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ABSTRACT

Photonic generation and processing of microwave arbitrary waveforms has been a topic of
interest recently. Compared with the electronic techniques, photonics techniques provide the
capabilities of generating and processing high-frequency and large-bandwidth microwave
waveforms which cannot be fulfilled by the electronic techniques. In this thesis, techniques to
generate and process microwave arbitrary waveforms in the optical domain using advanced
fiber Bragg gratings (FBGs) are investigated, with an emphasis on the system architectures in

which FBGs are employed as spectral shapers and dispersive elements.

The thesis consists of two main parts. In the first part, we investigate the generation of a
microwave arbitrary waveform using advanced FBGs. Two techniques to generating microwave
arbitrary waveforms based on coherent optical pulse shaping are investigated. The first
technique is based on optical spectral shaping and frequency-to-time mapping. The use of an
FBG as an optical filter to achieve spectral shaping, as a dispersive element to achieve
frequency-to-time mapping, and as a multifunctional device to perform both optical spectral
shaping and frequency-to-time mapping is investigated. In the second technique, the photonic
microwave arbitrary waveform generation is realized based on Fourier-transform pulse shaping.
Time-domain Fourier-transform pulse shaping is first studied, where a pair of linearly chirped
FBGs is employed as dispersive elements to temporally stretch and compress the input optical
pulse. Fourier-transform pulse shaping is also implemented in the frequency domain, where a
linearly chirped FBG functioning as both an optical spectral shaper and a conjugate dispersive

element pair to perform pulse stretching and pulse compression is employed.
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In the second part, we investigate the photonic processing of a microwave arbitrary waveform
using advanced FBGs. A photonic microwave filter is usually used to process microwave
signals in the optical domain. Two different photonic microwave filters are explored. The first
filter is a nonuniformly spaced photonic microwave multi-tap delay-line filter, which is
designed to have a quadratic phase response to achieve matched filtering of a frequency-chirped
microwave waveform. A spatially-discrete chirped fiber Bragg grating (SD-CFBG), which can
be designed to arbitrarily control the tap coefficients and the time delays, is utilized in the multi-
tap delay-line filter to achieve the desired microwave filter response. The second photonic
microwave filter is implemented based on optical filter response to microwave filter response
conversion in which an FBG with the desired magnitude and phase response is employed as the
optical filter. The employment of the photonic microwave filter for matched filtering of a

frequency-chirped microwave waveform is demonstrated.
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CHAPTER 1 INTRODUCTION

1.1. Background review

Microwave photonics is an interdisciplinary area that studies the interaction between microwave
and lightwaves, for applications such as broadband wireless access networks, wireless sensors
networks, radar and instrumentation [1-4]. Photonic generation and processing of arbitrarily
shaped microwave/millimetre-wave (mm-wave) waveforms has been of a topic of interest
recently, especially in the area of microwave photonics [5-6]. Thanks to advantages of the high
speed and the broad bandwidth offered by optics, photonically assisted techniques provide the
capabilities of generating and processing microwave and mm-wave arbitrary waveforms at a
much higher frequency and broader bandwidth which may not be easily accomplished by

conventional electronic techniques due to the limited speed and bandwidth of electronic devices.

Photonic microwave arbitrary waveform generation is usually achieved in the optical domain
based on coherent optical pulse shaping. Numerous techniques have been proposed and
demonstrated to achieve optical pulse shaping for photonic microwave arbitrary waveform
generation. For example, photonically assisted microwave arbitrary waveform generation has
been realized based on direct space-to-time (DST) pulse shaping in the spatial domain [7-12]. A
DST pulse shaper operates to convert a spatially distributed pattern directly to a temporally
distributed pattern. By controlling the amplitude, pulse-to-pulse spacing and repetition rate of
the optical pulse sequence, a microwave or mm-wave waveform exhibiting arbitrary phase and

amplitude modulation can be obtained.



A microwave or mm-wave arbitrary waveform can also be generated based on optical pulse
shaping in the time domain using a temporal pulse shaping (TPS) system [13-22]. A typical
TPS system consists of a pair of conjugate dispersive elements and an electro-optic modulator
(EOM) located between the two dispersive elements. A transform-limited ultrashort optical
pulse is temporally stretched by the first dispersive element, modulated by a designed
microwave drive signal or pattern at the EOM, and then completely compressed by the second
dispersive element. Both intensity modulation [15, 17, 20] and phase modulation [14, 18, 21-22]
have been employed in the TPS systems. At the output of the TPS system, a temporal waveform
that is the Fourier transform of the modulation signal is obtained. The key advantage of this
technique is that an ultra-fast microwave or mm-wave waveform can be generated using a

relatively low-speed microwave modulating signal.

Another widely-used technique to achieving microwave arbitrary waveform generation in the
optical domain is based on optical spectral shaping of a transform-limited ultrashort optical
pulse followed by dispersion-induced frequency-to-time mapping. The frequency-to-time
mapping, also known as the real-time Fourier transformation [23-30], can be explained by the
well-known analogy between the paraxial diffraction of optical beams in space and the
dispersion of ultrashort pulses in time (time-space duality) [26, 31-36]. In a microwave arbitrary
waveform generation system based on spectral shaping and frequency-to-time mapping (SS-
FTM), an optical spectral shaper is usually used to shape the optical power spectrum of the
input ultrashort optical pulse. A dispersive element is applied to perform the frequency-to-time
mapping. The spectrally shaped and temporally stretched optical pulse is then fed to a high-
speed photodetector (PD) which performs optical to electrical conversion. At the output of the

system, a microwave waveform with the shape identical to that of the shaped optical spectrum



is obtained. The SS-FTM-based pulse shaping provides a straight-forward method for the
generation of microwave arbitrary waveforms [6, 37-39]. The key feature of this technique is
that the temporal pulse shaping is performed in the frequency domain, which is easy to be
implemented by using an optical spectral filter. By properly designing the spectral response of
the optical filter, microwave arbitrary waveforms can be generated after the frequency-to-time

mapping in the dispersive device.

The key device in a microwave arbitrary waveform generation system based on SS-FTM is the
optical spectral shaper or optical filter. Over the past few decades, a number of approaches for
spectral shaping of an ultrafast optical pulse have been proposed. A widely adopted method for
optical pulse shaping is implemented in the spatial domain based on spatial masking of the
spatially dispersed optical spectrum [40-41], where a spatial light modulator (SLM) is usually
used to manipulate the optical spectrum component of the input ultrafast optical pulse. Several
different types of SLMs have been developed for ultrafast pulse shaping, including fixed
spatially patterned amplitude and phase masks [42] and programmable SLMs, such as liquid
crystal modulator (LCM) arrays [43-44] and acousto-optic modulators (AOMs) [45-47]. The
advantage of using a programmable SL.M is that the filter response can be reconfigured in real

time with the help of a computer [37, 39].

It is known that the optical spectrum of an input optical pulse train generated by a mode-locked
laser is usually in the form of discrete spectral lines. In a typical optical pulse shaping system,
the spectral lines are manipulated in groups rather than individually, resulting in waveform
bursts that are separated in time with low repetition rate. This is mainly due to the practical
difficulty in building a pulse shaping system capable of resolving individual spectral line for an

optical pulse train with a repetition rate below 1 GHz. To resolve this problem, spectral line-by-



line manipulation technique has been intensively investigated recently. Spectral line-by-line
phase manipulation was first experimentally demonstrated by a hyperfine wavelength-division
multiplexing (WDM) filter with 5-GHz line spacing in an optical code division multi-access (O-
CDMA) system [48] and with 12.4-GHz spacing in a photonic radio-frequency (RF) arbitrary
waveform generation experiment [49]. Complete amplitude and phase line-by-line pulse
shaping experiments have been performed by use of a high-resolution diffraction-grating-based
pulse shaper, which is capable of resolving individual spectral lines of an optical pulse train
from an actively mode-locked fiber laser with a repetition rate of 8.5 GHz [50] or from a phase-
modulated CW laser with a repetition rate of 9 GHz [51]. In [51], the line-by-line optical
spectral shaper consists of a 2 x 128 pixel LCM array to independently tailor both the amplitude
and phase of each spectral line. Spectral line-by-line optical pulse shaping has found wide
applications in optical frequency comb generation [52], optical arbitrary pulse-train generation
[53], optical arbitrary waveform generation [54-56] and microwave arbitrary waveform

generation [57-58].

The key advantage of the SLM-based spatial domain optical pulse shaping techniques is that the
system is reconfigurable with a high update rate. However, drawbacks associated with these
techniques include the need for high-quality free-space optical elements with strict tolerances in
the alignment. Therefore, an essentially alignment-free, integrated-optic configuration is
desirable to simplify the implementation, particularly in the optical communications band near

1550 nm in which integrated-optic devices and techniques are well developed.

An arrayed waveguide grating (AWG), which was originally developed as an optical
multiplexer/demultiplexer for applications in wavelength division multiplexed (WDM) systems

[59-60], has been proved to be a promising candidate to achieve optical spectral shaping in a



very compact manner. Optical pulse shaping by use of AWGs was first proposed and
demonstrated in [61-62]. The decomposed optical spectrum can be phase and/or amplitude
modulated by a transmission [61] or reflection [62] spatial filter, which is integrated to the
waveguide. This concept has also been applied to achieve direct space-to-time ultrashort optical
pulse shaping in an integrated-optic configuration, where a modified AWG and an integrated
spatially patterned mask are applied [10]. The spatial mask is employed to directly control the
excitation profile of the guides in the waveguide array. Instead of using an integrated spatial
filter/mask, by incorporating a separate time delay for each waveguide channel, an AWG in a
recirculating feedback configuration can be used to realize a wavelength-selective time delay or
phased-array antennas [63-64]. If appropriate attenuators are also involved in the feedback path
for each spectral channel to perform amplitude modulation of the spectrum of the input
broadband optical pulse, the AWG with a recirculating configuration can be applied to achieve
photonic microwave arbitrary waveform generation based on discrete frequency-to-time
mapping [6]. Due to the relatively low optical spectral resolution of the AWG, however, the
frequency lines are manipulated in groups rather than individually. If the optical resolution is
increased by increasing the size of the AWG, line-by-line optical spectral shaping can also be
performed by using an AWG in a more compact way compared to the free-space-optics-based
line-by-line optical spectral shaping. More recently, optical arbitrary waveform generation via
line-by-line optical spectral shaping by exactly replicating the target waveform’s complex
spectrum (both amplitude and phase) has been reported by using AWG-based waveform
shapers [65-66]. The synthesis of arbitrary waveform is achieved by applying phase and
amplitude modulation to each line (mode) of an input optical frequency comb. The high-speed

phase and amplitude modulators with bandwidths equal to the optical resolution of the AWG



are integrated into each channel of the AWG. However, the AWG-based optical pulse shaping
approaches rely on complex waveguide elements [65-66], such as integrated phase and/or
amplitude modulators, to achieve the desired spectral filter response. They are practically

limited by the strict fabrication requirements.

In the optical pulse shaping systems based on SLMs and AWGs, since the spectral shaping is
implemented in either free space or integrated waveguides, coupling the shaped waveforms
back into an optical fiber would introduce considerable loss and limit the potential for practical
applications. The solution is to use all-fiber optical spectral filters, which have the advantages of
lower loss and good compatibility with other fiber-optics devices. In addition, an all-fiber
system has high potential for integration. Recently, several photonic microwave arbitrary
waveform generation systems have been demonstrated in an all-fiber fashion [38, 49, 67]. In
[49], for example, a fiber-optic WDM filter with a channel spacing of 6.2 GHz is used to
separate the individual frequency lines/modes of an input ultrashort pulse train. The output from
each of the WDM filter channels is sent through both an electro-optic intensity and a phase
modulator such that the relative intensity and phase between channels can be controlled. Thus,
arbitrary waveforms can be synthesized by controlling the amplitudes and phases of the
individual frequency modes. All-fiber arbitrary waveform generation can also be achieved by
superposing a set of properly weighted and time-delayed optical sample pulses, which are
generated from a single input optical pulse by using a uniform-FBG array in conjunction with a
multi-channel delay-line device to achieve amplitude weighting and time delaying [38]. The
similar concept has been previously proposed based on a free-space multi-stage interferometer

[68].



Note that the output at a channelized photonic arbitrary waveform generator, such as that based
on an AWG [6, 65-66], a wavelength-division-multiplexer [49], or a uniform FBG array [38], is
actually the sampled version of the desired temporal waveform. The number of resolvable
temporal spots in the output waveform is identical to the number of waveguide/fiber channels.
In addition, the photonic microwave arbitrary waveform generation systems in [6, 65-66] were
usually implemented using multiple optical devices, which makes the systems complicated with
high coupling loss. The optical spectral shaping devices are also difficult to fabricate, such as a
complex AWG or an FBG array. Thus it is desirable to find an all-optical approach for

microwave arbitrary waveform generation that relies on a simple fiber-optic pulse shaper.

A key device in a fiber-optics-based optical pulse shaping system is the fiber Bragg grating
(FBG). FBGs have been intensively investigated in the last few decades and different types of
FBGs have been proposed [69]. Their unique filtering properties and versatility as in-fiber
devices have been illustrated by their use in a variety of lightwave applications [70]. One of the
most interesting fields of application of FBGs is microwave photonics, where an FBG with
properly designed spectral response can be employed to generate and process microwave and
mm-wave signals [71]. Since the magnitude response and the phase response (or group delay
response) of an FBG can be precisely designed, both intensity and phase modulation of the
input optical spectrum (complete optical spectral shaping) can be achieved in a single FBG.
This feature makes FBG an excellent candidate of simple fiber-optic spectral shaper for
microwave arbitrary waveform generation, with the advantage of simpler configuration, better

stability, and better compatibility with other fiber-optic devices.

On the other hand, it is also desirable that the optically generated microwave waveforms can be

processed in the optical domain, to take advantage of the high speed and broad bandwidth



offered by optics. FBGs have also found extensive applications in broadband photonic
microwave signal processing systems [72]. It has been well demonstrated that optical delay-line
filters are very powerful and widely used for processing high-frequency and broad-bandwidth
microwave signals [73]. The first reported work on fiber delay-line filters for microwave signal
processing can be traced back to 1976, when Wilner and Van de Heuvel first found that the low
loss and the large bandwidth of optical fibers are ideal for broadband microwave signal
processing [74]. This opens up new perspective toward the implementation of high-resolution
and wide-band all-optical microwave signal processors. In the past few years, extensive efforts
have been directed to the design and realization of photonic microwave delay-line filters with
different structures to achieve different functionalities [75-96]. Thanks to the spectral filtering
and temporal delaying (dispersion) properties, different FBGs have been extensively applied in
the photonic microwave multi-tap delay-line filters to realize the tap weighting and time
delaying [97-114]. Photonic processing of microwave signals with FBGs offers new capabilities
of achieving tunable or reconfigurable operation through optical wavelength control. Moreover,
these in-fiber signal processors are inherently compatible with other well-developed fiber-optic

microwave photonics devices and systems.

Considering the various advantages provided by FBGs, in this thesis we focus on the
investigation of photonic generation and processing of microwave arbitrary waveforms based
on advanced FBGs. By applying the well-developed grating design algorithms, such as the
inverse-scattering algorithms [115-116], FBGs with the desired magnitude and phase responses
can be precisely synthesized. Meanwhile, the state-of-the-art FBG fabrication techniques enable
the inscription of the designed FBGs with complex refractive index profile into photosensitive

fibers with very high accuracy [69, 117-121]. Therefore, the use of FBGs becomes a promising



and achievable solution for photonically assisted microwave arbitrary waveform generation and

processing.

1.2. Major contribution of this thesis

The major contributions of this thesis are to propose and demonstrate novel all-optical
techniques to generate and process microwave arbitrary waveforms using advanced FBGs.
Compared to other photonically assisted microwave arbitrary waveform generation and
processing techniques based on free-space optics, the use of advanced FBGs makes the system

more compact, with lower cost and fully compatible with other fiber-optic devices.

(Note that most of the presented work consists of material re-written from various published

articles.)

In the first part of the thesis, photonic generation of microwave arbitrary waveforms based on
advanced FBGs is investigated. Two techniques to generating microwave arbitrary waveforms
based on coherent optical spectral shaping are investigated. The first technique is based on
optical spectral shaping and frequency-to-time mapping (SS-FTM) [34]. The use of an FBG as
an optical spectral shaper to achieve spectral shaping, as a dispersive element to achieve
frequency-to-time mapping, and as a multifunctional device to perform both optical spectral

shaping and frequency-to-time mapping is investigated.

Since the spectral characteristics (both the magnitude and phase responses) of an FBG can be
tailored, it can be employed in an SS-FTM-based microwave arbitrary waveform generation
system as an optical spectral shaper. Various configurations employing an FBG-based optical

spectral shaper are proposed and demonstrated. We have proposed an ultra-wide band (UWB)



pulse generation system based on spectral shaping of an optical ultrashort pulse using FBGs.
This work has been published in IEEE Photonics Technology Letters [122]. UWB is an
attractive technology for short-range and high data-rate wireless communication systems [123-
125]. The choice of the UWB pulse shapes is critical to the performance of UWB systems.
Gaussian monocycle and doublet pulses have been considered promising candidates for UWB
communication systems [126]. To photonically generate UWB monocycle and doublet pulses,
an optical spectral filter that consists of a tunable optical bandpass filter and two uniform FBGs
with different center wavelengths and bandwidths is used to achieve a spectral response
corresponding to a UWB monocycle or doublet pulse [122]. After linear frequency-to-time
mapping in a dispersive element, a temporal UWB monocycle or doublet pulse with a shape

that is a scaled version of the shaped spectrum is generated.

Chirped microwave pulses have found wide applications in modern radar systems [127], in
spread-spectrum communications [128] and in microwave computed tomography [129]. In an
SS-FTM-based microwave arbitrary waveform generation system, an optical spectral filter that
has a spectral response with an increasing or decreasing free spectral range (FSR) is required to
shape the optical spectrum of the input ultrashort optical pulse for chirped microwave pulse
generation. We have proposed and demonstrated an optical spectral filter that consists of two
superimposed chirped fiber Bragg gratings (SI-CFBGs) with different chirp rates. The SI-
CFBGs form a distributed Fabry-Perot cavity with a cavity length linearly dependent on the
resonance wavelength, thus a spectral response with a linearly increasing or decreasing FSR is
obtained. By properly selecting the chirp rates and longitudinal offset of the two superimposed
chirped FBGs, a linearly chirped microwave pulse with a high central frequency and large chirp

rate could be generated after linear frequency-to-time mapping in a dispersive element. This
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work has been published in IEEE Photonics Technology Letters {130]. In [130], since the two
chirped FBGs need to be written in a single optical fiber, the fabrication process is complicated.
In addition, the longitudinal offset between the two chirped FBGs is fixed once the two chirped
FBGs are fabricated; therefore the central frequency and the chirp profile of the generated
chirped microwave pulse cannot be tuned. To solve these problems, we have recently proposed
an all-fiber optical spectral shaper that has a varying FSR using only one single chirped FBG.
The optical spectral shaper is implemented based on a chirped-FBG-incorporated Sagnac-loop
mirror. By tuning the time delay in the fiber loop, the central frequency and chirp profile of the
generated chirped microwave pulse can be both tailored. This work has been published in

Journal of Lightwave Technology {131].

It is well known that a chirped FBG would exhibit large dispersion when used in reflection
mode. In an SS-FTM-based microwave arbitrary waveform generation system, a chirped FBG
can also act as a dispersive element to perform the frequency-to-time mapping. Based on this
idea, we can find another way to generate chirped microwave pulses, which is based on spectral
shaping using a uniform sinusoidal spectral filter, i.e., a Sagnac-loop filter (SLF) [132] or a
Mach-Zehnder interferometer (MZI) [133], followed by the nonlinear frequency-to-time
mapping using a high-order dispersive device having both the second- and third-order
dispersion. We have produced a nonlinearly chirped fiber Bragg grating (NL-CFBG) with a
tunable nonlinear group delay response (third-order dispersion) to serve as the high-order
dispersive device to perform the nonlinear frequency-to-time mapping for the generation of
chirped microwave pulses. This work has been published in IEEE Transactions on Microwave

Theory and Techniques [132].
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The spectral shaping and frequency-to-time mapping are usually achieved using two separated
devices in all the previous approaches [6, 26, 37, 39, 122, 130-132], the system becomes
complicated, costly, and with high loss. To improve the system performance, we have proposed
to use a single linearly chirped fiber Bragg grating (LCFBG) as a multifunctional device to
perform both optical spectral shaping and frequency-to-time mapping. We can control the
spectral response of an LCFBG by designing the grating refractive index modulation profile.
Therefore, the LCFBG can be designed to have a magnitude response corresponding to the
target temporal waveform for spectral shaping. At the same time, due to the inherent linear
group delay response, the LCFBG also performs the linear frequency-to-time mapping. This
work has been published in IEEE Photonics Technology Letters [134]. Most recently, we have
proposed an optical approach to generate microwave arbitrary waveforms using a spatially-
discrete chirped fiber Bragg grating (SD-CFBG) as a multifunctional device. Compared with
the LCFBG used in [134], the SD-CFBG provides one extra feature: the mapped temporal
waveform can be further time shifted. A large time-bandwidth product arbitrary microwave
waveform can be generated based on simultaneous spectral slicing, frequency-to-time mapping,
and temporal shifting of the input optical pulse in the single SD-CFBG. This work has been

published in Journal of Lightwave Technology [135].

