repor-
ted based on a polarization-maintaining FBG and a
PolMMHT,

wavelengths are sent into the polarization-main-

In this approach, two phase-correlated

taining FBG to make the two wavelengths orthog-
onally polarized. Then, the PolM is used to mod-
ulate the two orthogonally polarized wavelengths

After

photodetection, a phase coded microwave signal

with complementary phase modulation.

with a frequency from 40 GHz to 50 GHz is gen-
erated. The frequency is limited by the wave-
length spacing between the two passbands at the
two polarization axes of the PMFBG.

We have recently proposed and demonstrated
a photonic microwave phase coding system using
two cascaded PolMs"'" . Fig. 7 shows the sche-
matic diagram. The first PolM (PolM1) incorpo-
rated with an optical bandpass filter (OBPF) is
used to implement a microwave photonic phase
shiftert 4,

cal coding signal is followed to control the polari-

The second PolM driven by an electri-

zation state of the optical microwave signal. Since
the phase shift of the microwave photonic phase
shifter is dependent on the polarization state of

the optical microwave signal, the phase of the

Schematic diagram of the phase-coded signal

Fig. 7

generator based on two cascaded PolMs'1%?)
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generated signal can be controlled by the electrical
coding signal. The system can generate phase co-
ded signals with a broad bandwidth (from 10 to
40 GHz) and a high coding speed (up to the mod-
ulation speed of the second PolM).

All the above systems are implemented using
two or more electro-optical modulators. To re-
duce costly and complexity of the photonic micro-
wave phase coding system, we proposed a phase-
coded signal generator based on a single dual-
drive MZMM*,  with the schematic diagram
shown in Fig. 8. The RF signal to be coded is ap-
plied to one RF port of the dual-drive MZM to
generate a double-sideband phase-modulated opti-
cal signal, and the electrical coding signal is sent
to the other port to control the phase of the opti-
cal carrier. After combing the two signals at the
output of the dual-drive MZM, the phase of the
optical carrier is mainly determined by the ampli-
tude of the coding signal. Thus, a phase coded

signal is generated after photodetection.

RF

DMZM

PD
¥ Y

Bias

Fig. 8 Schematic diagram of the phase coded signal
generator based on one single dual drive

MZMUUSJ

6 Microwave Photonic Filtering

In a radar receiver, a filter is inevitable to
suppress the strong interference from the envi-
ronment. Especially for the moving target indica-
tion (MTID) radar, a high selectivity and frequen-

cy-tunable filter can significantly reduce the dy-

namic range requirement of the receiver™®.

However, it is very difficult to implement such
high-performance filters in the electrical domain.
To overcome the problem, microwave photonic
filtering has been drawing particular attentions
thanks to the distinct features brought by the
photonic technologies, such as large bandwidth,
low loss, light weight, wide tunability, and im-

JH8-21105107] - Bocause of the low loss

munity to EM
(independent of the RF signal frequency) and
light weight of the optical fiber, very long time
delay can be introduced to the microwave photon-
ic filters, so the Q value of the filter can be very
high. In addition, the huge bandwidth of the op-
tical subsystem would allow the microwave pho-
tonic filters to be used for multichannel signal
processing based on WDM technologies.

In general, microwave photonic filters can be
classified as either a finite impulse response
(FIR) filter or an infinite impulse response (IIR)
filter. Due to the square-law photodetection of

the PD, the microwave photonic filters usually

10811 which can only

have all-positive coefficients"
perform low pass filtering. To solve this prob-
lem, microwave photonic filters with one or more
negative coefficients are proposed to realize band-
pass filtering. Many methods were reported, in-

[112]

cluding differential detection , complementary

intensity modulations by biasing the taps at dif-

131 phase

ferent transmission points of a MZM"
modulation to intensity modulation conversion

[114] , or

based on positive or negative dispersions

L5)  However, those mi-

polarization modulation
crowave photonic filters always have relatively
poor frequency tunability, or the free spectral
range (FSR) and spectral profile would change
when the center frequency is tuned. This issue
can be overcome if complex coefficients are ap-
plied. The complex coefficients can be implemen-

116] , or

ted using SBS in high nonlinear fibers
slow light in SOAsM™,

suffer severely from the small operation band-

However, these systems

width, high power consumption, or careful con-
trolling of the wavelength and amplitude of the

optical carrier. In addition, full FSR-range tun-
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ability is hard to implement because of the diffi-
culties to implement the full 360° phase shifts.
For example, in Ref. [118], five SOAs are adopt-
ed to obtain a full 360° tunable phase shifter.
Based on a DPMZM and an OBPF, a full FSR-
range tunable microwave photonic filter was re-
ported with complex coefficients realized**!. The
key limitations associated with the method are the
large insertion loss, complex bias setting and the
bias drifting problem of the DPMZM. Reconfigu-
rable microwave photonic filters can also be im-
plemented using a programmable photonic pro-
cessor comprising a 2-D array of liquid crystal on

[120]. By Simply adjusting the phase

silicon pixels
and amplitude of the optical spectra, the coeffi-
cients of the microwave photonic filter can be
changed to arbitrary complex values.

Recently, we have reported several approa-
ches to realize full FSR-range tunable microwave

J[121,122]

photonic filters based on a polarization

modulation based microwave photonic phase
shifter™®. Fig. 9 shows the multi-tap microwave
photonic filter with all complex coefficients. A la-
ser source, a PolM, three wavelength division
multiplexers (WDMs), a polarization controller
(PC), a polarizer and a PD are used to implement
a microwave photonic phase shifter. By simply

controlling the PC in each tap, the phase of the

g
/M
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o
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)
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Fig. 9 Schematic diagram of the multi-tap MPF

with its frequency response-'#*!

RF signal can be tuned independently in the range
from — 180° to 180°. Thus, the frequency re-
sponse of the microwave photonic filter can be
tuned over full FSR-range while maintaining the

shape and FSR unchanged.

7 Photonic Beamforming

Phased array antenna plays a significant role
in modern radar systems. In the phased array an-
tenna, beamforming network is one of the most
important parts for controlling the direction of the
radiated beam. Due to the intrinsic features
brought by the photonic technologies, optically
controlled beamforming networks (OBFNs) have
attracted a lot of attentions in the past two dec-
ades 11 There are generally two kinds of
OBFNs in the literature, i. e. the OBFN based on
phase shifters and the OBFN based on true time
delays.

For the phase-shifter-based OBFNs, the
main advantages are the simple structure and easy
operation since the beam steering is implemented
by simply inserting phase shifters before the radi-
ated elements. In 2005, Bui et al proposed an
OBFN using vector-sum-method based photonic
microwave phase shifters™'®?, In the system, a
variable directional coupler is used to split the op-
tical RF signal into two paths with different fiber
lengths. By controlling the coupling ratio of the
variable directional coupler, the combined signal
after photodetection has different phase shifts.
We reported a compact phase-shifter based OBFN
costly
shared™", as shown in Fig. 10(a). A laser diode
(LD), a PolM, an OBPF, a PC, a PBS and a PD

work together as a microwave photonic phase

with all the active and components

shifter. By simply controlling the PC in each
path, the phase of the signal in each path is inde-
pendently controlled. In the experiment, beam
directions of —30°, 0° and 30° are obtained by a
1X4 OBFN.

The main limitation associated with the
phase-shifter based OBFN is the beam squint
effect, by which the main beam deviates from the

desired direction as the microwave carrier fre-
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1 XN coupler
Antenna array

(a) Schematic diagram of OBFN

Gain/ dB
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o
=
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(b) Radiation patterns'”

Fig. 10 Schema and experimental results of OBFN

quency varies, making the system only workable
for radars with small instantaneous bandwidth.
To solve the problem, true-time-delay based
OBFNs were proposed, which can be realized

,125-127]

based on variable physical length™® , large

DE and variable optical wavelength'?"%, slow
lights and variable optical power!™""¥2] These
approaches, however, are bulky, lossy, complex
and sensitive to the environmental fluctuations,
which cannot meet the requirement of many prac-
tical applications. One solution to these problems
is to fabricate the OBFN on a chip"®*'®' One im-
pressive work was reported recently by Roe-
loffzen et al from University of Twente!***7 To
achieve continuously tunable true time delay, ring
resonator-based broadband delays and coherent
optical combining are applied. The bandwidth of

the fabricated OBFN based on TriPleX waveguide

Wy

Dispersive Electro-
MLL > D optical
medium 1
modulator

technology covers the whole DVB-S band (10, 7—
12.75 GHz), and the true time delay can reach
236 ps through thermo-optic effect. The chip for
16 X1 OBFN is only 13 mm X 70 mm"®,

8 Photonic Analog to Digital Conver-

sion

In modern radar systems, signals from the
RF receivers are commonly processed in the digit-
al domain. ADC is thus one of the essential com-
ponents. The evolution of the radar systems are
requiring ADCs with high sampling rate, large
analog input bandwidth, high effective number of
bits (ENOB) and low timing jitter. Satisfying the
four requirements is quite a challenge for the
state-of-the-art electronic ADCs!***!**! Thanks to
the large bandwidth of photonic technologies and
the low timing jitter of MLLs, photonic ADCs
can remarkably enhance the performance of the
electronic ADCs. In the last few years, extensive
efforts have been devoted to the design and imple-
mentation of the photonic ADCsM**, in which
signal time-stretching, sampling or quantizing are
realized in the optical domain.