The second technique to achieve photonic microwave arbitrary waveform generation is based
on Fourier-transform pulse shaping, which can be implemented in either the time domain or the
frequency domain. We have proposed and demonstrated an unbalanced time-domain Fourier-
transform pulse shaping system to generate high-frequency microwave waveforms based on
continuously tunable microwave frequency multiplication. The unbalanced temporal Fourier-

transform pulse shaping system consists of an EOM and a pair of LCFBGs having opposite
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dispersion, but non-identical in magnitude. The entire system can be modeled as a typical
balanced temporal pulse shaping system for real-time Fourier transformation followed by a
residual dispersive element for a second real-time Fourier transformation. This work has been
published in IEEE Photonics Technology Letters [136]. On the other hand, Fourier-transform
pulse shaping can also be implemented in the frequency domain using an optical spectral filter.
We have demonstrated a simplified frequency-domain Fourier-transform optical pulse shaping
system based on a single LCFBG. The LCFBG in the system was functioning as an optical
spectral shaper and at the same time as a conjugate dispersive element pair to perform pulse
stretching and pulse compression. The use of a single LCFBG guarantees an exact cancellation
of the dispersion, making the pulse shaping system have a better pulse shaping accuracy with a
greatly simplified structure. This work has been published in IEEE Photonics Technology

Letters [137].

In the second part of this thesis, photonic processing of a microwave arbitrary waveform using
advanced FBGs is investigated. One of the most important microwave waveform processing
functions is matched filtering [127]. A photonic microwave filter can be used to achieve
matched filtering of a microwave waveform in the optical domain. Two different types of
photonic microwave filters are explored. The first filter is a nonuniformly-spaced photonic
microwave multi-tap delay-line filter. We have demonstrated an FBG-based nonuniformly-
spaced delay-line filter to achieve matched filtering of a chirped microwave waveform. An SD-
CFBG, which can be designed to arbitrarily control the tap coefficients and the time delays, is
utilized in the system to achieve the desired microwave filter response. We also investigate
another photonic microwave filter based on optical filter response to microwave filter response

conversion by using a single-sideband (SSB) modulator and an FBG. The FBG with the user-
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defined magnitude and phase response is employed as the optical spectral filter. The optical
filter response is then transferred to the response of the microwave filter through SSB
modulation and optical heterodyne detection at a high-speed PD [138-139]. Based on this idea,
a photonic microwave filter with a nonlinear phase response has been implemented to achieve
matched filtering of a frequency-chirped microwave waveform. This work has been published

in IEEE Transactions on Microwave Theory and Techniques [138].

1.3. Organization of this thesis

This thesis consists of two main parts. In the first part, we investigate the photonic generation of
a microwave arbitrary waveform using advanced FBGs. In the second part, we investigate the

photonic processing of a microwave arbitrary waveform using advanced FBGs

Specifically, in Chapter 1, a brief review of the background of photonic generation and
processing of microwave arbitrary waveforms is first presented. The major contributions of this
research work are then summarized. In Chapter 2, theoretical basis of the proposed FBG-based
microwave arbitrary waveform generation and processing techniques is presented. Specifically,
dispersion-induced frequency-to-time mapping is first discussed in Section 2.1. In Section 2.2, a
brief study of theoretical and practical issues in the field of fiber Bragg gratings is presented. In
Chapter 3, photonic generation of microwave arbitrary waveforms based on coherent optical
pulse shaping using advanced FBGs is investigated. Two different techniques for microwave
arbitrary waveform generation are investigated and experimentally demonstrated. Photonic
processing of microwave arbitrary waveforms using advanced FBGs is investigated in Chapter

4. Two different photonic microwave filters are demonstrated to achieve matched filtering of
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microwave arbitrary waveforms. Finally, a conclusion is drawn in Chapter 5 with some

recommendations for future work.
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CHAPTER 2 THEORETICAL OVERVIEWS

2.1. Dispersion-induced frequency-to-time mapping

It is known that a duality exists between the spatial Fraunhofer diffraction and the propagation
of a temporal signal in a dispersive device under the second-order dispersion approximation [32,
140]. The time-space duality shows that a dispersive element which provides quadratic phase
modulation in the time domain is the analogue of a thin lens in the space domain. The time-
space duality has led to an interesting conclusion that if a transform-limited ultrashort optical
pulse passes through a dispersive element, the dispersed optical pulse has a shape that is
proportional to the optical power spectrum of the input optical pulse, as illustrated in Fig. 2.1.
This is the so-called dispersion-induced frequency- or wavelength-to-time mapping (FTM or
WTM). Since the output pulse from the dispersive element has a temporal envelope that is the
Fourier transform of the input optical pulse envelope, the frequency-to-time mapping in a
dispersive element is also known as real-time Fourier transformation [25]. These two terms are

used interchangeably in this thesis.
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Fig. 2.1. Schematic diagram showing the frequency-to-time mapping in a dispersive device.

Frequency-to-time mapping has laid the foundation for the first technique we investigate for

photonic microwave arbitrary waveform generation. In a photonic microwave arbitrary
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waveform generation system based on spectral shaping and frequency-to-time mapping (SS-
FTM), a user-defined optical spectral filter is employed to shape the optical power spectrum of
the input short optical pulse. A temporal waveform with a shape identical to the shaped
spectrum is obtained thanks to the frequency-to-time mapping in a dispersive element. In this
section, the principle of dispersion-induced frequency-to-time mapping is first reviewed.
Practical consideration of the implementation of the mapping process and the impact of higher-

order dispersion on the mapping process are also discussed.

2.1.1 Mathematical description

It is known that a dispersive element, such as a single-mode fiber (SMF) or a chirped fiber
Bragg grating (CFBG), can be modeled as a linear time-invariant (LTI) system with a transfer

function given by
H(w)=|H(w)|exp[ - j® ()] (2-1)

where | H(w)| and ®(w) are the magnitude and phase response of the dispersive element at

angular frequency @, respectively. We can assume that this transfer function has a nearly flat

magnitude response | H(w) | over an interested spectral bandwidth Aw centered at an optical
carrier frequency @, . This assumption is always true for a SMF over tens of nm bandwidth or

for an LCFBG with a flat reflection within the reflection bandwidth. This treatment allows us to

concentrate on the pulse distortion purely introduced by the dispersion (phase response).

Mathematically, the phase response ®(@) can be expanded in Taylor series in the vicinity of

w, as
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D(w) =D, + D, (a)—a)o)+—12—5150(a)—a)0)2 +é<'iio (w-w,) +- (2-2)

where @, = ®(w,) is the phase constant at the carrier angular frequency, ®, = dtz(a))
() =@y
. do(w)| . S
the group delay, @, = T is defined as the second-order dispersion (SOD), and
() oy

. dD(w
5, - L2
(4]

denotes the third-order dispersion (TOD). Note that ®, is also called first-

order dispersion (FOD) in some literatures since the first-order derivative of phase term @,
actually gives the group delay. In this research work, however, @, is called the second-order
dispersion, or group velocity dispersion (GVD), since it is the second-order derivative of phase
term and the first-order derivative of group delay; @, is called the third-order dispersion or

dispersion slope.

In the second-order dispersion approximation, in which the dispersion terms higher than the
second-order are ignored within the spectral bandwidth of interest, the transfer function

H (w) can be approximated as
. 1.
H(w)= |H (a)), exp(—j@, )exp (—]CDOa)) exp(—jzcboa)z} (2-3)

It is worth noting that in (2-3) @ is used to replace @ -, in (2-2). Here @ is the relative
angular frequency with respect to the central optical frequency of interest @, . This is equivalent

to shifting the central optical carrier frequency to base band (down conversion), which makes it

easier to analyze the system spectral response.
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According to the LTI system theory, the corresponding impulse response A(t) of the dispersive

element can be obtained by taking the inverse Fourier transform of the above transfer function,

h(t)=F" [H(co)] o exp [j 2(;) (t ~-d, )2] (2-4)

0

Note that the constant items are ignored in (2-4). For simplicity, we also use ¢ to replace ¢ — @,
in the following analysis, which is equivalent to ignoring the average pulse delay @, and

allows us to focus on the pulse distortion induced by the second-order dispersion ®, .

Let x(#) and y(#) be the complex envelopes of the input and output optical pulses of a
dispersion element with an impulse response A(¢), respectively. If the spectral bandwidth of the

input optical pulse is narrower than the effective bandwidth of the dispersion device Aw, the

envelopes y(f) and x(¢) can be related by the convolution operation, that is, y(¢) = x(¢) * h(¢).

Considering the impulse response in (2-4), we can rewrite the output pulse y(¢) as

y(t) = Tx(t')h(t—t')dt'oc Tx(t')exp{j 2(.11.) (t—t')2 t'

—c0 —a0

(2-5)
o< exp| j e Tx(t')ex L t"? lexp| — '_l_tt' '
pjzéo_w PJZ(-I')0 p ](-I-)0
where ¢' is the convolution integral variable. Here we assume that
! = >>1 (2-6)
(A%)
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where Af; is the time width of the incident ultrashort pulse x(¢).The assumption in (2-6) is
also known as the temporal Fraunhofer approximation. It means that the second-order
dispersion of the dispersive device &, (in ps*/rad) should be sufficiently large to temporally
separate the spectral components of the incident pulse such that the time duration of the

broadened pulse is much larger than that before experiencing the dispersion. Under the

assumption given by (2-6), equation (2-5) can be approximated by

y(t)e exp(j 22) )Tx(t')exp(—jéot')d !

0/ -0

ocexp( = JX (“’)L:(.bL

20,

2-7)

where X (@) = F[x()] is the Fourier transform of the input temporal pulse x(¢). It is clearly
shown in (2-7) that the output temporal pulse envelope is proportional to the spectrum of the
input pulse with a phase factor. Therefore, dispersion-induced frequency-to-time mapping is

obtained.

The result obtained above can be understood intuitively by considering the dispersion stretching
effect. The chromatic dispersion introduced by the dispersive device causes a frequency-
dependent linear time delay to the input optical pulse. Sufficient dispersion must be provided to
temporally separate the spectral components of the input optical pulse and realize the unique

mapping from the frequency domain to the time domain.

The frequency-to-time mapping relationship is determined by the second-order dispersion of the
dispersive element. The second-order dispersion (or GVD) can be expressed in three different

forms
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_dr

D, = T (in ps/ nm) (2-8a)
2
b = —g—;— = quz) (in ps* / rad) (2-8b)
d5v = ﬂ- (in ps*) (2-8¢)
dv

where ®,, ®_, @, are related by

s 27C = c
D, =- T D, =—-/1—2(Dv (2-8d)

where A is the optical wavelength, @ is the optical angular frequency, v is the optical

frequency, and 7 is the time delay introduced by the dispersive element, which is given by

2
T = dﬁ = __’1_@ (2-9)
do 2me dA

Then the mapping relationship between the time variable ( At ) and the frequency or wavelength

variable (Aw, A1) is expressed as

At=® Av=3 Aw =D A1 (2-10)

2.1.2 Practical implementation
Equation (2-7) provides the theoretical basis for the dispersion-induced frequency-to-time

mapping. For practical implementations, however, a few more issues have to be addressed.

First, the frequency-to-time mapping or real-time Fourier transform is usually performed in the
coherent regime and restricted to work with a Fourier transform-limited input ultrashort optical

pulse only. A Fourier transform-limited pulse, or more commonly known as transform-limited
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or bandwidth-limited pulse, is usually an ultrashort optical pulse that has the minimum possible
time duration for a given spectral bandwidth. The transform-limited pulse has a constant phase

(chirp free) across the whole pulse window. Its complex field can be expressed as
E(t) =|E(1)|exp (et ) exp (i) 2-11)

where |E(t)| is the pulse envelope, @, is the central angular frequency, and ¢, is the time-

independent phase constant. On the contrary, an optical pulse, which is not transform-limited,

usually has a time-dependent phase term ¢(f), resulting in an instantaneous frequency sweep

(chirp) across the pulse window. The amplitude spectrum of the transform-limited pulse is the
Fourier transformation of the temporal envelope, which is, however, not valid for a non-

transform-limited optical pulse.

Transform-limited optical pulses are usually generated by mode-locked lasers [141]. In this
research work, a passive mode-locked fiber laser from IMRA is employed as the optical source
to generate transform-limited optical pulses for frequency-to-time mapping. Another well-
established approach to generate transform-limited ultrashort optical pulses is based on electro-
optic phase modulation of a CW laser and subsequent phase-to-intensity conversion in a

dispersive medium [142-143].

Note that the frequency-to-time mapping can also be performed in the incoherent regime. In this
scenario, a transform-limited optical pulse is no longer required. Recently, frequency-to-time
mapping using an incoherent optical source was reported [144], where the optical source can be
an amplified spontaneous emission (ASE) source and a light emitting diode (LED) source.

Incoherent frequency-to-time mapping has also been applied in photonic microwave arbitrary
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waveform generation [145]. The incoherent frequency-to-mapping may reduce the system cost,
but at the price of a significantly higher noise added to the generated microwave waveform.
This is because a fixed phase relation exists between the different spectral components of the
electric field of a coherent source. However, there is no phase correlation between the optical-
frequency components of an incoherent source. The applicability of an incoherent pulse shaping
systems depends on their signal-to-noise ratio (SNR). A consistent statistical analysis of
incoherent pulse shaping has been reported recently [146], where a full statistical study of the

SNR of incoherent pulse shaping is presented.

Second, the dispersive element used to perform the frequency-to-time mapping can be a single-
mode fiber (SMF), a dispersion compensating fiber (DCF), or a linearly chirped fiber Bragg
grating (LCFBQG), as long as the so-called temporal Fraunhofer approximation given by (2-6) is
satisfied. In this thesis, both the dispersive fiber and the LCFBG have been used as the
dispersive element. Basically, dispersive fibers (both SMF and DCF) feature truly broad
bandwidth, relatively low insertion loss and flat transmittance. To provide sufficient dispersion,
a very long fiber is required, which makes the system bulky with high loss, suffering from the
effect of polarization mode dispersion. On the other hand, the use of an LCFBG provides a
compact solution for dispersion-induced frequency-to-mapping. However, there are several
factors that limit the performance of LCFBGs as a perfect dispersive element. These factors are
the insertion loss, limited bandwidth, deviations from linearity of the group delay and group
delay ripple (GDR). Among these parameters, GDR, which is a result of the interference
between the broadband reflection due to the edge of the grating and the distributed nature of the
grating reflection [69], may have non-neglectable impact on the frequency-to-time mapping

process. Ideally, the GDR of a LCFBG can be significantly reduced by applying apodization
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during the grating fabrication process. However, an apodized LCFBG usually exhibits
pseudoperiodic GDRs due to the errors in grating period and the index modulation deviations
resulting from imperfections in the fabrication process [147]. A detailed study of the grating
GDRs on the performance of a microwave pulse generation system based on spectral-shaping
and frequency-to-time mapping has been reported recently [148], where the GDRs are modeled
using a sinusoidal distribution with different amplitudes and periods. Their results show that the
system performance degradation due to the GDRs in the chirped FBG is small, as long as the

frequency of the GDRs is larger than that of the generated microwave waveform.

2.1.3 Impact of higher-order dispersion

Frequency-to-time mapping or real-time Fourier transform has been discussed in Subsection
2.1.1, where the second-order dispersion approximation is applied and all the higher order
dispersion is ignored. Therefore, a linear frequency-to-time mapping process occurs. The
second-order dispersion approximation is valid for a SMF with a moderate length and a linearly
chirped FBG. For some applications, however, the length of the SMF used as a dispersive
element is very long, and higher-order dispersion has to be taken into account [149]. Note that
the mapping process will work so as long as the temporal Fraunhofer approximation (2-6) is
satisfied. In this scenario, the frequency-to-time mapping is no longer linear due to the higher-

order dispersion. Nonlinear frequency-to-time mapping is analyzed in this section.

Assume that a transform-limited ultrashort optical pulse x(¢) is sent to a dispersive element
incorporating both the second-order and higher-order dispersion. A dispersed optical pulse y(¢)

is obtained at the output of the dispersive element due to the nonlinear frequency-to-time
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mapping. The schematic diagram of a dispersive element with both the second-order and

higher-order dispersion is shown in Fig. 2.2.

| /
) L3 GVD -——-;* HOD ~—1—-->y()

Dispersive element with
higher-order dispersion

Fig. 2.2. Schematic diagram showing the higher-order dispersion induced nonlinear frequency-to-time mapping.
If the higher-order dispersion is considered, the transfer function of the dispersive element can
be written as

H(w)=| H(o)|exp (—j %ff)owz)exp[—f i (%&’0 o* )J (2-12)

k=

=Hgyp (w) HOD (w)

k k
where ®¢ = d (I)(ka))

is the keh-order dispersion, H,, (@)=l H (@)|exp (— j %d')oa)zj and

HOD(a))—exp[ jZ( (I)oa) H Therefore, the dispersive element can be modeled as a

cascade of two dispersive elements, a first dispersive element having only the second-order
dispersion (or GVD) and a second having all higher-order dispersion, with the transfer functions

given by H,,(w) and H,,,(®) , respectively. A nonlinear mapping relationship

incorporating higher-order dispersion is given [149]

k

I < k-1
== E —_— 2-13
CDO ( )

2 I
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where o is the optical frequency and ¢ is the time.

2.2. Fiber Bragg gratings

FBGs were first discovered by Hill and his coworkers at the Communications Research Centre
in Ottawa, Canada, back to 1978 [121, 150]. Since then, extensive efforts have been contributed
to the investigation of FBG technology. The most interesting feature of FBGs is their flexible
spectral characteristics. Other advantages offered by FBGs over competing optical devices
include all-fiber geometry, low insertion loss, high return loss or extinction, and low cost. FBGs
have been developed into critical optical components for many applications, such as in fiber-

optic communications, optical sensor systems, and optical signal processing.

Recently, FBGs have attracted more and more interests in the area of microwave photonics,
where different types of FBGs with properly designed spectral responses are employed to
generate and process microwave and mm-wave signals in the optical domain [71]. In this
research work, FBGs are playing the key roles in our proposed photonic microwave arbitrary
waveform generation and processing systems. In this section, a brief review of the theoretical

basis of FBGs is presented. The issues associated to FBG fabrication are also discussed.

2.2.1. Mathematical model of a fiber Bragg grating

An FBG is basically a section of optical fiber in which the refractive index in the core is
perturbed forming a periodic index modulation profile so that certain wavelengths are
transmitted while the other wavelengths are reflected. Typical FBGs have grating periods of a
few hundred nanometers (nm), which allows mode coupling between two counter-propagation

modes in the fiber core. Another type of fiber grating is called long-period gratings (LPGs),
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which usually have periods in the order of hundreds of microns (um), allowing mode coupling
between a core mode and cladding modes. In this case, the core mode and the cladding modes
are propagating in the same direction. In this thesis, we only focus on the first type of FBGs

which reflects light over a narrow wavelength range and transmit all the other wavelengths.

When the Bragg condition is fulfilled, we have maximum mode coupling or reflection. The

center wavelength of reflection is then called Bragg wavelength A,, which is related to the

grating period by [69]

Ay =2n,A (2-14)

where A is the grating period and 7, is the effective refractive index of the optical fiber. By

modulating the periodic index perturbation in amplitude and/or phase, we may obtain an FBG

with different spectral response.

The relationship between the spectral characteristics of an FBG and the corresponding grating
refractive index modulation profile can be described by the coupled-mode theory (CMT) [151-
153]. CMT is a straightforward, intuitive, and powerful tool for obtaining quantitative
information on the spectral properties (both the magnitude and phase) for an FBG with a given

structure.

Let A(z) and B(z) to be two counter-propagating modes in the fiber core. According to the

CMT, one mode will be coupled to another thanks to the periodic refractive index perturbation.

A simplified coupled-mode equation can be given [152]
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- = J6R(z)+ jxS(z)
S A ) (2-15)
Z=—jaS(z)—j/c R(z)

where R(z)= A(z)exp(joz—¢/2) , S(z)=B(z)exp(—je+¢/2) , 6=0p-n/A is the
propagation constant detuning from the mode propagation constant S , ¢ describes the grating
chirp, x is the “ac” coupling coefficient and & is the general “dc” (period-averaged) self-

coupling coefficient.

For a single-mode uniform Bragg reflection grating, closed-form solutions can be obtained for
(2-15). In such a case, the amplitude reflection coefficient, p, for an FBG of a length L is
given by

—Ksinh( K’ —&ZL)

p:
&sinh( KZ—&ZL)+j\/K2-6'2cosh( K2—6'2L)

(2-16)

Then the group delay response 7, and dispersion d,, (in ps/nm) for a light reflected off the

grating can be obtained from the phase of the amplitude reflection coefficient, 8, = phase(p)

do 2 do
» P = _ A £ 2-17)
do 27c dA

dr 27 d’e
G= T de @-18)

In order to tailor the spectral characteristics of an FBG, a refractive index modulation technique

called apodization can be used. Apodization is a word often mentioned in filter design.

-28-



Specifically, when applied to fiber grating filter design, the word “apodization” means gradually
increasing the index modulation strength and hence the coupling coefficient with penetration
into, as well as gradually decreasing on exiting from the grating [69]. Several apodization
profiles, e.g., Gaussian, raise-cosine and super-Gaussian, are usually used to reduce the sidelobe
level in the grating reflection spectrum. Apodization technique is also desirable in fabricating

chirped fiber Bragg gratings, to eliminate the group delay ripples.

When dealing with FBGs with complicated coupling coefficient and chirp, no simple closed-
form solution exists for the coupled-mode equation in (2-15). In this scenario, some numerical
methods are employed. One of the most commonly used numerical methods for FBG response
calculation is the piecewise-uniform transfer matrix method (TMM) [152, 154], which is
implemented based on identifying matrices for each uniform section of the grating, and then
multiplying all the sub matrices to get a single matrix describing the whole grating. In this
research work, the FBGs (both uniform FBGs and chirped FBGs) are all calculated using this

transfer matrix method.