Fig. 11 shows the photonic time-stretch
ADC, which consists of a photonic analog front-
end preprocessor and an electronic ADC back-
end™ ) The ultra-short optical pulse with a
broad spectrum from an MLL is made linearly
chirped and broadened by passing through a dis-
persive medium. Then, an electro-optic modula-
tor maps the temporal waveform of the input sig-
nal into the optical frequency of the chirped
pulse. Through a second dispersive medium, the
optical signal is further stretched in the time do-
main. Finally, a PD converts the stretched optical
pulses to the electrical domain, providing the

stretched replica of the original analog signal.

Y

T Stretched
. Disp.ersive Photo- Electronic
medium 2 detector ADC

Fig. 11  Schematic diagram of photonic time-stretch ADCH!
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The photonic time-stretch process greatly im-
proves the equivalent sample rate of the electronic
ADC and reduces the noises induced by the clock
jitter. A photonic time-stretch ADC with a
stretch factor of up to 250 and an equivalent sam-
pling rate of 10 Tera-sample/s was demonstra-
ted ™,

The ultra-short pulse train from the MLL
can also be used for signal sampling™*'"", As
shown in Fig. 12, the architecture of the photonic
sampling ADC is similar to the photonic time-
stretch ADC except that in the photonic sampling
architecture the electronic ADC takes only one
sample (the peak) in each pulse and is synchro-
nized with the MLL. The photonic sampling ADC
takes advantage of the low timing jitter of the
MLL and sharply compresses the noise introduced
by the clock jitter. To further improve the equiv-
alent sample rate, multiplexing technologies in
the time domain or wavelength domain can be ex-
ploited. In Ref. [149], the equivalent sample rate
of the photonic sampling ADC is increased by four
times using a switching matrix, which provides

an ENOB of =7 bit for a bandwidth of 40 GHz.

l Input
MLL ””" EOM I|.||I PD Eli:lt;cénic
Synchronization ‘

139,146-149]

Fig. 12 Basic structure of photonic sampling ADC"

Fig. 13 shows a typical configuration to quan-
tize the input analog signal in the optical do-
main"** " through multiple electro-optical inten-

sity modulators with different half wave volta-

eSHSO—‘ [154]

g , phase shift"®, or their combination
and an array of electronic comparers (i. e. 1 bit

electronic ADC).

some photonic quantization ADCs use ultra-short

To reduce the clock jitter,

pulses from MLLs as the sampling pulses. These
photonic ADCs are also called the all-optical
ADCs5H

9 Stable RF Signal Transfer

Compared with the monostatic radar system,

Quantization results
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Fig. 13 General concept of photonic quantization
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one of the most important and difficult problem
for multistatic radar systems is the stable high-
precision clock standards distribution to different
bases. During the past few years, there have been
a lot of works on stable RF signal transfer. Be-
cause of the immunity to the EMI, low loss and
many other advantages, optic fiber is one of the
best media for RF signal transfer especially for
long-haul transmission. There are two primary
approaches for stable fiber delivery of RF signal.
The first one is using the detected phase error be-
tween a local oscillation signal and the round trip
signal to control components like optical delay
line and electrical phase shifter®. This method
compensates actively the phase vibration of the
RF signal introduced by the fiber transmission.
However, it has a limited compensation range
and needs complicated driving circuits and phase
error detection circuits. The other approach is to
use frequency mixing to passively eliminate the

1961571 But the scheme proposed

phase vibration
in Ref. [156 ] needs three stages of frequency mix-
ing and three LO sources with precise phase syn-
chronization, and the scheme proposed in
Ref. [157] needs even more stages of frequency
mixing and a complex proportional-integral con-
trol. The large-number-stage frequency mixing
would introduce problems of complicated opera-
tion, large conversion loss and severe noise.
Recently, we have proposed a compact stable
fiber delivery of RF signal based on the frequency

[NRELY .