2.2.2. Synthesis of a fiber Bragg grating

The synthesis of an FBG is to find the complex coupling coefficient or the refractive index
modulation profile that corresponds to a given grating spectral response. The synthesis problem
of a fiber grating is complicated, especially when compared with the well-known direct problem
of computing the grating reflection response from a known grating structure (refractive index
modulation profile). The simplest approach to solving grating synthesis problem was based on
the first-order Born approximation where a Fourier transform relationship exists between the

grating magnitude response and the refractive index modulation function [155]. This method,
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however, is only suitable for weakly coupled gratings. Another feasible numerical method for
FBG synthesis is the Gelfand-Levitan-Marchenko (GLM) inverse scattering algorithm [156].
This approach is accurate but only works for an FBG whose reflection coefficient is a rational

function.

In 1999, Feced et al. proposed the so-called discrete layer-peeling (DLP) algorithm for the
synthesis of fiber Bragg gratings [115]. To improve the clarity and efficiency of the DLP
algorithm, a further study has been implemented to simplify the DLP synthesis method [157].
The DLP method is fast and accurate. In fact, it is even as simple as the direct problem. A
comprehensive study on the DLP method and its application in optical filter design can be
found in [158]. In this thesis, the synthesis of all uniform-period FBGs is implemented using the

DLP method.

The numerical methods [115, 155-158] are suitable in the design of uniform-period or weakly
chirped fiber gratings. In this research work, strongly chirped fiber Bragg gratings with desired
reflection characteristics are usually required in the proposed microwave arbitrary waveform
generation and processing systems. Therefore, we propose a simple and effective method to
synthesize a highly-reflective and strongly-chirped FBG with nearly arbitrary reflection
magnitude response. Since amplitude-only refractive index modulation is required, the designed

LCFBG can be easily realized with the state-of-the-art FBG fabrication technique.

The proposed synthesis method for strongly chirped fiber Bragg gratings is based on an
accurate mapping of the refractive index apodization to the grating reflection response, which is
illustrated in Fig. 2.3. We can first set up the mapping relationship between the refractive index

modulation profile and the grating response by imprinting a linearly varying index modulation
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profile into the optical fiber using a linearly chirped phase mask, as shown in Fig. 2.3(a), to
fabricate a calibration grating and measuring the grating reflection response, with the simulated
grating response plotted in Fig. 2.3(b). By comparing the target grating reflection response with
the measured grating response in Fig. 2.3(c), the desired index modulation function is obtained,
as shown in Fig. 2.3(d). Finally, by applying the desired index modulation using the same phase
mask, a strongly chirped fiber Bragg grating with the target reflection response can be obtained,
as shown in Fig. 2.3(e). Note that for a chirped grating with a symmetrical spectral response, a
symmetrical triangular index modulation function is preferred to build the calibration grating at

the beginning.
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Fig. 2.3. Simulation results showing the synthesis method for strongly chirped fiber Bragg gratings.

A more detailed study on the synthesis of strongly chirped fiber Bragg gratings with the user-
defined spectral response for microwave arbitrary waveform generation is presented in Section

3.1.3. The proposed synthesis method is verified by experimental demonstrations.
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2.2.3. Fabrication of fiber Bragg gratings

Various methods have been proposed for the fabrication of fiber Bragg gratings [69]. The FBG
fabrication techniques can be generally classified into two main categories: those that are
interferometric [159] and those are noninterferometric, based on simple exposure to ultraviolet
(UV) radiation periodically along a piece of fiber [160]. In this research work, phase mask
technique, which belongs to the first category, is employed to fabricate all the designed FBGs.

A phase mask is applied as a component of the interferometer, as shown in Fig. 2.4.

Phase Mask

Optical Fiber

Induced
grating patter

Fig. 2.4. A phase mask is applied as a component of the interferometer for FBG fabrication. Normally incident
UV beam diffracted into two +1 orders.

A phase mask is actually a relief grating which is often fabricated by holographic exposure or e-
beam lithography in a fused silica plate. In order to maximize the efficiency of the grating
fabrication, the phase mask is properly designed such that the zeroth order radiation is
minimized and the two first-order radiations are maximized [161]. When the UV radiation is

incident on the phase mask, the two first-order radiations will interfere, as shown in Fig. 2.4. If
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a photosensitive fiber is exposed to the interference pattern, the refractive index of the fiber core

will be changed and a grating is produced.

In order to inscribe a long grating into a photosensitive optical fiber, a long phase mask may be
used. By scanning the UV beam along the phase mask, a long grating with its length determined
by the length of the phase mask can be produced. Moreover, by adjusting the intensity of the
UV writing beam along the length of grating, or keeping the UV beam intensity constant but
controlling the scanning velocity, the radiation intensity and hence the transfer characteristics of

the fiber grating can be tailored. In other words, apodization is implemented.

Note that by scanning the UV writing beam along a uniform phase mask, amplitude-only
refractive index modulation can be implemented. To realize some special transfer characteristics
of the grating, however, both amplitude and phase index modulation are usually required. In
such a case, a moving fiber technique can be applied to introduce phase shift to the index
modulation profile [162]. In this scheme, when the UV beam is scanning across a fixed phase
mask, the fiber is also moving slowly relative to the phase mask with a moving distance
determined by the phase mask period and the desired phase shift. In fact, the moving fiber
technique can be applied to apodize a fiber grating. It can also be used to introduce a chirp to a
uniform fiber grating by controlling the fiber moving velocity corresponding to the UV beam

scanning velocity, with the given the UV beam width and the phase mask period [162].
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CHAPTER 3 PHOTONIC GENERATION OF
MICROWAVE ARBITRARY WAVEFORMS
USING FBGS

High-frequency and large-bandwidth microwave and millimeter-wave (mm-wave) arbitrary
waveform generation has become an important research area that has numerous scientific and
industrial applications, such as in UWB and multiple-access communication systems, electronic
countermeasures, and pulsed radar systems. Photonically assisted microwave arbitrary
waveform generation techniques provide the capability of generating high-frequency and
broadband microwave arbitrary waveforms which may not be easily accomplished by
conventional electronic techniques. Basically, a microwave waveform with the desired shape
can be generated from an ultrashort optical pulse based on coherent optical pulse shaping in the

optical domain followed by the optical-electrical conversion in a high-speed photodetector.
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Fig. 3.1. General diagram of a photonically assisted microwave arbitrary waveform generation system based on
coherent optical pulse shaping.

Fig. 3.1 shows the general structure of a photonically assisted microwave arbitrary waveform
generator. An ultrashort optical pulse from a pulsed laser source is sent to a properly designed

optical pulse manipulation system, where the optical pulse is shaped in the optical domain by
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different means. A microwave waveform with the desired shape is finally obtained after the
optical-electrical conversion in a fast photodetector. Note that the bandwidth of the
photodetector actually limits the frequency of the generated microwave waveform. An ultrafast

photodetector with a bandwidth as high as 300 GHz has been reported [163].

Optical pulse shaping is the key process in the presented microwave arbitrary waveform
generation systems. In this chapter, techniques to achieve microwave arbitrary waveform
generation based on optical pulse shaping in FBG-based all-fiber platforms are investigated.
The techniques implemented using pure fiber optics offer advanced features of smaller size,
lower loss, better stability and higher potential for integration when compared with those
implemented using free-space optics. The presented microwave arbitrary waveform generation
techniques can be generally classified into the following two categories: 1) photonic microwave
arbitrary waveform generation based on optical spectral shaping and frequency-to-time
mapping (SS-FTM), and 2) photonic microwave arbitrary waveform generation based on

Fourier-transform optical pulse shaping.

3.1 Photonic microwave arbitrary waveform generation based on

optical spectral shaping and frequency-to-time mapping

Among the various photonic microwave arbitrary waveform generation techniques, optical
spectral shaping of a transform-limited ultrashort optical pulse followed by frequency-to-time
mapping in a dispersive element has been demonstrated to be a promising technique to generate
high-frequency and broadband microwave waveforms with arbitrary shapes. A schematic
diagram showing an SS-FTM-based photonic microwave arbitrary waveform generation system

is illustrated in Fig. 3.2. An ultrashort optical pulse generated from a pulsed laser source has a
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broad optical spectrum (the bandwidth is normally more than 10 nm). The broadband optical
pulse is first sent to an optical spectral filter with a properly designed spectral response. The
spectrum-shaped optical pulse is then passing through a dispersive medium, such as a length of
dispersive fiber or a chirped FBG. As we have discussed in Section 2.1.1, dispersion-induced
frequency-to-time mapping occurs in the dispersive medium. The dispersed optical pulse has an
envelope identical to the shaped optical power spectrum. A microwave waveform is finally
obtained at the output of a high-speed photodetector. Therefore, by properly designing the
spectral response of the optical spectral filter according to the target temporal waveform, a
microwave waveform with the desired shape is obtained. A key feature of this technique is that
the temporal pulse shaping is performed in the frequency-domain, which is easy to implement

using an optical spectral filter.
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Fig. 3.2. Schematic diagram of a photonic microwave arbitrary waveform generation system based on optical
spectral shaping and dispersion-induced frequency-to-time mapping.

As an important in-fiber device, FBGs are playing key roles in the presented photonic
microwave arbitrary waveform generation systems. Since both the magnitude response and the
phase response (or group delay response) of an FBG can be precisely designed, the intensity
and phase modulation of the input optical spectrum can be achieved in the FBG. In this thesis,

the use of an FBG as an optical spectral shaper to achieve spectral shaping, as a dispersive
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element to achieve frequency-to-time mapping, and as a multifunctional device to perform both

optical spectral shaping and frequency-to-time mapping is investigated.

3.1.1. FBG as an optical spectral shaper

As we have discussed in Section 2.2, the spectral response of an FBG working on the reflection
mode can be tailored by properly controlling the refractive index modulation profile during the
grating fabrication process. Therefore, an FBG can be employed as an efficient optical spectral
filter to achieve nearly arbitrary optical spectral shaping. Various configurations for FBG-based
all-fiber optical spectral shaping have been proposed for the generation of different microwave

waveforms, such as an ultra-wideband pulse and a frequency-chirped microwave pulse.

3.1.1.1. All-fiber ultra-wideband pulse generation based on spectral shaping and

dispersion-induced frequency-to-time mapping

This section is a revised version of the following published paper.

Article title: All-fiber ultrawideband pulse generation based on spectral-shaping and dispersion-
induced frequency-to-time conversion
Authors: Chao Wang, Fei Zeng, and Jianping Yao

Published in IEEE Photonics Technology Letters, vol. 19, no. 3, pp. 137-139, Feb. 2007.

1. Introduction

Ultra-wideband (UWB) is an attractive technology for short-range high data-rate wireless

communication systems. Being different from conventional narrowband wireless

-37-



communications, in which the signals are modulated on a carrier with a specific frequency, such
as IEEE 802.11, UWB impulse radio spreads signals to cover a very wide range of spectrum.
The key advantages of UWB technology include huge bandwidth, weak spectrum intensity,
multipath immunity, high data rates and low equipment cost [123, 164]. As defined by the US
Federal Communications Commission (FCC), UWB signals must occupy a 10-dB bandwidth of
500 MHz or more, or a fractional bandwidth greater than 20% of the centre frequency, within
the 7.5-GHz spectrum from 3.1 to 10.6 GHz for unlicensed use of indoor and hand-held UWB

devices with an effective power level of less than -41.3 dBm/MHz [165].

Due to the extremely low emission power regulated by the FCC, the current UWB systems can
operate with a distance limited to 10 m. To integrate such indoor and isolated UWB wireless
networks into the existing wired optical access networks, UWB-over-fiber technology is
considered as a promising solution, thanks to advantageous properties such as broad bandwidth
and low loss offered by the state-of-the-art optical fibers [125]. In addition, to distribute UWB
signal over fiber, it is also desirable that the UWB impulse signals can be generated directly in

the optical domain to avoid costly electrical to optical conversion.

On the other hand, the choice of the UWB pulse shapes is critical to the performance of the
UWB systems. Gaussian monocycle and doublet pulses, which are defined as the first- and
second-order derivative of a Gaussian pulse, respectively, have been considered promising
candidates for UWB communications, since they are easy to generate and have better bit-error
and multipath performance [166]. Many approaches have been proposed to generate Gaussian
monocycle and doublet pulses [167-169]. Most of them are based on electronics circuits. For
UWB-over-fiber applications, it is desirable the pulses can be generated directly in the optical

domain. Several pioneer works have been recently proposed to generating UWB pulses in the
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optical domain. In [170], UWB monocycle pulses are generated using a hybrid system, which
consists of a gain-switched Fabry-Perot (FP) laser diode to generate an optical pulse train, and a
microwave differentiator to produce the required monocycle pulse in the electrical domain. Qur
research group has proposed an all-fiber technique to generate UWB signals using an optical
phase modulator in combination with a dispersive fiber [171]. The phase-modulation (PM)
signal is converted to intensity-modulation (IM) signal when distributing over the dispersive
fiber. The PM-IM conversion has a frequency response corresponding to a bandpass filter,
which is used to shape the spectrum profile of a Gaussian pulse, leading to the generation of
UWB doublet. More recently, various optical UWB pulse generation techniques have been

reported by different groups [124, 172-176].

In fact, UWB pulses can also be generated based on optical spectral shaping and the subsequent
frequency-to-time mapping using a Fourier-transform device. Fourier-transform optical spectral
shaping and dispersive stretching techniques were implemented to generate adaptive broadband
microwave arbitrary waveforms [37, 39]. Such technique of spectral-temporal mapping was
previously used to measure optical fiber dispersion and to evaluate an optical source spectrum
[177]. The dispersion-induced frequency-to-time mapping based on the space-time duality has

been introduced in Section 2.1. A comprehensive theoretical analysis can be found in [25].

In this research work, we proposed a novel approach to generating and distributing UWB
monocycle and doublet pulses based on all-fiber spectral shaping and frequency-to-time
conversion. In our approach, the optical power spectrum of a femtosecond pulse from a
passively mode-locked fiber laser (MLFL) is spectrum shaped by an all-fiber optical spectral
shaper, to obtain a spectral shape corresponding to a Gaussian monocycle or doublet pulse. A

length of SMF is then used to act as a dispersive device to perform the frequency-to-time
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conversion. A UWB monocycle or doublet pulse is obtained at the output of a high-speed PD.
The key difference between this approach and the approaches in [37, 39] is that the optical
spectral shaping is performed using all-fiber components which has the advantages of smaller
size, lower loss, and higher potential for integration using the photonic integrated circuit (PIC)

technology.

I1. Principle

Dispersive fiber

Fig. 3.3. (a) Block diagram of the proposed all-fiber UWB signal generation system. (b) All-fiber optical spectral
shaper configuration. MLFL: mode-locked fiber laser; EDFA: erbium-doped fiber amplifier; PD: photodetector;
OC: optical coupler; TOF: tunable optical filter.

The block diagram of the proposed UWB pulse generation system is illustrated in Fig. 3.3. A
transform-limited ultrashort pulse train from the MLFL is spectrally shaped by an all-fiber
spectral shaper. The spectral shaper is designed such that it shapes the optical power spectrum
of the ultrashort pulse to be the user-designed Gaussian monocycle or doublet. The spectrally
shaped pulse is then sent to a length of dispersive fiber to perform the frequency-to-time
mapping. The total chromatic dispersion must be properly determined according to the mapping

relationship between the spectral bandwidth and the temporal pulsewidth [25]. After the optical-
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to-electrical conversion at a high-speed PD, a temporal electrical monocycle or doublet pulse is
obtained. Thanks to the frequency-to-time mapping in the dispersive fiber, the generated UWB

pulse has a shape that is a scaled version of the user-designed optical spectrum.

To obtain an optical power spectrum with a shape corresponding to a Gaussian monocycle or
doublet, we use an all-fiber optical spectral shaper, as shown in Fig. 3.3(b). The ultrashort pulse
train from the MLFL source is divided into two branches by an optical coupler (OC1), with a
coupling ratio determined by user-defined spectrum shaping requirement. The spectrum of the
ultrashort pulse from Port 1 is shaped by a tunable optical filter (TOF); the spectrum of the
ultrashort pulse from Port 2 is spectrally shaped by an FBG operating on the transmission mode.
The FBG is acting as a band stop filter with a center wavelength that can also be slightly tuned
by applying tension. The pulses after spectral-shaping from the two arms are then recombined
by a 3-dB optical coupler (OC2). Since the spectra of the two filters are complementary, the
power spectrum of the ultrashort pulse is shaped to have a user-designed Gaussian monocycle

or doublet.

This all-fiber optical spectral shaper can be configured to generate UWB monocycle or doublet
pulses by adjusting the spectral widths and the center wavelengths of the two optical filters
(TOF and FBG). To obtain a power spectrum corresponding to a UWB monocycle, the
bandwidths of two optical filters should be controlled to be approximately identical. In addition,
a proper wavelength difference between the central wavelengths of the two optical filters is
required to ensure a good time separation between the two temporal pulses after frequency-to-
time mapping, as shown in Fig. 3.3(b). For UWB monocycle, the positive and negative spectral
peaks at the output of the spectral shaper should be identical, which is realized in our system by

controlling the coupling ratio of OC1 to account for the different insertion losses of the two
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optical filters. On the other hand, to achieve a power spectrum corresponding to a UWB doublet,
the optical spectral shaper has to be reconfigured by using another FBG with a broader spectral
bandwidth. The center wavelength of the TOF is tuned to be identical to that of the second FBG,
as also shown in Fig. 3.3(b). Again, the coupling ratio of OC1 is adjusted to ensure that the
spectrum meets the UWB doublet requirement [166]. Thus, the combination of the two inversed

spectra gives an over all power spectrum corresponding to a UWB monocycle or doublet.

In the all-fiber spectral shaper, the incident ultrashort pulse is spectrally filtered in the two
different paths. The optical lengths of the two arms have to be carefully controlled to guarantee
a good temporal synchronization of the spectrum-shaped optical pulses from the two paths. In
fact, the continuous tuning of the wavelength spacing between the two central wavelengths
would lead to the continuous change of the time delay difference between two polarity-reversed
pulses thanks to the frequency-time mapping. Therefore, electrical waveforms other than the

UWB monocycle or doublet may also be generated.

It is worth noting that the proposed spectral shaper is based on a Mach-Zehnder interferometer
(MZI) structure. However, we intend to introduce large time delay between the two arms, which
is much larger than the coherent length of the applied pulsed laser source. Therefore, temporal
interference is inherently avoided even though a coherent optical source is used. The pulse

shaping system is free from the instability introduced by an interferometer.

The spectrum shaping operation in the all-fiber spectral shaper is implemented in an open-loop
fiber link without close-loop iterations, which makes the system very simple with high stability.
In addition, the optical spectral shaper is implemented using all-fiber components, which makes

the system compact with low loss and provides the possibility of integration using PIC
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technology. Although the use of the TOF and the FBG filters would make the system sensitive
to environmental changes such as temperature and vibration, an integrated version of the system

with temperature control and proper packaging would easily tackie the problem.
. Experiment

The proposed UWB pulse generation system, as shown in Fig. 3.3, is experimentally
implemented. The MLFL can generate a transform-limited ultrashort optical pulse train with a
3-dB pulsewidth of about 550 fs and a 3-dB spectral bandwidth of about 8§ nm. The ultrashort
pulse from the MLFL is spectrally filtered by the all-fiber spectral shaper. To generate a UWB
monocycle, the input pulse spectrum from Port 1 of OC1 is shaped by a TOF, which is a
reflection bandpass filter with a tunable range of 1460-1575 nm and an average 3-dB
bandwidth of 0.2 nm. In the first experiment, the central wavelength of TOF is set at 1557.71
nm, which is mainly determined by the central wavelength of the fabricated FBG. The input
spectrum from Port 2 of OCl1 is shaped by an FBG with 0.25-nm bandwidth and a center
wavelength of 1558.2 nm. The spectrum-shaped pulses are then combined at OC2. In the
experiment, the coupling ratio of OC1 is 70 : 30, that is, 70% of the input power is sent to the

upper branch, since TOF has higher insertion loss.

T L A T T R T
0.00025{ 7 ]
0.00020 ]
g S 1
Z 0.00015] 8 )
g o | ]
g S
0.000104
g < j
0,000057 5
o.oooooj ]
A T B T T T T
1554 1556 1558 1560 1562 1550 1554 1558 1562 1566
Wavelength (nm) Wavelength (nm)
(@ (b)

.43 -



0.009 Y T T T T u

o.oosﬂ

Ll e i o o

0.007
]
0006 185ps

o
&

0.005

Amplitude (mV)
&

0.004 -

Power (dBm)

1
0.003 4

0.002 4

0001

— T T — T
0 200 400 600 800 1000 1200 1400
Time {ps)

(©) d

é 12 A

& 3 9
Freguency {GHz}

Fig. 3.4. UWB monocycle pulse generation. (a) Optical power spectrum after spectral shaping. (b) Spectrum of
the incident ultrashort pulse. (c) Generated UWB pulse. (d) Power spectrum of the generated monocycle pulse.

The optical spectrum at the output of the optical spectral shaper (Point B) is measured by an
optical spectrum analyzer. As shown in Fig. 3.4(a), the shaped optical spectrum exhibits a
monocycle pulse shape, but is superimposed on a broader Gaussian-like pedestal, which is the
spectrum of the original pulse from the MLFL (as shown in Fig. 3.4(b) for comparison). The
spectrally shaped optical pulse is then applied to a 10-km SMF to perform the frequency-to-
time mapping. The total chromatic dispersion of the SMF is about 170 ps/nm. The electrical
pulse at point C is obtained at the output of a 45-GHz PD and measured by a high-speed
sampling oscilloscope, with the result shown in Fig. 3.4(c). The generated signal is stable and 5
times averaging is performed. We can clearly see that the pulse has the same shape as the
optical spectrum at the output of the optical spectral shaper. The full-width at half-maximum
(FWHM) of the generated monocycle pulse is about 185 ps. The spectrum of the generated
pulse is also measured by an electrical spectrum analyzer, as illustrated in Fig. 3.4(d). The FCC
mask is also plotted in the figure in dash line. It can be seen that the spectrum has a central
frequency of 6 GHz with a 10-dB bandwidth of 9 GHz, from 1.5 to 10.5 GHz. The fractional

bandwidth is about 150%, which well meets the FCC requirement of 20%.
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Fig. 3.5. UWB doublet pulse generation. (a) Optical power spectrum after spectral shaping. (b) Generated UWB
doublet pulse. (c) Power spectrum of the generated UWB pulse.

To generate a UWB doublet pulse, the optical spectral shaper has to be reconfigured. The input
pulse from Port 1 of OCI1 is spectrally shaped by the TOF, with the center wavelength set at
1559.45 nm. In the other optical path, the input pulse spectrum is shaped by a new FBG with a
broader bandwidth of 0.45 nm centered at 1559.4 nm. Again, the coupling ratio of OC1 needs to
be adjusted. This is done by using a new optical coupler with a coupling ratio of 80 : 20. Fig.
3.5(a) shows the optical power spectrum right after the optical spectral shaper. It has a shape
corresponding to a Gaussian doublet. After distribution over 10-km SMF, a UWB doublet pulse

is generated thanks to the dispersion-induced frequency-to-time mapping. As shown in Fig.
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3.5(b), the generated UWB doublet pulse has an FWHM of about 45 ps, which is again
superimposed on a broad Gaussian-like pedestal. Fig. 3.5(c) illustrates the power spectrum of
the generated UWB doublet pulse, which has a 10-dB bandwidth of about 9.5 GHz, from 1.5 to

11 GHz.

1V. Discussion

From the above experimental results, one may notice that in addition to the desired UWB
spectrum, there is a baseband spectral component with a bandwidth of less than 1 GHz, as
shown in Fig 3.4(d) and Fig 3.5(c), which is resulted from the wide temporal Gaussian-like
pedestal (baseband component). A broadband DC block can be used to eliminate the pedestal
superimposed on the desired UWB monocycle pulse. Another solution to reduce this baseband

component is to use an MLFL with a narrower pulsewidth.

In fact, in order to remove completely the unwanted Gaussian-like pedestal (base band
component), a two-arm structure incorporating a balanced photodetector (BPD) has been
reported recently [178]. As shown in Fig. 3.6, in the upper arm, the designed optical spectral
shaper is applied to tailor the input optical power spectrum. The desired pulse shape is
imprinted on the spectrum of the broadband source (spectral pedestal). In the lower arm, no
spectral shaping is performed. An optical delay line (DL) and a variable attenuator (ATT) are
used to balance the amplitude and the relative delay of the two waveforms from the two arms.
After the balanced photodetection, the unwanted temporal pedestal can be removed, leading to
the generation of a desired UWB signal that has both positive and negative parts. Note that
balanced photodetection can be employed to remove base band components in any microwave

waveform generation systems based on optical spectral shaping and frequency-to-time mapping.
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Fig. 3.6. Block diagram of the UWB signal generation system incorporating a balanced photodetector to remove
the based band pedestal. MLFL: mode-locked fiber laser; SMF: single-mode fiber; OC: optical coupler; ATT:
attenuator; DL: delay line; BPD: balanced photodetector.

V. Conclusion

In conclusion, an all-fiber approach to generating UWB monocycle and doublet pulses has been
proposed and experimentally demonstrated in this research work. The proposed technique was
based on spectral shaping of an ultrashort optical pulse in an all-fiber optical spectral shaper and
dispersion-induced frequency-to-time mapping in a dispersive fiber. By configuring the fiber-
optic spectral shaper, UWB monocycle or doublet pulse was generated. To generate other
waveforms, the spectral shaper has to be reconfigured to produce an optical spectrum
corresponding to the required temporal waveform. The frequency-to-time mapping was
implemented using a length of SMF, which provides an added advantage: the UWB pulse is not
only generated, but also distributed to a remote site through the optical fiber, which would find

potential applications in UWB over fiber systems.

3.1.1.2. Photonic generation of chirped microwave pulses based on SS-FTM using

superimposed chirped fiber Bragg gratings

This section is a revised version of the following published paper.

-47 -



Article title: Photonic generation of chirped microwave pulses using superimposed chirped fiber
Bragg gratings
Authors: Chao Wang, and Jianping Yao

Published in IEEE Photonics Technology Letters, vol. 20, no. 11, pp. 882-884, Jun. 2008.

1. Introduction

In modern microwave radar systems, pulse compression techniques using frequency-chirped or
phase-encoded pulses have been widely used to increase the time-bandwidth-product (TBWP)
of the transmitted signals. The pulsewidth is significantly compressed at the receiver end by
matched filtering leading to an improved radar range resolution and detection distance [127].
Chirped electrical pulses have also found their applications in spread-spectrum communications
[128] and in chirped-pulse microwave computed tomography [179]. Conventionally, a chirped
microwave pulse is generated in the electrical domain using electronic circuitry [180-182].
However, the major limitations associated with these electrical techniques are the low central
frequency and small TBWP. At the current stage of development of radar and communications

systems, a central frequency up to the tens or even hundreds of gigahertz is often required [127].

As a promising alternative, photonic generation of high-frequency and broadband chirped
microwave pulses has been an active topic, thanks to the broad bandwidth and high speed
offered by optics. A few techniques to generating chirped microwave pulses in the optical
domain have been proposed recently. In [183], for example, a chirped microwave pulse is

generated by beating two chromatically dispersed optical pulses obtained by passing a
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broadband ultrashort pulse through two chirped fiber Bragg gratings with different chirp rates in

an MZI geometry.

Chirped microwave pulses can also be generated based on optical spectral shaping and
dispersion-induced frequency-to-time mapping, as illustrated in Fig. 3.2. In this scenario, the
optical spectral shaper should have a spectral response with a varying (increasing or decreasing)
FSR, which is called chirped FSR in this research work. Therefore, our efforts here will focus
on the design of an FBG-based optical spectral filter with a chirped FSR for optical spectral
shaping. In this research work, we propose an optical spectral filter which consists of two

superimposed chirped fiber Bragg gratings (SI-CFBGs) having different chirp rates.

CFBG 2 Optical fiber

Fig. 3.7. Schematic diagram of the conventional superimposed chirped fiber Bragg gratings. The Fabry-Perot
cavity has a constant cavity length. The reflection response has a constant FSR.

It is known that a conventional SI-CFBG, also called chirped moiré grating (CMG) [184],
consists of two superimposed linearly chirped FBGs with identical chirp rates, as illustrated in
Fig. 3.7. The two LCFBGs have a small longitudinal offset d. The conventional SI-CFBG can
be considered as an in-fiber distributed Fabry-Perot cavity with a fixed (wavelength-

independent) cavity length, which is identical to the offset d, therefore a spectral response with a
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fixed FSR would be resulted. The simulated reflection spectral response of the SI-CFBG is also
plotted in Fig. 3.7. Such grating device has been widely applied in multiband optical filtering

[185], multi-wavelength fiber laser [186] and optical pulse repetition-rate multiplication [187].

CFBG?2 Optical fiber

Fig 3 8. The proposed superimposed chirped fiber Bragg gratings with different chirp rates The Fabry-Perot
cavity has a wavelength-dependent cavity length. The reflection response has a chirped FSR.

To obtain an optical spectral filter with a chirped FSR, however, the superimposed CFBGs
should have different chirp rates to make the Fabry-Perot cavity have a cavity length linearly
dependent on the resonance wavelength, thus a spectral response with a chirped FSR would be
obtained, as shown in Fig. 3.8. By properly selecting the chirp rates and longitudinal offset of
two chirped FBGs, linearly chirped microwave pulses with high frequency and large chirp rate
can be generated after linear frequency-to-time mapping in a dispersive element. In addition,
since no MZI-based optical interference is involved in the approach, the system is more
compact with a better resistance to the environmental perturbations when compared with the

approach in [183].

II. Principle
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Fig. 3.9. (a) Schematic diagram of the proposed microwave chirped pulse generation system. (b) SI-CFBG-based
chirped FSR optical spectral filter.

The block diagram of the proposed chirped pulse generation system is illustrated in Fig. 3.9(a).
Similar to the set up described in Section 3.1.1.1, a transform-limited ultrashort optical pulse
train from a MLFL is first spectrally shaped by an SI-CFBG-based optical filter with a chirped
FSR. The spectrally filtered pulse is then sent to a length of SMF to perform the linear
frequency-to-time mapping, which leads to the generation of a linearly chirped microwave pulse

at the output of a PD.

To obtain a spectral response with a chirped FSR, the SI-CFBG is designed and fabricated by

superimposing two LCFBGs with different chirp rates into a same fiber with a proper

-51-



longitudinal offset d, as shown in Fig. 3.9(b). Distributed Fabry—Perot interference is then
obtained in the fiber due to the reflections of the two LCFBGs. This generates an in-fiber
optical filter with an FSR inversely proportional to the cavity length. Since the two LCFBGs
have different linear chirp rates, the equivalent cavity length varies linearly with respect to the
resonance wavelength. As a result, the FSR is not constant anymore but is increasing or

decreasing with respect to the resonance wavelength.

From Fig. 3.9(b), we can easily find that the equivalent cavity length L is linearly proportional

to the wavelength A within the filter bandwidth

(2"(%
Cl Cz

L(A)= (A-2,)+d 3-1)

where C, and C, are the chirp rates of the two LCFBGs (in nm/mm), d is the longitudinal

offset between the two gratings, and 4y is the start wavelength. Then the FSR of the distributed

Fabry-Perot filter can be determined from the cavity length as

__ A
FSR=—— B (3-2)

where n is the refractive index of the fiber. After the dispersion-induced linear frequency-to-

time mapping, the FSR is mapped to the temporal period of the generated chirped microwave
pulse, namely Az, with a mapping relationship A —¢/®, according to (2-10), where &, (in

ps/nm) is the total accumulated dispersion of the SMF.

For simplicity, the instantaneous RF carrier frequency of the generated temporal microwave

pulse f,- can be approximated by the reciprocal of the temporal period Az as
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It can be seen that the instantaneous RF carrier frequency of the generated microwave pulse is

linearly proportional to time, therefore it is linearly chirped. For a given length of SMF (the

total dispersion ®, is fixed), the central carrier frequency of the generated chirped pulse at £ =0

is only dependent upon the grating longitudinal offset d. On the other hand, the chirp rate of
generated pulse is determined by the chirp rates of the two LCFBGs. Therefore, by
appropriately designing the longitudinal offset and the chirp rates of the LCFBGs, linearly

chirped microwave pulses with a high central frequency and a large chirp rate can be generated.
I11. Experiment

The setup shown in Fig. 3.9 is then experimentally evaluated. In the experiment, a transform-
limited Gaussian pulse with a FWHM of 550 fs generated from an MLFL is sent to the SI-
CFBG through a three-port optical circulator. The central wavelength of the ultrashort pulse is
1558.5 nm, and the 3-dB spectral bandwidth is 8 nm. The SI-CFBG is fabricated using a
frequency-doubled argon—ion laser operating at 244 nm. Two LCFBGs are superimposed in a
photosensitive fiber with a small longitudinal spacing, as shown in Fig. 3.9(b). The
superimposed LCFBGs with equal but opposite chirp rates (C; = —C>) would be preferred due to
the following considerations: 1) Only a single chirped phase mask is required to fabricate two
gratings; 2) Biggest FSR change and hence the largest microwave frequency chirp rate can be
obtained from the two oppositely chirped FBGs; 3) Superimposing two LCFBGs with the same
bandwidth will ensure a maximum bandwidth usage because the effective reflection bandwidth

of the SI-CFBG is roughly equal to the common reflection bandwidth of the two LCFBGs.
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Based on these considerations, two LCFBGs with opposite chirp rates of = 0.1 nm/mm and an
identical grating length of 10 mm are written with a longitudinal offset of 12 mm. The center
Bragg wavelength of the two LCFBGs is 1558.3 nm, which is selected to match the center
wavelength of the ultrashort pulse. To produce distributed Fabry—Perot resonance, each grating

has a weak reflection (=30%).
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Fig. 3.10. (a) Measured (solid line) and the simulated (dashed line) reflection spectra and (b) reflection group
delay response of the proposed SI-CFBG.

Fig. 3.10(a) shows the measured normalized reflection spectrum of the SI-CFBG. Simulation
results by using the piecewise-uniform transfer matrix approach [154] are also plotted as the
dashed line in Fig. 3.10(a) for comparison. The experimental result matches well with the
simulation results. It is shown that an SI-CFBG with a reflection spectrum having a
monotonically increasing FSR is obtained, which can be used to spectrally shape the power

spectrum of the input broadband ultrashort pulse. Note that the measured spectrum has a limited
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modulation depth, especially for shorter wavelength, compared with the simulation result. This

mainly owes to the limited resolution of the used optical spectrum analyzer.

Fig. 3.10(b) shows the measured group delay response of the SI-CFBG. A nearly constant
group delay is observed, ensuring the dispersion-free spectral filtering, which is usually required
in a pulse shaping system based on spectral-shaping and frequency-to-time mapping [25]. The
result can be understood intuitively by considering the dispersion cancellation due to two
LCFBGs with equal but opposite chirp rates. One may notice that some group delay peaks at
the reflection notch wavelengths are also observed. These group delay peaks are actually the
measurement etrors due to the very low power at the reflection spectral notches. It is important
to note that the group delay peaks due to the optical resonance have negligible impact on the
time-domain optical pulse shaping because the optical power reflected from these resonance

notches is negligible.

The incident ultrashort pulse is spectrum-shaped by the SI-CFBG, which is then mapped to a
chirped temporal waveform thanks to linear frequency-to-time mapping in a 58-km SMF (& ,=

957 ps/nm). A linearly chirped microwave pulse is experimentally generated at the output a 45
GHz photodetector and measured by a high-speed sampling oscilloscope, with the single
sampling result shown in Fig. 3.11(a). The FWHM of the pulse envelope is around 1250 ps. Fig.
3.11(a) also shows the instantaneous RF carrier frequency within the main pulsewidth, which is
calculated by Hilbert transform [188] and shown by the open-circle curve, with a linear fitting
curve plotted as the dotted line. It is shown that the instantaneous frequency changes almost
linearly across the pulse with a central frequency of 15 GHz and a chirp rate of 0.0217 GHz/ps,

which agrees very well with the theoretically predicted chirp rate of 0.0238 GHz/ps by (3-3). A
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TBWP as large as 37.5 is obtained. To generate a linearly chirped microwave pulse with a
larger TBWP and higher frequency, two superimposed LCFBGs with larger chirp rates and
longer offset should be used. Practically, the achievable RF frequency and TBWP are only

limited by the bandwidth of the high-speed PD.
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Fig. 3.11. (a) Measured pulse profile (single samping) and instantaneous carrier frequency of the generated
chirped microwave pulse. (b) Claculated autocorrelation waveform of the generated chirped microwave pulse.

In a pulsed microwave radar system, chirped pulse compression is usually implemented through
matched filtering at the receiver end. Mathematically, the matched filtering operation is

identical to an autocorrelation operation given by
A1) =y(0)*y(-1)= [ y(t+7)-y(z)dz (3-4)

where * denotes the convolution operation. Fig. 3.11(b) shows the autocorrelation trace of the
generated chirped microwave pulse, which is obtained by digitally calculating the
autocorrelation between the measured chirped pulse and the reference pulse according to (3-4).

The FWHM of the autocorrelation trace is around 20 ps. Therefore, a pulse compression ratio of

62.5 is achieved.
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1V. Conclusion

As a conclusion, a novel approach to generating a linearly chirped microwave pulse based on
spectral filtering and linear frequency-to-time mapping was proposed and experimentally
demonstrated. The key component in the proposed system is the SI-CFBG, which was
fabricated by superimposing two LCFBGs with identical but opposite chirp rates in a
photosensitive fiber with a proper longitudinal offset. The SI-CFBG has a Fabry-Perot
resonance response with a chirped FSR. By using a linear dispersive device to perform the
frequency-to-time mapping, a linearly chirped microwave pulse with a high carrier frequency
and large TBWP was generated. The proposed technique is quite simple, which can find wide

applications in modern radar, communications, and instrumentation systems.

3.1.1.3. Tunable chirped microwave pulse generation based on SS-FTM using a Sagnac

loop mirror incorporating a linearly chirped fiber Bragg grating

This section is a revised version of the following published paper.

Article title: Chirped microwave pulse generation based on optical spectral shaping and
wavelength-to-time mapping using a Sagnac-loop mirror incorporating a chirped fiber Bragg
grating

Authors: Chao Wang, and Jianping Yao

Published in IEEE/OSA Journal of Lightwave Technology, vol. 27, no. 12, pp. 3336-3341, Aug.

2009.

1. Introduction
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Photonic generation of high-frequency and broadband chirped microwave pulses based on
spectral shaping using an SI-FBG-based optical filter with a chirped FSR and frequency-to-time
mapping in a dispersive element has been investigated in Section 3.1.1.2. Since two LCFBGs
need to be written in a single optical fiber, the fabrication process is complicated. In addition,
the longitudinal offset between the tw;) LCFBGs is fixed once the two gratings are fabricated;
therefore, the central carrier frequency and the chirp profile of the generated chirped microwave

pulse cannot be tuned.

In this section, we investigate a simple approach to optically generating a chirped microwave
pulse with a tunable carrier frequency and chirp profile based on spectral shaping and frequency
-to-time mapping. The proposed optical spectral filter is an LCFBG-incorporated Sagnac-loop
mirror, which has a spectral response with a linearly increasing or decreasing FSR. A linearly
chirped microwave pulse can be generated after the linear frequency-to-time mapping in a
dispersive element. Our efforts here focus on the tuning of the carrier frequency and the chirp

profile of the generated chirped microwave pulses.

A Sagnac loop mirror incorporating a uniform FBG with a constant FSR has been studied in
details [189] employed for applications such as in a multi-wavelength fiber laser [190]. To the
best of our knowledge, however, this is the first time that an LCFBG-incorporated Sagnac loop
mirror with a varying FSR is employed to generate chirped microwave pulses. Since only one
LCFBG is needed, the proposed filter, compared with the filter presented in Section 3.1.1.2, has
the advantages of simpler configuration and lower insertion loss. In addition, by tuning the time
delay in the Sagnac loop mirror, the central frequency and the sign of chirp rate of the generated

chirped microwave pulses can be controlled.
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I1. Principle

The principle of the proposed chirped microwave pulse generation system is first presented. The
schematic diagram of the proposed system is quite similar to that illustrated in Fig. 3.2. A
transform-limited ultrashort optical pulse generated by a pulsed optical source, e.g., a MLFL, is
first spectrally shaped by an optical spectral filter. The filter is designed to have a spectral
response identical to the shape of the target microwave pulse to be generated. The spectrum-
shaped optical pulse is then sent to a dispersive element to perform the linear frequency-to-time
mapping. At the output of a high-speed photodector, a microwave pulse with the shape identical

to that of the shaped optical spectrum is obtained.

To generate a linearly chirped microwave pulse, the optical spectral filter should have a spectral
response with a linearly increasing or decreasing FSR. In this research work, we propose an all-
fiber optical spectral filter with a linearly varying FSR, which is based on a Sagnac loop mirror
with an LCFBG incorporated in the fiber loop. Fig. 3.12 shows the schematic of the proposed
optical spectral filter based on an all-fiber Sagnac loop mirror. The Sagnac loop mirror is
constructed from a fused 3-dB fiber coupler (FC) spliced to the terminals of the LCFBG, which
is located approximately at the central point of the fiber loop. A tunable delay-line (TDL) is
located in the fiber loop to finely tune the time-delay difference between two fiber lengths L;
and L. A fiber-optic polarization controller (PC) is also placed in the loop to adjust the fringe
visibility of the interference pattern at the output of the loop. A three-port optical circulator is
used to direct the ultrashort pulse into the loop mirror and to output the spectrum-shaped pulse

for frequency-to-time mapping in the dispersive element.
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Fig. 3.12. Schematic diagram showing an all-fiber optical spectral filter based on LCFBG-incorporated Sagnac
loop mirror. FC: fiber coupler; TDL: tunable delay line; LCFBG: linearly chirped fiber Bragg grating; PC:
polarization controller.