mixing approac The diagram of the pro-
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posed scheme is shown in Fig. 14. The LO signal
generated in the local station has a half frequency
of that of the RF signal received in the remote an-
tenna unit (RAU), which is converted to an opti-
cal microwave signal at MZM 1 and transmitted
to the RAU via optical fiber. In the RAU, the
RF signal received by the antenna is converted in-
to another optical microwave signal at MZM 2,
coupled with the microwave optical signal from
the local station, and then transmitted back to the
local station after being boosted by an EDFA.
Assume that the time delay of the transmission
system is ¢, the RF signal A, from the RAU is
delayed by v (we mark this delayed signal A,),

(a) Eye diagrams of the received (b) Eye diagrams of the received
signal in local station without signal in local station with
the proposed post phase the proposed post phase
correction scheme correction scheme

Remote antenna unit

(c) RMS timing jitter of signal after 20 km SMF transmission with
(dashed line) and without (solid line) the post phase correction

Fig. 14  Schematic diagram of stable fiber delivery of
RF signal based on frequency mixing and ex-

perimental results

and the LO signal A, is delayed by 2¢ after a
round trip (the signal after the round trip is
marked A;). Because A, has a half frequency but
double time delay compared with A,, they have
the same phase delay. Signal A, is firstly upcon-
verted by signal A, and downcoverted by signal
A, , and finally signal A is obtained which do not
have phase vibration due to the subtraction of the
phase terms. In the experiment, when a 6-GHz
RF signal is delivered through a 20-km SMF, the
timing jitter can be effectively reduced from 56. 13
ps to less than 1. 9 ps by the post phase correction

scheme.

10 Discussion and Conclusions

This paper reviewed the recent development
of microwave photonics for potential applications
in radar systems, with an emphasis on the follow-
ing technologies that are closely related to the ra-
OEOs,
AWG, photonic mixing, phase coding, filtering,

dar functionality and performance:
beamforming, analog-to-digital conversion, and
stable RF signal transfer. These photonic tech-
nologies have been proved to have superior per-
formance than their electrical counterparts, in
terms of operation bandwidth, size, mass, and
complexity, etc. Current research advances are
encouraging, sufficiently showing the promising
potentials of microwave photonics for radar appli-
cations, especially for future multifunctional and
high performance radars. Despite the intense re-
search activities carried out during the past three
decades, there is still a considerable room for im-
provement. Several expected future developments
are discussed as follows.

(1) The compatibility of different microwave
photonic subsystems must be improved to in-
tegrate multiple microwave photonic functions in
a single platform. The microwave photonic oscil-
lators, arbitrary waveform generators, mixers,
phase coders, filters, beamformers, analog-to-
digital convertors are currently implemented
based on different laser sources (i.e. CW, tuna-
ble, comb and pulsed laser sources), modulation

schemes (i. e. phase modulation, intensity modu-
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lation, polarization modulation, and parallel or
cascaded electrooptic modulation) and detection
methods (i. e. direct detection, coherent detec-
tion, single-end or balanced detection). Some im-
plementations require optical filtering, which may
affect the realization of some other microwave
photonic functions. The mechanism for adding
tunablility or reconfigurability to some microwave
photonic subsystem may also degrade the per-
formance of other microwave photonic technolo-
gies.

(2) Continuous efforts should be devoted to
the improvement of the performance of the de-
vices and subsystems, while at the same time re-
ducing the cost. Modern radars demand critically
for large bandwidth, high sensitivity, large dy-
namic range of the RF systems. While microwave
photonic technologies have superior performance
in term of bandwidth, the sensitivity is low due to
the high noise figure of the electrical-to-optical or
optical-to-electrical conversion, and the dynamic
range is relatively low because of the nonlinearity
and low efficiency of the modulators and detec-
tors.

(3) The microwave photonic systems must
include antennas, RF amplifiers and other elec-
tronic devices or modules, but almost none of
them is designed dedicatedly for the microwave
photonic applications, which limits the potential
of microwave photonics in practice. To solve this
problem, hybrid design of the electrical and opti-
cal system is required.

(4) Most of the microwave photonic systems
are realized based on discrete optical or electrical
components, which is bulky. complicated, unsta-
ble, and power consuming. Photonic integrated
circuit is a promising solution to this limitation.
Significant advances were achieved in the past few
years, and were reviewed in Ref. [1597], but man-
y microwave photonic functionalities are still not
demonstrated on a chip. Therefore, more efforts
to make the microwave photonic system compact,
light, cheap, reliable and low power consuming

are needed.
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