Mathematically, the FBG-incorporated Sagnac loop mirror can be modeled as a two-tap delay-
line filter. For an all-fiber optical pulse shaping system, it is more convenient to describe the
filter response as a function of optical wavelength A . Then, the transfer function of the Sagnac

loop mirror is expressed as

r(1)-1w () [Hcos(z”;eff zAL)], (12-4ls2) 5

where W (4) is the intensity reflection spectrum of the LCFBG with a bandwidth B, , and n,,

is the effective refractive index of the fiber core. AL =L, — L, is the fiber length difference,
with L, and L, measured from the center of the LCFBG to the fiber coupler along the

clockwise and counter-clockwise paths, as shown in Fig. 3.12. The fiber length difference AL

comes from two sources: the wavelength-independent path difference AL, and the wavelength-

dependent fiber length difference introduced by the chirp of the LCFBG AL(4). AL, can be
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controlled to be either a positive or a negative value by tuning the TDL in the fiber loop. AL(4)

is determined by the bandwidth and the chirp parameter of the applied LCFBG and can be

calculated using AL(4) = A/ C, where 4 (in nm) is the wavelength detuning from the center
wavelength 4, and C (in nm/cm) is the chirp parameter of the LCFBG. Then the spectral

transfer function 7(A) can be rewritten as

4ﬂ'l’leﬂ

T(A);%W(z)x{ucos[ 2 /1(|AL0|1L%H} (3-6)

where the positive sign and negative sign correspond to the positive and negative value of AL, .

Since a linearly chirped FBG is located in the fiber loop, the optical signals with different
wavelengths will be reflected from different positions in the LCFBG. The path different
between the clockwise and counter-clockwise direction is wavelength-dependent. As a result, an
optical spectral filter with a wavelength-dependent FSR is obtained. In other words, an
interference fringe pattern is generated within the bandwidth of the LCFBG, with a varying FSR
due to the chirp of the LCFBG. In our analysis, the FSR of the optical spectral filter response,
defined as the wavelength separation between two adjacent fringes, is a function of the

wavelength and can be expressed as [190]

2 2
FSR =~ A N ;3, : (3-7)
ey |AL 2y |2+ AL

According to (3-7), by properly choosing the parameters of the LCFBG and by controlling the
TDL in the fiber loop, the FSR of the Sagnac loop-mirror-based optical spectral filter can be

controlled. For simplicity, we assume that the input ultrashort optical pulse is a Dirac delta
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function &8(¢) . Therefore, the intensity spectrum of the shaped optical pulse at the output of the

Sagnac loop mirror is identical to the intensity transfer function of the optical spectral filter in

(3-6).

After the spectrum-shaped optical pulse propagates through the dispersive element and is
detected by the high-speed PD, the shaped spectrum is mapped into a temporal microwave

pulse as T'(1) — y(t), thanks to the dispersion-induced frequency-to-time mapping. According

to the mapping relationship of 1 =¢/®, the converted time-domain waveform is given by

ocl ot 4zn,, ot )
y(t) 2W(('I')A]{1+COS[AOZC'I')A t(lAL0|iC(.I.)ﬂ )jl} (3-8)

where @, (in ps/nm) is the second-order dispersion or group velocity dispersion (GVD), & is

the time detuning from the center of the temporal waveform, which is given by the mapping

relationship 84 —> & /® , . The time-domain pulse duration of the generated microwave pulse is

determined by the window function W(t/ ®,), and is calculated by AT = B,® . Considering

that the pulse width of the real input ultrashort optical pulse is not zero, the detected pulse

envelope should be modified by an envelope r()

1 4rn o
y(t) o« Ex r(t)x W[—q%]{l + cos|:/1027tc.l.)i1 t(IAL0|iE&—§:]:|} (3-9)

where r(¢) is the pulse envelope after the input pulse passing through the dispersive element.

Assuming that the input ultrashort optical pulse has a Gaussian envelope given by

g(t) oc exp(—t’ / toz) , where ¢, is the half pulsewidth at 1/e maximum. Then, the envelope of
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output pulse from a dispersive element will maintain the Gaussian shape but with a broadened

pulsewidth of |d5v

/to [191], where ®, (in psz) is another definition of the second-order

dispersion (@, =(12/c)<'1') ;). Actually, the envelope is a scaled version of the spectrum

envelope of the input pulse, which is mapped to the time domain, thanks to the dispersion-

induced frequency-to-time mapping in the LCFBG [26].

The instantaneous microwave carrier frequency of the generated waveform can be obtained

from the phase term of (3-9), which is expressed as

d¥ _ 2neﬁ,?LO . 2n,, :'&
a0, Cio;]

e (5t)=ﬁx (3-10)

It can be seen from (3-10) that the generated microwave pulse is linearly chirped. For a given

dispersive element, the central RF carrier frequency of the generated chirped microwave pulse,
defined by fRF(é't)| a0 = 2Hg AL, /(A,'®,) , is only determined by the absolute value of
wavelength-independent fiber length difference AL, . In other words, a chirped microwave

pulse with a symmetrical, linearly increasing, or decreasing frequency chirp can be generated by

simply tuning the fiber length difference AL,. The chirp rate of the generated microwave pulse

is defined by
df,. (5t 2
o L), 2y (3-11)
dst CA2D,

Thus the chirp rate R, is only dependant upon the chirp parameter of the LCFBG. The

positive sign and negative sign of the chirp rate correspond to the positive and negative value of
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AL, , respectively. Therefore, by appropriately controlling the TDL and choosing the chirp

parameter of the LCFBG, a linearly chirped microwave pulse with a high central frequency and

a tunable chirp profile can be generated.

It is known that the pulse compression ratio is determined by the TBWP of the transmitted
microwave pulse [127]. A large TBWP can be obtained due to the frequency chirping in the
generated microwave pulse. In our proposed system, the TBWP of the generated chirped

microwave pulse is estimated by

2 _ g My 2
TBWP = R, AT =4I—2—C-l (3-12)
0
where [ is the length of the LCFBG. It is shown that the TBWP is independent of the dispersion
in the system but is solely determined by the parameters of the LCFBG. For an LCFBG with a

given chirp parameter, for example, a longer grating leads to a larger TBWP.

1. Results and Discussions

Numerical simulations and a proof-of-concept experiment are carried out to verify the proposed
approach. In the simulations, a transform-limited ultrashort Gaussian pulse with a FWHM of
550 fs and with a central wavelength of 1558 nm is used as the input optical pulse. The LCFBG
has a length of 1 cm with a chirp rate of 2.0 nm/cm. A proper Gaussian apodization is applied to
the LCFBG in the simulations. The optical spectral response of the LCFBG-incorporated

Sagnac loop mirror is calculated according to (3-6).

-64 -



I &
{
o 08} o 0.8 I[
E ' [ { B ! '
3 b \ \ = P
£ 06 ] £ 06 [H
& “’ ‘
7 NI g I
@ ! ‘ '\ o H 1
£ i LA £ {'f‘ |t
S AR AT S i 1l l
Z 0.2 LIRLAT. Z o2 q“] ,%
n’*y‘J | 1“11 HU ( EJ" !i
- M}"J":A’ﬁi“.{‘ngb .! Ly \ ‘LJ HJVNVM 0 “qu'_‘JLL[J’ y U L | &!ﬂ&m
1552 1554 1556 1558 1560 1562 1564 1 05 0 0.5 1
Wavelength A (nm) Time (ns)
(a) (b)
1 1
o 0.8 o 08t
s 5
o6l Eoel i
3] © i {i ik E
3 3 i i
Noaf 5 04 Jli,i”f '
E E l“”’; ; ‘; )
202 Z 02 ﬂ H”y' |
il SR
0 ceree 5008050 Xllﬂﬂ ' PR 0 i L J . 5
1552 1554 1556 1558 1560 1562 1564 A1 05 0 0.5 1
Wavelength & (nm) Time (ns)
© (d)
1 . . f ‘ ‘ 1 . [ -
hi 1% ;
S
E o6l ( },1 ] gos !fl
i AAia g IR
N4l K’il l ! J HNoa k ] ‘ 1
£ T | o
S i ]. \lw 5 Mt
Z02 , ‘) ! ¥ Zo02 Al W
/\j;] ) HE!{IK nf\’lj!] “1
“\Jl \,’ t “l }\ i Uh ‘ \ \\,\,‘,‘M / \‘J, l‘,‘ J | ‘IU Y ; ULM}
01552 1554 1556 1558 1560 1562 1564 Y 05 0 05 1
Wavelength A (nm) Time (ns)
(e) ®

Fig. 3.13. Simulation results. The intensity spectra of the shaped optical pulse with (a) a symmetrical FSR
(AL,=0), (¢) an increasing FSR (AL,=9.7 mm), and (e) a decreasing FSR (AL, =6.9 mm). The generated time-

domain waveforms with (b) a symmetrical chirp rate and a zero central frequency, (d) a negative chirp rate and a
central frequency of 22.3 GHz, and (f) a positive chirp rate and a central frequency of 16.1 GHz.
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Different values of AL, are chosen by tuning the TDL in the fiber loop, leading to the optical

spectral response with a symmetrical, monotonically increasing, or monotonically decreasing

FSR, as shown in Fig. 3.13(a), (c), and (e). After the linear frequency-to-time mapping in a

30.8-km SMF (@ , = 538 ps/nm), time-domain waveforms with different central frequencies are

generated, as shown in Fig. 3.13(b), (d), and (f). The chirp rates of generated microwave
waveforms are = 0.023 GHz/ps, which matches well with the theoretical prediction by (3-11).
Note that the calculated time-domain waveforms have a poorer modulation depth compared
with the shaped optical spectra, especially for the cases of smaller FSR as shown in Fig. 3.13(c)
and (d). This is mainly caused by the dispersion mismatch for the specific FSR in the

frequency-to-time mapping process [132].

An experimental demonstration based on the setup shown in Fig. 3.14 is then implemented to
verify the proposed approach for chirped microwave pulse generation. In the experiment, we
still use the passive MLFL to generate a transform-limited ultrashort Gaussian pulse with a
FWHM of 550 fs. The central wavelength of the pulse is 1558.3 nm, and the 3-dB spectral
bandwidth is 8 nm, as shown in Fig. 3.15(a). The input pulse is sent to the LCFBG-incorporated
Sagnac loop mirror. The LCFBG is fabricated using our frequency-doubled argon-ion laser
operating at 244 nm. The LCFBG has a length of 1 cm with a chirp rate of 2.0 nm/cm. To
ensure that the light waves are fully reflected by the LCFBG in the fiber loop, the fabricated
LCFBG has a strong reflection as high as 98%. The center Bragg wavelength of the LCFBG is
1558.1 nm, which is selected to match the center wavelength of the ultrashort optical pulse. The

reflection spectrum of the fabricated LCFBG is also shown in Fig. 3.15(b).
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Fig. 3.14. Experiment setup for the generation of chirped microwave pulses based on spectral shaping and
frequency-to-time mapping. (MLFL: mode-locked fiber laser; SMF: single-mode fiber, EDFA: erbium-doped
fiber amplifier, OSA: optical spectrum analyzer, PD: photodetector, OSC: oscilloscope).
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Fig. 3.15. The optical spectra of (a) input ultrashort pulse, and (b) the fabricated LCFBG (reflection).

The experimental results are measured both in the frequency domain using an optical spectrum
analyzer (OSA) with a wavelength resolution of 0.01 nm and in the time domain using a
sampling oscilloscope with a bandwidth of 63 GHz. In the experiment, we first choose the fiber

loop to have a positive length difference of AL,= 9.2 mm by controlling the TDL. Fig. 3.16 (a)

shows the measured reflection spectral response of the LCFBG-incorporated Sagnac loop
mirror. It is shown that an optical spectral filter with a decreasing FSR is obtained, which is

then used to spectrally shape the power spectrum of the input ultrashort optical pulse. It is worth
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noting that the measured reflection spectra have a reduced modulation depth. This is mainly

caused by the limited resolution of the optical spectrum analyzer.

1 L
3 g o8
= 0.8t =
[=% Q.
£ € 06
< <
B 0.6} 3
2 g il
5 0.4t 5 \M ]
pd y 4 i MM
Iy s e WWM
0 Y /I ) ) A ) ) ) .
%56 1657 1658 1559 1660 —2%00 -1000 0 1000 2000
Wavelength (nm) Time (ps)
(@ (b)
74 1 T
I i
S o i
= 30/ $ o} }
5 2 |
= € 0.6} "
o 20t < ’
£ 3 |
@ N 0.4}
8 g I [ fn
c F o i ’
1'5-10 * 2 0.2} P Aol A ;I‘ N A
c z fi IS L | N S A I Ny
k) \I,l\f‘ 1’\!'\/\\' \il,l ) i, AT PNY
% , | | O T LY R
- -2%00 -1000 0 1000 2000 -200 -200 0 200 400
Time (ps) Time (ps)
() (d)

Fig. 3.16. Experimental results. (a) Spectral response of the Sagnac loop mirror with a decreasing FSR. (b)
Generated waveform with a positive chirp rate (single sampling measurement). The dotted line shows the ideal
Gaussian envelope. (c) Instantaneous RF frequency (solid line: linear fitting, circle: obtained from experimental

result). (d) Compressed pulse by autocorrelation.

The spectrum of the shaped optical pulse is then mapped to a chirped temporal waveform,
thanks to the linear frequency-to-time mapping in a 30.8-km SMF (&, = 538 ps/nm). A

positively chirped microwave pulse is experimentally generated, as shown in Fig. 3.16(b)
(single sampling measurement). The dotted line shows the ideal Gaussian pulse envelope. The

FWHM of the generated pulse envelope is around 1150 ps. The circles in Fig. 3.16(c) show the
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instantaneous microwave carrier frequencies within the main pulsewidth, calculated from the
experimental result by Hilbert transform [188]. It is shown that a linearly increasing carrier
frequency is obtained with a central frequency of 20.2 GHz and a positive chirp rate of 0.02
GHz/ps, which agree well with the theoretical predictions by (3-10). A linear fitting curve is
also shown in Fig. 3.16(c) to illustrate the linear frequency chirping. According to the time-
domain waveform and its carrier frequency distribution, the TBWP of the generated chirped
microwave pulse is estimated to be around 44.8, which agrees well with the theoretically
predicted TBWP of 49.4 by (3-12). Fig. 3.16(d) shows the compressed pulse with an FWHM of
21 ps, which is obtained by calculating the autocorrelation of the generated microwave pulse
according to (3-4). By comparing the FWHMSs of the waveforms in Figs. 3.16(b) and (d), a

pulse compression ratio as large as 54.7 is obtained.

Then the tuning of the chirp profile is investigated. In the experiment, the Sagnac-loop mirror
with a reflection spectrum having an increasing FSR is also achieved when we choose the fiber

loop to have a negative length difference of AL,=-11.3 mm by tuning the TDL in the loop. A

linearly chirped microwave pulse with a higher central frequency of 24.5 GHz and a negative
chirp rate of -0.022 GHz/ps is then experimentally generated after the frequency-to-time
mapping in the 30.8-km SMF. The experimental results are shown in Fig. 3.17. The TBWP of
the generated chirped microwave pulse is estimated to be around 41, which is close to the value
of the first generated chirped pulse. In fact, the TBWP is only determined by the parameters of

the LCFBG according to (3-12).
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Fig. 3.17. Experimental results. (a) Spectral response of the Sagnac loop mirror with an increasing FSR. (b)
Generated waveform with a positive chirp rate (dotted line: ideal Gaussian envelope). (c) Instantaneous RF
frequency (solid line: linear fitting, circle: obtained from experimental result). (d) Compressed pulse by
autocorrelation. Inset shows the autocorrelation of a chirped pulse with the same chirp rate but an ideal Gaussian
envelope.

Fig. 3.17(d) shows the autocorrelation result. A compression ratio of 56.5 is achieved.
Compared with the autocorrelation result for a chirped microwave with the same chirp profile
but an ideal Gaussian envelope, as shown in the inset of Fig. 3.17(d), although the width of the
autocorrelation waveform is maintained unchanged, higher level sidelobes are observed in the
experiment, which are resulted from the non-Gaussian-like envelope of the generated waveform.
One possible solution to eliminate the autocorrelation sidelobes is to use an LCFBG with a

Gaussian-shape reflection spectrum, to ensure the spectrum of the shaped optical pulse to also
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have a Gaussian envelope, leading to the generation of a temporal waveform with a Gaussian

envelope after the linear frequency-to-time mapping.

IV. Conclusion

We have proposed and experimentally demonstrated a new approach to optically generating
linearly chirped microwave pulses based on optical spectral shaping and linear frequency-to-
time mapping. The key component in the proposed system is the LCFBG-incorporated Sagnac-
loop mirror, which has a spectral response with an increasing or decreasing FSR and is
employed to act as the optical spectral filter to shape the spectrum of the input ultrashort optical
pulse. By using a linear dispersive element, such as a length of SMF in our experimental
demonstration, to perform the linear frequency-to-time mapping, a linearly chirped microwave
pulse with a high central frequency and tunable chirp profile was generated. The central carrier
frequency and the chirp rate of the generated chirped microwave pulse can be controlled by
simply tuning the time delay in the Sagnac loop mirror. The proposed approach has the
advantage of simpler design, which can find applications in high-speed communications and

modern radar systems.

3.1.2. FBG as a frequency-to-time mapper

This section is a revised version of the following published paper.

Article title: Photonic generation of chirped millimeter-wave pulses based on nonlinear
frequency-to-time mapping in a nonlinearly chirped fiber Bragg grating

Authors: Chao Wang, and Jianping Yao
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Published in IEEE Transactions on Microwave Theory and Techniques, vol. 56, no. 2, pp. 542-

553, Feb. 2008.

In Section 3.1.1, FBGs have been employed as the optical spectral shapers to implement
photonic microwave arbitrary waveform generation based on SS-FTM. It is also well known
that a chirp FBG exhibits large dispersion when used in reflection mode [192]. The use of
LCFBGs for dispersion compensation has been intensively investigated over the past decades
[193-198]. In fact, in the SS-FTM-based photonic microwave arbitrary waveform generation
system as shown in Fig. 3.2, an LCFBG can also act as a dispersive medium to perform the
dispersion-induced frequency-to-time mapping. In this section, the use of an LCFBG as a

frequency-to-time mapper is investigated.

To perform linear frequency-to-time mapping, a dispersive element with only the second-order
dispersion or GVD should be employed. On the other hand, a dispersive element with both the
second- and higher-order dispersion could be employed to implement nonlinear frequency-to-
time mapping. An important feature of using a high-order dispersive element in an SS-FTM
system is that a chirped microwave pulse can also be generated using a simple optical filter
having a uniform sinusoidal spectral response (with a fixed FSR) due to the high-order
dispersion induced nonlinear frequency-to-time mapping. In this research work, the nonlinear
frequency-to-time mapping is achieved using a specially designed nonlinearly chirped fiber
Bragg grating (NL-CFBG). Photonic generation of a chirped microwave pulse based on

nonlinear frequency-to-time mapping in a NL-CFBG is investigated.

L. Introduction
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In most of the previous studies, the dispersive device used to perform the frequency-to-time
mapping was a length of SMF [122] or an LCFBG [25]. Since the high-order dispersion of the
dispersive device is negligible within the operation bandwidth, only second-order dispersion (or
GVD) induced linear frequency-to-time mapping could be realized. The generated microwave
waveform has a shape that is identical to the shaped optical spectrum. In other words, only
chirp-free microwave pulses can be generated using a dispersive device with only the second-
order dispersion if the optical spectral filter has a uniform sinusoidal spectral response [199].
Therefore, to generate a chirped microwave pulse, one may use either a uniform sinusoidal
spectral filter with a dispersive device having both the second- and high-order dispersion, or an
optical spectral filter having a chirped spectral response (varying FSR) with a dispersive device

having only the second-order dispersion, as have been presented in Section 3.1.1.2 and 3.1.1.3.

In this research work, we assume that the optical spectral filter has a uniform sinusoidal spectral
response with a fixed FSR, which is much easier to implement than the optical filter with a
chirped spectral response. Therefore, our efforts will be directed to investigate the use of a NL-
CFBG with tunable high-order dispersion for the generation of chirped microwave pulses based
on nonlinear frequency-to-time mapping. Although high-order dispersion can be obtained by a
very long SMF, its limitations are obvious: the third-order dispersion of a SMF is very small; to
obtain large enough third-order dispersion, a very long fiber is required, which makes the
system bulky with high loss. In addition, in a very long optical fiber, the effect of polarization
mode dispersion cannot be ignored, which would affect the system performance. On the other
hand, the use of a NL-CFBG instead of a long SMF makes the system more compact, and more
importantly, enables a flexible dispersion management. The NL-CFBG used in the proposed

system is produced from a regular LCFBG using a simple and low-cost technique based on
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strain-gradient beam tuning technique. To the best of our knowledge, it is the first time that the

technique is used to convert an LCFBG to a NL-CFBG.

In our proposed system, a uniform optical sinusoidal spectrum is obtained by spectrally filtering
a broadband transform-limited ultrashort optical pulse using a two-tap Sagnac loop filter [200].
The generation of a chirped microwave pulse is then realized by nonlinear frequency-to-time
mapping in a NL-CFBG. The central frequency of the generated chirped pulse is dependent
upon the second-order dispersion of the NL-CFBG for a Sagnac loop filter with a given FSR,
whereas the chirp rate of the generated pulse is determined by both the second- and high-order
dispersion. Since the dispersion of the NL-CFBG can be easily controlled, our approach
provides the flexibility to tailor the frequency profile of the generated chirped microwave pulses,
such as the central carrier frequency and chirp rate. In addition, since no MZI-based optical
interference is involved in the approach, the system is more compact with a better resistance to

environmental changes.

I1. System Configuration and Theoretical Analysis

Chirped microwave pulses can be generated based on spectral shaping and frequency-to-time
mapping using either a chirped spectral filter with linear frequency-to-time mapping or a
uniform spectral filter with nonlinear frequency-to-time mapping. The technique presented here
is based on nonlinear frequency-to-time mapping. In the proposed approach, the power
spectrum of a broadband ultrashort pulse is shaped by an all-fiber two-tap Sagnac loop filter
that has a sinusoidal spectral response. The nonlinear frequency-to-time mapping is then

implemented using a dispersive device with both tunable second- and third-order dispersion. As
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a result, a high-frequency chirped microwave pulse can be generated with a tunable central

frequency and chirp rate.

Fig. 3.18. Schematic diagram of the proposed chirped microwave pulse generation system. PLS: pulsed laser
source; SLF: Sagnac loop filter; HDD: high-order dispersive device; PD: photodetector.

The operation principle of the proposed techniques is illustrated in Fig. 3.18. The system
consists of an ultrashort pulsed laser source (usually a MLFL), a two-tap Sagnac loop filter, a
high-order dispersive device, and a high-speed photodetector. In our analysis, both the second-
and third-order dispersion are considered. Theoretically, we can assume that the ultrashort
optical pulse from the pulsed laser source is a transform-limited Gaussian pulse with an

amplitude 4,, a optical carrier angular frequency @,, and a half pulsewidth ¢, at the 1/e

maximum. The envelop of the optical pulse can be expressed as

x(t) = 4, exp(—:—zj (3-13)

0

In the system, the Sagnac loop filter with a single length of polarization maintaining fiber can

be modeled as a two-tap delay-line filter with an impulse response given by
1
s(t)=5[5(t)+5(t—ro):| (3-14)

where &(¢) is a Dirac delta function, 7, is the time delay difference between the two taps. The

Sagnac loop filter can be considered as a LTI filter, after propagating through the filter, the
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envelop of the spectrum-shaped optical pulse, y(¢), is given by calculating the following

convolution

0 0

y(t)=x(t)*s(t)=-;—A0 {exp(—;—]+exp[—&;——:ij|} (3-15)

where * denotes convolution operation.

The spectrum-shaped optical pulse is then sent to a dispersive device, which can also be

modeled as an LTI system with a transfer function H(®) =| H(®) | exp[—j®(w)]. As we have
discussed in Chapter 2, the phase response of the transfer function, namely, ®(@), can be
expanded in the vicinity of the central frequency @,. Assume that the third-order and higher

order dispersion are negligible within the pulse spectral bandwidth, the transfer function can

then be approximated as
H(o)= ;H(w)|exp[- j(%(f)(a)—a)o y +%iﬁ(a)—a)0)3)] (3-16)

where & = d’®(w)/dw’ |,_,, (in ps’) and & = *®(w)/dw’ |,.,, (in ps’) are defined as the

second- and third-order dispersion at the central frequency, respectively. Since we mainly focus
on the pulse shape change due to the dispersion effect, the so-called retarded frame is used and
the average group delay @ is ignored [191]. It is important to note that the approximation in (3-

16) is good when the higher-order dispersion within the pulse spectral bandwidth satisfies

4
| @' /24)<< 7 (-17)
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4
where @ = d'®(w)/ dw* oo, 18 defined as the fourth-order dispersion in this work. Note that
in the following analysis, @ is used to replace @ —@,, as discussed in Section 2.2.1. Here w is

the relative angular frequency with respect to the central frequency of the optical carrier @, .

Let »(¢) be the complex envelope of the output optical pulse from the dispersive device. The

Fourier transform of r(¢) is then written as

R(0) =T (0)H (o)

_—_%AOIH(CO)I‘/ZTO exp[—%"fza)zj (3-18)

x[1+exp(~ ]a)z'o)]epr: (;(I)a) +;(I)a) H

where ¥ (w) is the Fourier transform of y(f). Then the related temporal pulse envelope r(¢)

can be obtained by taking the inverse Fourier transform,

r(t)=F" [ﬁ(a))] =n()+n(t) (3-19)

where

n(f)= AO’ a’)lfo Sl it L ( % _éd)a)z —éCI)af + jcot]da) (3-20a)
H(o 2 »

()= 4 | s TO Loexp[ T4 w’ —%q)a)z —é(l)af +ja)(t—z'0)}la) (3-20b)

An analytic solution of the above integrals can be obtained in terms of Airy function [191]. It is

known that although the incident pulse y(#) is un-chirped, the output optical pulse from the
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dispersive element, r(¢), becomes chirped (with phase modulation). Then #(¢) and r,(¢) can

be rewritten as
n(0) =l @)exp[jg (r)]  (i=1,2) (3-21)

where ¢ (¢) is the time-dependent phase term of 7,(f). Accordingly, the instantaneous optical

carrier frequency of the chirped optical pulses is time-dependent as well, which is given by

d
f,(t)=%@—t(t) (i=1,2) (3-22)

The two chirped optical pulses 7 (¢) and r,(t) are then sent to a high speed PD, where the

interference between these two pulses occurs. The electrical current at the output of the

photodetector /() is proportional to the intensity of the input electrical field, which is

expressed as

1@ | () = O +]r () + 2| ()] ()] cos[ 4, (£) 4, ()] (3-23)

It can be seen from (3-23) that the first and second terms on the right-hand side are the low-
frequency components, whereas the third term is the high-frequency component with an

instantaneous RF frequency given by
fer ()= 5= 2[4 (0)-4.()]= ()~ () (3-24)
ke 2z dt- : : ?

Therefore, the beating between the two chirped optical pulses 7 (f) and r,(¢) leads to the

generation of a chirped microwave pulse with an instantaneous RF carrier frequency determined
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by the instantaneous optical carrier frequency difference of the two optical pulses. According to
the above analysis, both the pulse envelope and instantaneous RF carrier frequency of the

generated chirped microwave pulse can be computed by using equations (3-20)—~(3-24).

In order to investigate the direct relationship between the grating dispersion and the frequency
profile of the generated chirped microwave pulse, an approximate model focusing on the
instantaneous RF carrier frequency of the generated microwave pulse is developed based on

frequency-to-time mapping.
It is known that the transfer function of a two-tap Sagnac loop filter is given by

S(w)=F[s(t)]=1+cos(wr,) (3-25)

where F(e) denotes the Fourier transform operation. Then the optical power spectrum of the

spectrum-shaped pulse at the output of the filter can be expressed as

2
Y(0)=X(0)S(»)= exp[—%wz)[l +cos(wr,) ] (3-26)

After the spectrum-shaped optical pulse propagates through the dispersive device, where the
second- and third-order dispersion are both considered, the spectrum Y (») is mapped into a
temporal waveform r(¢). Thanks to the high-order dispersion, the frequency-to-time conversion

is no longer linear. The nonlinear mapping relationship from the frequency domain to time

domain is derived from the group delay response of the dispersive element and is given by [201]

—d 4D 428

o) =25 (3-27)
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where the * sign is due to the positive or negative dispersion. Note that (3-27) only gives the
nonlinear mapping relationship with the dispersion terms up to the third-order. A general
nonlinear frequency-to-time mapping relationship when considering all higher-order dispersion

terms has been investigated [202].

Then the mapped temporal waveform is obtained from (3-26) and (3-27),

PO @)y

D

I . 3-28
1 102[—d)i\/sz+2d)tj [ [\/CDZ+2CI)t & H (3-28)
=—exp|—— x|1+cos TT +

2 4 ®

From (3-28), we can find that the instantaneous RF angular frequency of the generated electrical

pulse is obtained by

= =—20 3-29
dt D (3-29)

d[Jd*+20r & 7,
W (t) =—| ———1,t =7, _
o ¢ JB? 4281

It can be obviously seen from (3-29) that the generated microwave pulse is nonlinearly chirped.
If the dispersion coefficients satisfy that | (2®)/®* |<<1, (3-29) can be well approximated
according to the binomial theorem

r, o,
i (1) gg—ld.)[;t

n

(3-30)

The central frequency of the generated chirped pulse can now be calculated by letting £ =0 in

(3-30), which is @, =@, (0)=7,/|®|. As can be seen the central frequency is only

dependent upon the second-order dispersion @ . On the other hand, the instantaneous frequency
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chirp rate, which is given by Ry, = dw,, (t)/dt =-®z,/ ’ﬁb ’ , is determined by both the second-

and the high-order dispersion.
1. Numerical Simulation

To evaluate the approximate model given in (3-29), numerical simulations are performed based
on equations (3-20)—(3-24). In the simulations, the input optical pulsewidth is 550 fs and the
FSR of the Sagnac loop filter is chosen to be 0.8 nm, which corresponds to a time-delay

difference of 7, = 63.6 ps. In the first example, only the second-order dispersion of & =320 ps*

is considered. After propagating through the dispersive device, the two optical pulses are
linearly chirped with the same chirp rate, as shown in Fig. 3.19(a). As a result, the beating of the
two delayed and equally chirped optical pulses leads to the generation of an microwave pulse

with a constant RF carrier frequency of 31.6 GHz, as shown in Fig. 3.19(b), which matches well

with the prediction given by (3-29) for the case of & =0.
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Fig. 3.19. Simulation results for a chirped microwave pulse generation system using a dispersive device with the
second-order dispersion only. (a) Envelope and optical instantaneous carrier frequency of the two chirped optical
pulses {solid line: »(¢), dotted line: r»(¢)}; (b) Amplitude and RF carrier frequency of the generated microwave
pulse.
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generated chirped microwave pulse.

In the second example, both the second- and third-order dispersion are considered. We choose
the third-order dispersion @ to be 35 ps®, while keeping the second-order dispersion @ to be
320 ps’. The simulation results are shown in Fig. 3.20. Due to the third-order dispersion, the
two incident optical pulses are nonlinearly chirped after propagating through the dispersive
device, as shown in Fig. 3.20(a). Therefore, the beating between the two delayed and
nonlinearly chirped optical pulses leads to the generation of a chirped microwave pulse with the
RF carrier frequency given by (3-24). Simulation results about the generated electrical pulse are
shown in Fig. 3.20(b). In this case, the central frequency is around 31.7 GHz and the
instantaneous RF frequency varies from 25.4 to 46.5 GHz within the main pulsewidth, which is
in good agreement with the prediction given by (3-29) as well. The envelope of the generated
electrical pulse has a shape close to a Gaussian pulse, but with a slight asymmetry. Simulations
show that with a larger third-order dispersion, the pulse envelope becomes more asymmetrical.
A detailed analysis on the pulse-shape asymmetry due to higher order dispersion can be found

in [203] and [204].
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Fig. 3.21. Instantaneous RF carrier frequency of the generated chirped pulses under different second- and third-
order dispersion.

Fig. 3.21 shows the simulation results of the instantaneous RF carrier frequency of the
generated chirped microwave pulses under different second- and third-order dispersion. As can
be seen from Fig. 3.21, by selecting a dispersive device with suitable second- and third-order
dispersion, the chirped microwave pulse with the required central frequency and chirp rate can
be generated. It is worth noting that a linear frequency chirping is not always necessary in a
pulse compression system. In fact, the frequency modulation can be of almost any form,
provided that the matched filter in the receiver is properly designed to match the transmitted

chirped pulse.

IV.NL-CFBG

In the proposed system, a dispersive device with tunable high-order dispersion provides the
possibility of tailoring the frequency characteristics of the generated chirped microwave pulses.
Such tunable high-order dispersion is realized by using a properly designed NL-CFBG, in

which the group-delay response varies nonlinearly with respect to the optical wavelength. NL-
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CFBGs have been widely used to compensate for high-order chromatic dispersion and
polarization mode dispersion in high speed optical communications systems [205-207]. NL-
CFBGs were usually fabricated using a nonlinearly chirped phase mask [205-206] or a linearly
chirped phase mask with a properly controlled exposure time during the fabrication to introduce
a nonlinear chirp [205]. These fabrication techniques are either expensive or complicated. It is,
therefore, highly desirable to develop a simple and low-cost technique for the NL-CFBG

fabrication.
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Fig. 3.22. Schematic diagram showing the NL-CFBG generation using strain-gradient beam tuning technique. (a)
Right-angled triangle cantilever beam. (b) Bending of the grating with the beam. LCFBG: linearly chirped fiber
Bragg grating.

In research work, we propose a simple and efficient method to introduce large nonlinear chirp
to a regular LCFBG based on strain-gradient beam tuning technique. Fig. 3.22 shows the

schematic diagram of the NL-CFBG fabrication technique. As can be seen from Fig. 3.22(a), an
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LCFBG is glued in an inclined direction onto the lateral side of a right-angled triangular
cantilever beam. When a mechanical force is applied to the free end of the beam, as shown in
Fig. 3.22(b), a linear strain gradient is generated, which leads to the generation of a NL-CFBG.
In Fig. 3.22(b), the x-axis is on the neutral layer of the cantilever beam, L is the beam length, A
is the thickness of the beam, & is the angle between the grating axis and the beam neutral
surface, and Y is the applied displacement at the free end of the beam. The center of the grating
is consistent with the neutral layer on the side cross section. This ideal situation will be always

considered in the following analysis.

When the beam is bent by deflecting the free end while keeping the other end fixed, the

introduced axial strain gradient along the grating can be expressed as [208]

Ysin (20)
7

Eas (1) = —;—K‘l sin(26) = (3-31)

where « is the beam curvature, / is the grating length between the given point and the center
point of grating. Assume that & is approximately constant, which is true if the beam
displacement is small relative to the length of beam. It can be seen from (3-31) that, the linear
strain is produced along the grating when deflecting the beam. Suppose that the deflection is
upward (Y > 0), then the strain on the neutral layer of the beam is zero; half of the grating (the
section of 0 < x < L/2) is under varying tension strain, whereas the other half (the section of
—~L/2<x<0) suffers a varying compression strain. The symmetrical strain distribution
ensures that the central wavelength of the grating may keep closely fixed during the beam

tuning process.
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When an LCFBG is mounted on the side surface of the beam, the developed linear strain
gradient is transferred to physically change the grating pitch according to the strain-optic effect.

The grating pitch variance AA is expressed as

Ysm( )(A +RI)I (3-32)

A1) =(1-P. ), (D A() = (1-p.)—F—

where p, is the effective photo-elastic constant (~0.22) of the fiber material, A is the central

grating pitch, and R, is the chirp rate of the grating pitch.

According to the well-known Bragg condition [69], the Bragg wavelength distribution A,(/) as

a function of distance along the fiber axis under linear strain gradient is expressed as [209]

As (1) =2, +Kl+ Kl

Y sin (29)
—

K =R +1, (1-p.) (3-33)

Ysin(26
K, =R4_‘#(1_Pe)

where As, is the center Bragg wavelength of the LCFBG and R, (in nm/mm) is the

wavelength chirp rate of the original grating. It is shown that the Bragg wavelength distribution
is a quadratic function of the distance /, instead of a linear function as in an LCFBG.
Consequently, a NL-CFBG with a nonlinear group delay is fabricated directly from a regular

LCFBG by applying a linear strain gradient.

Fig. 3.23 shows the calculated group delays of the NL-CFBG with different displacements

according to the method presented in this research work. In our simulation, the length of the

cantilever beam is chosen to be 150 mm, and the grating angle is @ =15°. An initial LCFBG
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with a grating length of 50 mm, a center Bragg wavelength of 4, =1556 nm, and a linear chirp
rate of R, =0.24 nm/mm is considered. Without loss of generality, we assume that the grating

reflects a longer wavelength at the input end and a shorter wavelength at the back end, therefore,
the grating has negative second-order dispersion. In fact, for an initially unchirped optical

incident pulse, dispersion-induced broadening and phase modulation of the pulse does not

depend on the sign of the second-order dispersion coefficient ® [191].
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Fig. 3.23. Simulation results: group delay characteristics of the generated NL-CFBG at different beam
displacements.

It is obviously shown in Fig. 3.23 that the nonlinear chirp characteristics of the NL-CFBG can
be easily controlled by adjusting one parameter only, namely, the beam deflection Y . For

example, for the case of displacement Y =2 mm, the equivalent second- and third-order

dispersion coefficients of the generated NL-CFBG at 1556 nm are ® =265.4 ps” and & =24.7
ps’, respectively. If the displacement is increased to 5 mm, the second- and third-order

dispersion coefficients will become & =209.4 ps2 and ® =29.6 ps3 at 1556 nm.
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There is a trade-off between the nonlinearity and second-order dispersion: larger group delay
nonlinearity and a broader spectral bandwidth can be realized when a larger displacement is
applied, but a decreased second-order dispersion level would be resulted. By properly choosing
the displacement Y, the NL-CFBG can provide a sufficiently large second-order dispersion, a
suitable nonlinear group delay and bandwidth for the application in generating chirped

microwave pulses, as described in this research work.

V. Experiment

NL-CFBG
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Fig. 3.24. Experimental setup of the proposed chirped microwave pulse generation system based on nonlinear
frequency-to-time mapping. (a) System configuration; (b) the two-tap SLF; (c) the normalized transmission
response of the SLF. (MLFL: mode-locked fiber laser, SLF: Sagnac loop filter, NL-CFBG: nonlinearly chirped
fiber Bragg grating, EDFA: erbium-doped fiber amplifier, PD: photodetector, OC: optical coupler, PC:
polarization controller, PMF: polarization maintaining fiber, OSC: oscilloscope.)

An experiment is carried out to verify the proposed approach for chirped microwave pulses
generation. The experimental setup of the proposed system is shown in Fig. 3.24(a). An MLFL

is used to generate a broadband transform-limited ultrashort Gaussian pulse. A two-tap Sagnac
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loop filter, which consists of a length of polarization maintaining fiber (PMF) and two PCs, as
shown in Fig. 3.24(b), serves as an optical spectral filter. The Sagnac loop filter has a uniform
sinusoidal spectral response, with the simulated result shown in Fig. 3.24(c). The FSR is
determined by the length and the birefringence of the polarization maintaining fiber. A NL-
CFBG is used as a dispersive device with both the second- and third-order dispersion, which is
fabricated based on our proposed beam-bending technique, to perform the nonlinear frequency-

to-time mapping. As a result, a chirped microwave pulse is obtained at the output of a high-

speed photodetector.
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Fig. 3.25. Measured optical spectrum of the shaped optical pulse. The inset shows the spectrum of input optical
pulse before spectral shaping.

In the experiment, a transform-limited Gaussian pulse with a FWHM of 550 fs generated from
the MLFL is used as the input optical pulse. The central wavelength of the ultrashort pulse is
1558.5 nm, and the 3-dB spectral bandwidth is 8 nm, as shown in the inset of Fig. 3.25. The

FSR of the Sagnac loop filter is set as 0.8 nm. After the spectral shaping by the filter, we obtain
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a spectrum-shaped pulse with its spectrum shown in Fig. 3.25. It can be seen that a uniform

sinusoidal spectrum is obtained after the spectral shaping.

The performance of the fabricated NL-CFBG is measured first. In order to cover the main
spectral bandwidth of the broadband femtosecond laser source, a regular linearly chirped fiber
Bragg grating with a linear chirp rate of 0.24 nm/mm, grating length of 50 mm, and center
Bragg wavelength of 1556 nm is used to generate a NL-CFBG based on the strain-gradient

beam tuning technique, as described in the previous section.
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Fig. 3.26. Measured results: (a) reflection spectra and (b) group delay responses of the generated NL-CFBG
under different beam deflections. (dotted line: zero deflection; solid line: 2 mm deflection; dash-dot line: 5 mm
deflection.)

Fig. 3.26 shows the measured reflection spectra and group delay responses of the produced NL-
CFBG under different beam free-end deflections. It can be seen from Fig. 3.26(a) that the 3-dB
spectral bandwidth can be tuned from 11.6 nm (with zero displacement) to 13.2 nm (with 5 mm
displacement). Since the center wavelength of the fabricated LCFBG is shorter than that of the
input optical pulse, in order to cover the spectrum of the input pulse as much as possible, the
grating center point is intentionally mismatched with the beam neutral layer: a major part of the

grating experiences the tension strain and a minor part of the grating experiences the
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compression strain. As a result, the central wavelength of the produced NL-CFBG is slightly

shifted to a longer wavelength when bending the beam. In the meantime, a nonlinear group-

delay distribution with respect to the wavelength is realized as well, as shown in Fig.

3.26(b).We can find that a larger nonlinearity of the group delay response and a broader spectral

bandwidth can be achieved in the NL-CFBG when a larger displacement is applied, which is

consistent with the theoretical analysis in the previous section.
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Fig. 3.27. Experimental results. (a) Pulse profile and (b) instantaneous frequency in the case of 2-mm beam
deflection. (c) Pulse profile and (d) instantaneous frequency in the case of 5-mm beam deflection. {Circle in (b)
and (d): obtained from experimental results, dashed line in (b) and (d): theoretical prediction by (3-30).}

The experimental results are shown in Fig. 3.27. The generated waveforms are measured using

a high-speed sampling oscilloscope, 5 times averaging is performed. Both the pulse profile and
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instantaneous carrier frequency versus time are plotted in the figure. In the first example, the

applied beam deflection is 2 mm. According to the measured group-delay result, the equivalent

second- and third-order dispersion coefficients & and @ at 1558.5 nm are 295.1 ps” and 20.9
ps’, respectively. Thanks to the nonlinear frequency-to-time mapping in the produced NL-

CFBG, a chirped microwave pulse is generated.

As can be seen from Fig. 3.27 (a), the FWHM of the generated pulse envelope is around 243 ps,
which is measured by a high-speed sampling oscilloscope (Agilent 86100C). Fig. 3.27(b) shows
the instantaneous RF carrier frequency within the main pulsewidth, which can be calculated by
Hilbert transform [188]. Here, for simplicity, the instantaneous carrier frequency is
approximated by the reciprocal of the time period of pulse trace, as plotted in the open-circle
curve. The dotted curve illustrates the theoretical prediction given by (3-30). In this case, the
frequency profile of the generated microwave pulse is quasi-linear and the instantaneous carrier
frequency changes from 25 to 43 GHz, which corresponds to an equivalent frequency chirp rate

of 0.053 GHz/ps.

In the second case, the beam displacement is increased to 5 mm, which leads to the equivalent
second- and third-order dispersion coefficients of ® =278.1 ps® and & =23.7 ps*at 1558.5 nm.
As a result, the FWHM of the generated pulse envelope is around 218 ps; the instantaneous RF
carrier frequency varies from 24 to 49 GHz, which corresponds to a chirp rate of 0.074 GHz/ps.
The measured pulse profile and instantaneous frequency are shown in Fig. 3.27(c) and (d). The
dotted curve in Fig. 3.27(d) also illustrates the theoretical prediction given by (3-30). One may
notice that the measured instantaneous frequency does not match the theoretical prediction at

some time points. This discrepancy is resulted from the abnormal strain induced dispersion
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variation in the NL-CFBG when applying the beam deflection. One solution to reduce the error

is to use a beam with a more smooth surface and more stable strain distribution.

From the above experimental results, we can find that, with a larger beam deflection, the
fabricated NL-CFBG will possess smaller second-order dispersion, but higher third-order
dispersion. As a result, the generated waveform will have a higher central frequency and a
larger chirp rate. The system shows its high efficiency of tuning the frequency profile of the

generated microwave waveform by simply controlling the applied beam deflection.

In a pulsed microwave radar system, the chirped microwave pulses at a receiver end should be
compressed, which is usually realized via correlation or matched filtering. Fig. 3.28 shows the
correlations between the generated microwave pulses with different chirp rates and the matched
reference pulses according to (3-4). In the above two cases (2- and 5-mm beam deflections), the
FWHMs of the obtained autocorrelation envelopes are around 49 and 42 ps, respectively. By

comparison with the results in Fig. 3.27, pulse compression ratios of 4.15 and 5.2 are achieved.
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Fig. 3.28. Autocorrelation waveforms of the generated chirped microwave pulses. (a) Beam displacement is 2
mm. (b) Beam displacement is 5 mm. Insets: generated chirped microwave pulse.
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Despite that the realized pulse compression ratio is not very high due to the small amount of
cycles within the pulse envelope and the limited high-order dispersion in our NL-CFBG, the
nonlinear dispersion induced microwave pulse chirping is observed and verified. The
experimental results also agree well with the theoretical predictions. In order to achieve a higher
pulse compression ratio for practical applications, an optical spectral filter with narrower FSR
should be used to generate more cycles within the pulse envelope, and a longer grating should

be fabricated to satisfy the requirement of large high-order dispersion and wide bandwidth.

V1. Discussion

According to the principle of dispersion-induced frequency-to-time mapping, the generated
temporal waveform should have the same shape with the shaped optical spectrum, as shown in
Fig. 3.25. From the experimental results shown in Fig. 3.27(a) and (c), however, it is found that
the measured time-domain waveforms have a limited modulation depth compared with the
shaped optical spectrum. Similar effects have also been found in [200] and [183]. Their analysis
indicated that the reduced modulation depth could be caused due to the nonflat frequency
response of the photodetector or the environmental changes during the measurement, which

could slightly change the interference pattern and cause a decrease of the modulation depth.

In order to find a more intrinsic mechanism that leads to the degradation in the modulation
depth of the generated microwave waveforms, some simulations based on the theoretical model
presented in this research work are performed. Fig. 3.29 shows the simulation results, where the
FSR of the Sagnac loop filter is chosen as 0.8 nm, or an equivalent time-delay difference of

7, =63.6 ps. Several cases with different second-order dispersion are considered. For simplicity,

-94-



the third-order dispersion is not taken into account since it has negligible contributions to the

poor modulation depth, but only slightly distorts the shape of the generated waveform.
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Fig. 3.29. Generated microwave waveforms with different modulation depth under different second-order
dispersion of (a) 580, (b) 648, (c) 700, and (d) 820 ps°.

From Fig. 3.29 we can find that for two incident optical pulses with a given time-delay
difference 7,, only a certain value of dispersion can ideally convert the shaped optical spectrum

to a temporal waveform with a good modulation depth, as shown in Fig. 3.29(b). A larger or
smaller value of dispersion will lead to a poor modulation depth in the central part of the
generated waveform, as shown in Fig. 3.29(a) and (c). The modulation depth degradation will

become more serious if a much larger dispersion is applied, as illustrated in Fig. 3.29(d). This
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may be explained by considering the interference effect of two optical pulses. It is known that a
stable interference pattern with good interference visibility can be obtained only if the phase
difference reaches 7 and the amplitudes of the two pulses are identical at certain time points. In
the dispersion-induced frequency-to-time mapping system, the phase difference and the relative
amplitude difference between two optical pulses depend not only on the time-delay difference

7, , but also on the total dispersion experienced by the optical pulses. As a result, for a given 7,

the above ideal interference conditions can be satisfied only at a certain value of dispersion.
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Fig. 3.30. Required second-order dispersion to generate a temporal waveform with an optimal modulation depth
at different time delays. (Circle: simulation results, dashed line: quadratic fitting result).

Further simulations are performed to find the relationship between the time-delay difference

7, and the required second-order dispersion for realizing an optimal modulation depth. Fig. 3.30

shows the simulation results. A quadratic relationship between the second-order dispersion @

and the time-delay difference 7, is found as follows:

®(z,)=0.1597, +0.0267, +1.91 (3-34)

-96-



which gives us a good prediction for the selection of the required dispersion in designing a

chirped microwave pulse generation system.

It is also worth pointing out that an approximate model is used to analyze the higher-order
dispersion induced nonlinear frequency-to-time mapping. This approximate model is valid for
dispersive element with moderate value of higher-order dispersion and is verified by both
simulation and experimental results. A comprehensive study on the nonlinear frequency-to-time
mapping in a dispersive element involving arbitrary high-order dispersion has been reported

recently [149].

VII. Conclusion

A detailed theoretical and experimental study on the generation of chirped microwave pulse
with tunable chirp rate based on optical spectral shaping and nonlinear frequency-to-time
mapping was performed in this research work. In the system, the spectral shaping was
implemented using a two-tap Sagnac loop filter with a uniform sinusoidal spectral response.
The nonlinear frequency-to-time mapping was realized by applying the spectrum-shaped pulse
to a NL-CFBG with both second- and third-order dispersion. The NL-CFBG was fabricated
from a regular linearly chirped fiber Bragg grating using a simple beam-bending technique. By
properly controlling the second- and third-order dispersion in the NL-CFBG, the chirped

microwave pulse with required central frequency and chirp rate could be generated.

A detailed theoretical analysis to describe the generation of chirped millimeter-wave pulses was
developed. The direct relationship between the dispersion and the frequency profile of the

generated chirped pulse was revealed by an approximate model. An experiment was performed
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to verify the proposed approach. Chirped microwave pulses with a central frequency of around

35 GHz and instantaneous frequency chirp rates of 0.053 and 0.074 GHz/ps were generated.

A major advantage of the proposed approach is that the frequency characteristics of the
generated chirped microwave pulse could be easily tailored by adjusting the parameters of the
system. The demonstrated approach offers a solution to the generation of high-frequency
electrical pulse with large tunable chirp rate for applications in high-speed communications and

modem radar systems.

3.1.3. FBG as a multifunctional device for both spectral shaping and

frequency-to-time mapping

This section is a revised version of the following published paper.

Article title: Simultaneous optical spectral shaping and wavelength-to-time mapping for
photonic microwave arbitrary waveform generation
Authors: Chao Wang, and Jianping Yao

Published in IEEE Photonics Technology Letters, vol.21, no. 12, pp. 793-795, Jun. 2009.

As we have presented in Section 3.1.1 and 3.1.2, several different FBG-based configurations to
achieve optical spectral shaping and frequency-to-time mapping have been proposed and
demonstrated. Since the optical spectral shaping and the frequency-to-time mapping are
achieved using two separate devices, the system becomes complicated, costly and with high loss.
Therefore, it is desirable to find a multifunctional fiber-optics device to achieve both spectral

shaping and frequency-to-time mapping processes for photonic microwave arbitrary waveform
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generation. The use of an LCFBG may provide a promising solution. First, we can arbitrarily
control the spectral response of the LCFBG by properly designing the refractive index
modulation profile. In addition, the inherent linear group delay response of the LCFBG can
perfectly perform the dispersion-induced linear frequency-to-time mapping. In this section,
photonic microwave arbitrary waveform generation using a single LCFBG to achieve both

spectral shaping and frequency-to-time mapping is investigated.

1. Introduction

SS-FTM-based microwave arbitrary waveform generation has been successfully demonstrated
in the optical domain using an optical spectral shaper followed by a frequency-to-time mapper.
As shown in Fig. 3.2, by properly designing the spectral response of the optical spectral shaper,
a microwave waveform with the shape identical to that of the shaped optical spectrum is
obtained. In this research work, for the first time to the best of our knowledge, we propose an
FBG-based all-fiber technique to implement microwave arbitrary waveform generation based
on simultaneous optical spectral shaping and frequency-to-time mapping in a single LCFBG.
The LCFBG is designed to have a magnitude response corresponding to the shape of the target
microwave waveform for spectral shaping and a linear group delay response for frequency-to-
time mapping. Compared with the previous photonic microwave arbitrary waveform generation
systems in [26, 37, 39, 122], the presented system provides the advantages of smaller size and
simplified structure. Moreover, the LCFBG can have a broad operation bandwidth, which is
suitable for broadband optical pulse shaping. A simple and effective technique to synthesize the
LCFBG with an arbitrary reflection spectral response based on an accurate mapping of the
refractive index apodization to the grating reflection response is proposed. Since amplitude-only

refractive index modulation is required, the designed LCFBG can be easily fabricated.
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II. System Configuration
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Fig. 3.31. Schematic diagram showing the proposed microwave arbitrary waveform generator using a single
LCFBG. MLFL: mode-locked fiber laser, LCFBG: linearly chirped fiber Bragg grating, PD: photo detector.

A diagram showing the proposed photonic microwave arbitrary waveform generation system is
illustrated in Fig. 3.31. A transform-limited ultrashort optical pulse from the MLFL is sent to a
specially designed LCFBG working in the reflection mode. The LCFBG, which has a
magnitude response corresponding to a scaled version of the target temporal waveform, is used
to shape the power spectrum of the input optical pulse. At the same time, due to the inherent
linear group delay response, the LCFBG also performs the dispersion-induced frequency-to-
time mapping. A microwave waveform with its shape identical to that of a shaped optical power
spectrum is then generated at the output of a high speed PD. Compared with the conventional
microwave waveform generation system, as shown in Fig. 3.2, the proposed system is

significantly simplified.

. LCFBG Design

The key component in the proposed system is the LCFBG, which should be designed to have a
magnitude as well as a phase response that can fulfill the requirements for both arbitrary
spectral shaping and dispersion-induced frequency-to-time mapping. Thanks to the inherent

linear group delay response, an LCFBG can always act as a linear frequency-to-time mapper.
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Therefore, the focus of our work is to synthesize the grating refractive index modulation profile

from the target grating magnitude response.

The grating synthesis problem is complicated, especially compared to the well-known direct
problem of computing the reflection spectrum from a known grating structure. The simplest
approach for solving grating synthesis problem was based on the first-order Born approximation
where a Fourier transform relationship exists between the grating magnitude response and the
refractive index modulation function [155], but it has limitations when used in the design of
high-reflectivity gratings. Other numerical methods include the GLM inverse scattering
algorithm [156] and the discrete layer peeling synthesis method [157]. However, these methods
are only applied in the design of uniform-period or small chirped fiber gratings. In addition,
these methods usually require the designed gratings to have both complex amplitude
apodization and phase modulation profiles. Therefore, they are not suitable for practical design
of strongly chirped FBG. In this research work, we present a simple and effective method to
synthesize a highly-reflective and strongly chirped FBG with nearly arbitrary reflection
magnitude response. Since amplitude-only index modulation is required, the designed LCFBG

can be easily realized with the state-of-the-art FBG fabrication technology.

It was reported in [210] that when an LCFBG has a large dispersion, the grating apodization
profile can be linearly mapped to its spectral response. Our recent study shows that the mapping
relationship is unique, but not always linear, depending on the grating parameters such as the
refractive index modulation coefficient, the grating chirp rate, and the bandwidth. The proposed
LCFBG design technique is based upon an assumption that for an LCFBG with a large chirp
coefficient C (in nm/cm), a unique mapping relationship exists between the reflection

magnitude response and the refractive index modulation function.
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Fig. 3.32. Refractive index modulation and reflection spectrum for a strongly chirped fiber Bragg grating.
Fig. 3.32 shows the index modulation and magnitude reflection response relationship for a
strongly chirped FBG (C =2.4 nm/cm), which is calculated by use of the piecewise-uniform
matrix approach [154]. From Fig. 3.32 we can see that the reflectivity of each wavelength is
determined mainly by the refractive index modulation in a very small corresponding local
segment of the grating. Therefore, the index modulation function of a given LCFBG can be
uniquely mapped to the grating reflection magnitude response. According to our simulation, the

above assumption is always valid for an LCFBG with a chirp coefficient C >1 nm/cm [152].

Based on the above description of grating synthesis problem, we can first set up the mapping
relationship between the refractive index modulation profile and the grating magnitude response
by applying a linearly increasing index modulation function to a calibration grating with the use
of a linearly chirped phase mask and then measuring the grating reflection response. A linearly

increasing index modulation function is constructed, which is expressed as [152]
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2 _ 2
AnL(z)=Anmax—z-exp( jzjfz)exp{—j mC(z L/z)} (3-35)

where A, is the grating period at the center of the LCFBG, L is the total length of the LCFBG,

and z is the lateral position along the grating (0 < z < L). By properly choosing the maximum

index modulation coefficient An we can imprint the index modulation function in (3-35)

into the calibration grating using a given linearly chirped phase mask with a known length and

chirp coefficient. Then the reflection spectrum R_, (1) of the fabricated calibration grating is

calt
measured. By uniformly dividing the grating into N short and consecutive segments with the

positions z, (1<i< N), we can get the sampled reflection spectrum R_, (4 ) thanks to the

calr

unique mapping relationship between An, (z,)and R_, (4,). The number of segments N should

calr

be properly selected according to the achievable system resolution and the error tolerance.

For a target grating reflection spectrum R,

1arget

(1), we can compare it with the calibration

grating response R_, (A4 ) wavelength by wavelength and then determine the desired index

calt
modulation function An,(z,) by querying the linear index modulation function An,(z,)

segment by segment. Therefore, by applying the amplitude-only index modulation An,(z,)

under the same experimental condition, a desired LCFBG with the target reflection spectrum

can be easily fabricated with the current FBG fabrication technology.
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Fig. 3.33. Flow chart for the design and fabrication of an LCFBG with arbitrary magnitude response.

The LCFBG design and fabrication process can be described using the flow chart shown in Fig.
3.33. Simulation results for each design step are also plotted to numerically verify the proposed

approach. In the simulation, the maximum index modulation of An__ = 0.0008, grating chirp
rate of C'= 2.4 nm/cm, grating length of L= 5 cm, and the center grating period of A;=535.96

nm are chosen. The designed LCFBG has a target reflection spectrum corresponding to a UWB

monocycle pulse [124].
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IV. Experiment

An experiment based on the setup shown in Fig. 3.31 is then carried out to verify the proposed
approach. The MLFL is a commercial passive mode-locked fiber laser source that can generate
an ultrashort pulse train with a repetition rate of 48.6 MHz, a pulsewidth of 550 fs, a 3-dB

spectral bandwidth of 8 nm, and an average power of 5 dBm.

Two LCFBGs are first designed following the procedure shown in Fig. 3.33. The gratings are
then fabricated by a frequency-doubled argon—ion laser operating at 244 nm using a linearly
chirped phase mask. Due to the nonlinear response of the fiber to ultraviolet (UV) light, one
needs to first measure the nonlinear response of the glass and then compensate the nonlinearity
with a customized exposure function to produce the desired index modulation function. In fact,

for a strong index modulation An_, > 0.0008, the linear approximation of fiber response to UV

max —

energy is well satisfied [211].

The two fabricated gratings both have a length of 5 cm and a chirp rate of 2.4 nm/cm. To ensure
high energy efficiency, the fabricated LCFBGs have a strong reflection as high as 98%. The
center wavelength of the LCFBGs is 1558.1 nm, which is selected to match the center
wavelength of the input optical pulse. The reflection spectra and the group delay responses of
the fabricated LCFBGs are both shown in Fig. 3.34, which are measured using an optical vector

analyzer (OVA, LUNA CTe) with a wavelength resolution of 1 pm.

The first LCFBG has a reflection spectrum corresponding to a chirped pulse waveform, as
shown in Fig. 3.34(a), and the second LCFBG has a reflection spectrum corresponding to a
UWB monocycle pulse, as shown in Fig. 3.34(b). It can be seen from Fig. 3.34 that, no matter

what the index modulation is, the linear group delay responses are always maintained.
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Therefore, the fabricated LCFBG can be also used to act as a frequency-to-time mapper to

convert the shaped optical spectrum to the target temporal waveform.
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Fig. 3.34. Measured reflection spectra and group delay responses of the fabricated LCFBGs for (a) chirped
microwave pulse generation and (b) UWB monocycle pulse generation.

The two LCFBGs are then incorporated, respectively, into the experimental system shown in
Fig. 3.31, to generate the desired temporal waveforms. The generated waveforms are measured
both in the frequency domain using the OVA and in the time domain using a 63-GHz sampling
oscilloscope (OSC). Fig. 3.35(a) shows the shaped optical power spectrum by the first LCFBG.
Thanks to the simultaneous frequency-to-time mapping in the LCFBG, a linearly chirped
microwave pulse is generated and measured using a high-speed sampling oscilloscope, with the
result shown in Fig. 3.35(b) (5 times averaging is performed). Fig. 3.35(c) shows the shaped
optical spectrum by the second LCFBG. The generated temporal waveform, which is a UWB

monocycle pulse with a pulse width of 90 ps, is shown in Fig. 3.35(d).

Note that the electrical spectrum of the generated UWB pulse doesn’t fit the spectrum mask
regulated by the US Federal Communications Commission (FCC) for indoor wireless

communications. To generate a UWB pulse that meets the spectrum requirement regulated by
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FCC, the monocycle pulse should have a pulsewidth of about 180 ps [124]. One solution to
achieve the desired pulsewidth is to utilize an LCFBG with a larger dispersion (or equivalently
a smaller chirp rate of 1.2 nm/cm). For practical applications, the optically generated UWB
pulse train can be modulated by a binary sequence using an optical intensity modulator with

ON-OFF keying (OOK) modulation.
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Fig. 3.35. Arbitrary waveform generation results. (a) Shaped spectrum by an LCFBG for chirped microwave
pulse generation. (b) The generated chirped microwave pulse. (¢) Shaped spectrum by a second LCFBG for
UWB monocycle pulse generation. (d) The generated UWB monocycle pulse.

As can be seen from Fig. 3.35, the generated temporal waveform has almost an identical shape

to the shaped optical spectrum, which verifies that the linear frequency-to-time mapping is

-107 -



perfectly achieved by the LCFBGs. Note that the temporal waveform has a smoother trace

compared to the optical spectrum, which is due to the limited bandwidth of the PD and OSC.

V. Conclusion

In this section, we have proposed and experimentally demonstrated a novel approach to
achieving photonic microwave arbitrary waveform generation using a single specially designed
LCFBG to simultaneously perform both the optical spectral shaping and the frequency-to-time
mapping. A simple and efficient technique to design an LCFBG with an arbitrary magnitude
response and a linear group delay response was proposed based on an accurate mapping of the
grating magnitude response to the refractive index modulation function. Amplitude-only index
modulation is required to produce the designed LCFBGs. Two LCFBGs were designed and
fabricated. The use of the LCFBGs for the generation of a chirped microwave pulse and a UWB
monocycle pulse was experimentally demonstrated. Compared with the systems in [37] and
[39], the main limitation of the technique for practical applications is that the system is not
reconfigurable. A potential solution to improve the reconfigurability is to use a strain-gradient

beam tuning technique [132].

3.1.4. FBG as a multifunctional device for spectral shaping, frequency-to-

time mapping and time shifting

This section is a revised version of the following published paper.

Article title: Large time-bandwidth product microwave arbitrary waveform generation using a
spatially discrete chirped fiber Bragg grating

Authors: Chao Wang, and Jianping Yao
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Published in IEEE/OSA Journal of Lightwave Technology, vol. 28, no. 11, pp.1652-1660, Jun.

2010.

In Section 3.1.3, a properly designed LCFBG with an arbitrary magnitude response and a linear
group delay response has been proposed to achieve both the optical spectral shaping and the
frequency-to-time mapping for photonic microwave arbitrary waveform generation. In fact, an
LCFBG can provide not only linear but also discrete (jumped) group delay. In the latter case,
discrete time shifts, which are caused by the jumped group delay, can be introduced to the
mapped temporal waveform. Therefore, an additional flexibility is created for microwave
arbitrary waveform generation. In this section, a spatially-discrete chirped fiber Bragg grating
(SD-CFBG) with jumped group delay response is proposed. An approach using the SD-CFBG
to achieve microwave arbitrary waveform generation based on optical pulse shaping is
investigated. Compared to the LCFBG used in Section 3.1.3, the SD-CFBG provides one extra
feature: the mapped temporal waveform can be further time shifted. A large TBWP arbitrary
microwave waveform can be generated based on simultaneous spectral slicing, frequency-to-

time mapping, and temporal shifting of the input optical pulse in the SD-CFBG.

1. Introduction

Microwave pulses with a large TBWP have been extensively employed in modern radar
systems to improve the range resolution while maintaining a large detection distance [127]. To
achieve a large TBWP, the transmitted microwave waveforms are usually frequency-chirped or

phase coded. Photonically assisted techniques have been intensively investigated recently to
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generate large TBWP microwave waveforms in the optical domain based on coherent optical

pulse shaping.

For example, a phase-coded microwave pulse can be generated by beating two dispersed optical
pulses in an unbalanced MZI with an optical phase modulator incorporated in one arm of the
MZI structure [212]. The same concept can also be applied to the generation of a frequency-
chirped microwave pulse [133, 183]. The linearly chirped microwave pulse is generated by
beating two time-delayed chirped optical pulses at a PD, and the two time-delayed optical
pulses are dispersed by two LCFBGs with different dispersion [183] or a single NL-CFBG
[133]. A frequency-chirped microwave pulse can also be generated based on optical sinusoidal
filtering of an ultrashort optical pulse followed by nonlinear frequency-to-time mapping [132,
201, 213]. The nonlinear frequency-to-time mapping is realized in a dispersive element with
high-order dispersion. If a fiber-optic spectral filter with a varying FSR, which was termed a
chirped FSR in [130], is used to perform spectral shaping, a dispersion device with only the
second-order dispersion is required to generate a chirped microwave pulse based on linear
frequency-to-time mapping [130-131]. More recently, an approach to generating a chirped
microwave pulse using a photonic microwave delay-line filter with a quadratic phase response
was reported [214]. By passing a broadband chirp-free microwave pulse through the microwave
delay-line filter with a quadratic phase response, a chirped microwave pulse is generated. The
photonic microwave delay-line filter with a quadratic phase response can be realized using a
regular uniformly-spaced delay-line filter, but the tap coefficients should be complex-valued,
making it hard to implement in the optical domain. A much simpler approach to achieving a
quadratic phase response is to use a delay-line filter with nonuniformly spaced taps, in which

the complex coefficients are equivalently generated by nonuniform time delays [214].

-110-



The photonically assisted phase-coded and frequency-chirped microwave pulse generation
systems summarized above were implemented using multiple optical devices with each
performing a different function; the systems were thus complicated, costly with high coupling
losses. In this research work, we propose, for the first time to the best of our knowledge, a novel
all-fiber technique to implement large TBWP arbitrary microwave waveform generation based
on optical pulse shaping using an SD-CFBG. The SD-CFBG consists of multiple spatially
separated sub-gratings that function to perform simultaneously spectral slicing, frequency-to-
time mapping, and temporal shifting. When a broadband transform-limited optical pulse is sent
to the SD-CFBG, which is operating in the reflection mode, the spectrum of the optical pulse is
sliced, mapped to the time domain, and then temporally delayed, leading to the generation of an
optical pulse burst with a custom-designed amplitude profile and time spacing. With the help of
a bandwidth-limited PD, a smooth frequency-chirped or phase-coded microwave pulse is
generated. The SD-CFBG is fabricated using a linearly chirped phase mask by axially shifting
the fiber to introduce a spatial spacing between two adjacent sub-gratings during the fabrication
process. By properly designing the fiber shifting function, a large TBWP microwave pulse with

the desired frequency chirping or phase coding is generated.

Note that the generation of a custom-designed optical pulse burst from a single input optical
pulse by using a multi-mirror interferometer has been reported in [215]. The similar
architectures have been successfully applied for coherent arbitrary optical pulse shaping [68]
and arbitrary microwave waveform generation based on incoherent optical pulse processing [38,
216]. The key limitation in the above systems is the complexity of the interferometer, such as a
multi-stage Michelson interferometer used in [68] and a fiber Bragg grating sampling array used

in [38]. Compared with the above optical pulse burst generation systems, the presented system
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has a significantly simplified structure (only one single SD-CFBG is used for optical pulse burst
generation), which features smaller size, lower loss, better stability and higher potential for

integration.

II. Principle
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Fig. 3.36. A large TBWP microwave pulse generator using an SD-CFBG. MLFL: mode-locked fiber laser, SD-
CFBG: spatially discrete chirped fiber Bragg grating, EDFA: Erbium-doped fiber amplifier, PD: photodetector.

Circulator

The proposed large TBWP microwave pulse generation system using an SD-CFBG is shown in
Fig. 3.36. A broadband ultrashort optical pulse from the MLFL is sent to the SD-CFBG, which
is working in the reflection mode. Thanks to the simultaneous spectral slicing, frequency-to-
time mapping and temporal shifting performed by the SD-CFBG, an optical pulse burst with the
desired time spacing is generated from the single input optical pulse. With the help of a
bandwidth-limited PD, a smooth frequency-chirped or phase-coded microwave pulse is
generated thanks to the equivalent low-pass filtering process at the PD. By properly controlling
the time spacing between the individual seed pulses, arbitrary large TBWP microwave pulses

with the desired frequency chirping or phase coding can be generated.
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Fig. 3.37. Illustration of the design and fabrication of an SD-CFBG. (a) An SD-CFBG implemented based on
axial fiber shifting during the fabrication process. (b) The group delay response and the impulse response of the
produced SD-CFBG.

The key device in the proposed microwave pulse generation system is the SD-CFBG. A
diagram showing the principle of the proposed SD-CFBG is illustrated in Fig. 3.37(a). The SD-
CFBG is produced by first dividing a linearly chirped refractive index modulation function that
is continuous and periodic along the fiber axial direction into N seed modulation functions that

have identical length and identical index apodization profile, and then imprinting these N seed
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index apodization functions into N spatially separated sub-gratings with a properly designed
separation function to achieve the required group delay response for the SD-CFBG. The sub-
grating separation function is implemented by axially shifting the photon-sensitive fiber to
introduce a spatial spacing between two adjacent sub-gratings during the grating fabrication

process.

To produce the SD-CFBG, as shown in Fig. 3.37(a), a linearly chirped refractive index
modulation function is first constructed, which is continuous along the fiber axial direction and

is expressed as

zC 27
An(x)=An__ A(x)exp| —j —x* |xexp| j—x |,
(x) = A A() p( Y ] p(/AO j (3.36)
0<x<L
where An__ is the maximum refractive index modulation, A, is the fundamental period of the

grating and C (nm/mm) is the chirp rate of the produced grating. Here we consider that the

refractive index modulation occurs over a length of L. A(x) describes the normalized index

apodization function, which is continuous and periodic with a constant period of P,

A(x) =3 f(x—kP) (3-37)

k=0

where f(x) is the seed index apodization function, i.e., a Gaussian function, within one period
of the apodization function, as illustrated in Fig. 3.37(a). It is known that when a linearly
chirped FBG has a high enough dispersion, its index apodization profile can be mapped to the
grating reflection spectral response thanks to the space-to-frequency mapping relationship in a

weak LCFBG [210]. Therefore, a spectral comb filter can be obtained due to the periodic index
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apodization function A(x) introduced to the SD-CFBG. The obtained comb filter can be used to

slice the spectrum of the input ultrashort optical pulse.

The continuous linearly chirped index modulation function in (3-36) is then imprinted into a
photosensitive fiber through UV illumination using a linearly chirped phase mask. During the

grating fabrication, the fiber is axially shifted with a small offset of d, (k=1, 2, ..., N-1, where

N is the number of the sub-gratings) after the ith sub-grating is written with the index

apodization function f(x—kP). Therefore, an SD-CFBG consisting of N spatially separate

sub-gratings is obtained, as shown in Fig. 3.37(a).

The group delay response of the SD-CFBG can then be expressed as

2neﬂ

2 M
7(A2) =—A§x "0 4N d, % (3-38)

C k=1 Cc

where A4 denotes the wavelength offset from the starting wavelength, n,, is the effective

mode index of the fiber core, ¢ is the light speed in vacuum, and M is the number of the
involved fiber shifts within the bandwidth of AA. The first term in (3-38) is the original linear
group delay contributed by the linear phase mask, and the second term represents the user-
defined group delay response introduced by the fiber shifting. Therefore, the entire group delay
response of the produced SD-CFBG is discontinuous with N linear segments and N —1 jumps.
The bandwidth of each linear segment is given by 64 = C x P. The height of the kth jump is

determined by the corresponding spacing d, . The selection of the heights of the jumps provides

the flexibility to design an SD-CFBG with an arbitrary discrete group delay response. For

example, if the fiber shifting function 4, is increasing quadratically, a fitted group delay
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response that is a cubic function of wavelength can be achieved, which is shown as the dashed

line in Fig. 3.37(b).

When a broadband transform-limited (chirp-free) optical pulse is sent to the SD-CFBG, which
is operating in the reflection mode, the spectrum of the optical pulse is first sliced due to the
multiple sub-grating responses, as shown in Fig. 3.37(b). The linear group delay response
within each sub-grating channel is then used to perform the dispersion-induced frequency-to-
time mapping, which leads to the generation of a comb temporal waveform. Finally, the
mapped comb waveform is temporally delayed due to the user-defined group delay jumps in the
SD-CFBG, resulting in an optical pulse burst with the desired time spacing between individual
seed pulses. Therefore, thanks to the simultaneous spectral slicing, frequency-to-time mapping
and temporal shifting by the single SD-CFBG, an optical pulse burst consisting of N seed pulses

with the pulse spacing determined by the fiber shifting function d, is generated from a single

input optical pulse.

It is important to note that even though the frequency-to-time mapping is a coherent process, the
proposed microwave pulse generation system is still operating in the incoherent scheme. The
word ‘incoherent’ refers to the fact that only the amplitude (not the phase) of the generated
optical pulse burst is involved in the pulse shifting and combining process. This is because each
seed optical pulse comes from different frequency component of the input broadband optical
pulse. There is no interference between different seed pulses. Thus only the intensity of the
pulse burst is considered in our theoretical treatment. Mathematically, the output optical pulse

burst is expressed as
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r(t)=w(t)x {so (1)+ g 5o [t —(kP+ idk )2—121}} (3-39)

where s,(¢) is the seed pulse, which is obtained according to the space-to-frequency-to-time

mapping in the SD-CFBG [210],

(3-40)

x=C/(2nw )xt

where g(¢) is the temporal envelope of the input transform-limited optical pulse. As shown in
(3-40), the seed pulse s,(¢) is determined by the input optical pulse g(z), the seed index
apodization function f(x), and the grating chirp rate C. Note that the generated optical pulse
burst is modulated by a slowly varying envelope w(t), which is determined by the input optical

spectrum due to the dispersion-induced frequency-to-time mapping. Since the nonlinear group
delay response is applied according to (3-38), even though the input optical pulse has a
symmetric spectrum, the envelope function w(t) is usually asymmetric due to the pulse shape
change by high-order dispersion [191]. This may also be interpreted as the sampled nonlinear
frequency-to-time mapping, relative to the continuous nonlinear frequency-to-time mapping
[132], where continuous nonlinear group delay response is applied. The generated optical pulse

burst r(¢) is then amplified and directed to a high-speed PD for incoherent detection. A

properly shaped microwave waveform is obtained at the output of the PD. Since the PD has a

limited bandwidth, the smooth microwave form is resulted [8, 38, 216].
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The instantaneous frequency of the generated microwave pulse is inversely proportional to the

seed pulse spacing. The sampled instantaneous microwave frequency f,, which is determined

by both the index apodization period P and the sub-grating spacing d,, can be expressed as

1 c
X

(3-41)
P+d, 2n,

fi=

where P determines the initial instantaneous microwave frequency (the frequency offset) and
d, controls the frequency chirping profile. Thus we can conclude that by properly selecting the
period of the index apodization function and designing the fiber shifting function, a large
TBWP microwave waveform with the desired frequency chirping or phase coding can be

generated.

III. Experiment

In this section, several examples to show the generation of different types of chirped microwave
pulses using the proposed technique are experimentally demonstrated. We also show that the
proposed system can be easily adapted to realize phase-coded microwave pulse generation.
Chirped and phase-coded microwave pulses have been widely applied for many important
scientific and industrial applications, such as in modern radar systems to increase the range
resolution and in broadband communications systems to increase the signal-to-noise ratio

(SNR).

In our demonstrations, a periodic index apodization function A(x) with a constant period of P
and a seed apodization function f(x) with a Gaussian profile are always applied. The desired

frequency chirping is then achieved by properly controlling the fiber shifting function d, .
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In the first example, we demonstrate the generation of a linearly frequency modulated (LFM) or
linearly chirped microwave pulse, which is the first and still the most commonly used
microwave waveform in modern radar systems due to the generation simplicity [217]. Photonic
generation of linearly chirped microwave pulses has been intensively investigated and many
different techniques have been proposed. In our proposed system, to generate a linearly chirped

microwave pulse, according to (3-39), a linearly increasing shifting function d, is required.

The key device in the large TBWP microwave pulse generation system is the SD-CFBG. In our
experiment, the SD-CFBG is fabricated in a hydrogen-loaded single-mode fiber by a frequency-
doubled argon-ion laser (Coherent FreD 300C) operating at 244 nm using a 50-mm long
linearly chirped phase-mask with a chirp rate of C = 0.24 nm/mm. The refractive index

modulation has a maximum index change of An__ =3.5x107*. A strong reflection (the

maximum reflectivity is around 90%) is achieved to ensure a high energetic efficiency. The
produced grating has a center wavelength of 1558.3 nm, which is again selected to match the
center wavelength of the input transform-limited optical pulse. The desired linear fiber shifting
is accurately performed during the grating fabrication process by a computer-controlled high-
precision translation stage that has a resolution of 1 pum. In the demonstration, the index

apodization period is set at P =2.78 mm and the fiber shifting function d, is selected to be

linearly increasing from 0.1 to 2.6 mm, which would lead to the generation of a linearly chirped

microwave pulse with 19 cycles.

The group delay response of the fabricated SD-CFBG is first measured using an OVA (LUNA
Technologies), with the result shown in Fig. 3.38. It can be seen that a nonlinear (quadratic)

group delay response is obtained, which matches well with the theoretical prediction given by
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(3-38). A quadratic curve fitting result is also plotted in dashed line. The measured group delay
response contains 18 jumps, which, however, are not clearly visible due to the very narrow
bandwidth of each segment. One may notice that some group delay peaks are also observed,
which are generated from the reflection spectral notches caused by the optical resonance
between two adjacent sub-gratings in the SD-CFBG. Due to the very low power at the spectral
notches, the group delay response cannot be accurately measured at these notch wavelengths. In
fact, such group delay peaks have no impact on the time-domain optical pulse shaping due to

the incoherent feature of the system. This issue will be further discussed later.
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Fig. 3.38. Experiment result: the measured group delay response of the fabricated SD-CFBG for linearly chirped
microwave pulse generation. The dashed line shows the quadratic fitting result.

The fabricated SD-CFBG is then incorporated into the experimental system shown in Fig. 3.36,
to generate the linearly chirped microwave pulse. In the experiment, the broadband ultrashort
optical pulse from the MLFL is first sent to the fabricated SD-CFBG, which is working in the
reflection mode. The SD-CFBG is functioning to slice the spectrum of the input optical pulse, to
implement frequency-to-time mapping, and to temporally shift the mapped optical seed pulses.

A PD with a bandwidth of 45 GHz is used to perform the optical to electrical conversion. Due
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to the limited bandwidth of the PD, a smooth microwave pulse would be generated. The
generated microwave waveform is measured in the time domain using a 53-GHz-bandwidth
digital sampling oscilloscope (Agilent 86100C). A broadband DC block is also used to
eliminate the dc component in the generated microwave pulse. The measured result is shown in
Fig. 3.39 (5 times averaging is performed). As can be seen, a chirped microwave waveform is
generated. The instantaneous frequency of the generated microwave pulse is also plotted in Fig.
3.39 in circles, which is obtained by calculating the reciprocal of the seed pulse spacing. A
linear curve fitting for the measured instantaneous frequency is also performed, which is shown
in Fig. 3.39 as dashed line. It is shown that a linearly chirped microwave pulse is generated. The
instantaneous frequency is linearly decreasing from 38 to 17 GHz within the main pulse lobe,
with an equivalent frequency chirp rate of 26.25 GHz/ns. According to the experimental results,

a TBWP of 16.8 is achieved for the generated linearly chirped microwave pulse.
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Fig. 3.39. Experimental result: the generated linearly chirped microwave pulse (solid line) and the instantaneous
frequency (circle line). Dashed line: linear curve fitting of the instantaneous frequency. Dotted line: the
calculated pulse envelope.

-121 -



Given the quadratic group delay response in (3-38), the waveform envelope w(¢) is also
numerically calculated by using the Fourier transform method [191], with the result plotted in
Fig. 3.39 as dotted line. Note that the generated pulse envelope does not exactly fit the
simulated profile, which is mainly due to the non-ideal (non-flat) spectral response of the SD-

CFBG.

In a radar system, a chirped or phase-coded microwave pulse is usually compressed through
matched filtering or autocorrelation at the radar receiver end. Fig. 3.40 shows the calculated
correlation between the generated linearly chirped microwave pulse and the ideal reference
pulse. The autocorrelation peak has a FWHM of 60 ps. Considering the FWHM of the
generated chirped microwave pulse is 795 ps as shown in Fig. 3.39, a pulse compression ratio of
13.2 is achieved. It is also shown in Fig. 3.40 that a peak-to-sidelobe ratio (PSR) of 7.7 is

realized.
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Fig. 3.40. Calculated autocorrelation of the generated linearly chirped microwave pulse.

It is worth noting that a linear frequency chirping is not always the only frequency modulation

scheme in a microwave radar system. In fact, the frequency chirping can be of any form,
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provided that the matched filter in the receiver end is designed to match the chirped microwave
pulse. The presented approach can also be used to generate other types of chirped microwave
waveforms, such as nonlinearly chirped and step-chirped microwave pulses by properly

designing the fiber shifting function d, . These waveforms can also find wide applications in

modern radar systems [217].

In the second example, nonlinear chirped microwave pulse generation is investigated. Although
linearly chirped microwave pulses are widely used in pulsed radar systems thanks to the
generation simplicity, the autocorrelation of a linearly chirped microwave pulse at a radar
receiver usually has relatively high sidelobes which are not expected, especially in an
environment with multiple targets and clutter. This problem can be alleviated by using

microwave pulses with nonlinear frequency chirping [217].

To generate a nonlinearly chirped microwave pulse, i.e., with quadratic frequency chirping,
using the proposed approach, a quadratic fiber shifting function d, is required according to (3-
41). In the second example, the index apodization period is set at P =2.63 mm and the fiber
shifting function d, is selected to be quadratically increasing from 0.1 to 4.5 mm, which would

lead to the generation of a nonlinearly (quadratically) chirped microwave pulse with 20 cycles.

A second SD-CFBG is fabricated using the same linearly chirped phase mask. The group delay
response of the fabricated grating is measured and shown in Fig. 3.41. A nonlinear (cubic)
group delay response containing 19 jumps is obtained, which agrees well with the theoretical

prediction given by (3-38). The cubic fitting curve is also plotted in dashed line.
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Fig. 3.41. Experiment result: the measured group delay response of the fabricated SD-CFBG for nonlinearly
chirped microwave pulse generation. The dashed line shows the cubic curve fitting result.
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Fig. 3.42. Experimental result: the generated nonlinearly chirped microwave pulse (solid line) and the
instantaneous frequency (circle line). Dashed line: quadratic curve fitting of the instantaneous frequency.

Fig. 3.42 shows the generated nonlinearly chirped microwave pulse by use of the second SD-
CFBG. The instantaneous frequency of the generated microwave pulse is also shown in circles
in Fig. 3.42, with the quadratic fitting result shown as the dashed line. As can be seen a
nonlinearly chirped microwave pulse with an FWHM of 808 ps is generated. The instantaneous

frequency is quadratically decreasing from 43 to 14 GHz. The chirp rate of the generated
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microwave pulse is decreasing from 93.6 to 11.2 GHz/ns. The TBWP of the generated

microwave pulse is calculated to be 23.2.
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Fig. 3.43. Calculated autocorrelation of the generated nonlinearly chirped microwave pulse.

Fig. 3.43 shows the calculated autocorrelation of the generated nonlinearly chirped microwave
pulse with its reference. The autocorrelation peak has an FWHM of 55 ps. Considering the
FWHM of the generated chirped microwave pulse is 808 ps, as shown in Fig. 3.42, a pulse
compression ratio of 14.7 is obtained. It is also shown in Fig. 3.43 that the achieved PSR is 14.3,
which is much higher than that when a linearly chirped microwave pulse is employed in the first
example. The sidelobe level can be further suppressed by finely controlling the envelope of the

generated microwave pulse.

In the third example, we apply the proposed approach to generate step-chirped microwave pulse.
Stepped frequency modulation or microwave frequency-hopping technique has been widely
used in radar systems and wireless communications systems due to the advantages of high
resistance to narrowband interference, low probability of interception and coexistence with

other communications schemes.
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Fig. 3.44. Step-chirped microwave pulse generation. (a) The designed fiber shifting function. (b) The measured

group delay response of the fabricated SD-CFBG. (c) The generated step-chirped microwave pulse (solid line)
and the instantaneous frequency (circle line). Dashed line: discrete linear fitting of the instantaneous frequency.
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To generate a step-chirped microwave pulse, the fiber shifting function 4, should be a step

function. Same as the second example, the index apodization period is set at P =2.63 mm to
generate a microwave pulse with 20 cycles. A four-level stepped fiber shifting function

(d, =0.7, 1.4, 2.1 and 2.8 mm) is designed, as shown in Fig. 3.44(a), which would lead to the

generation of a step-chirped microwave pulse with four different carrier frequencies. An SD-
CFBG is then fabricated with the designed fiber shifting function that is implemented by

shifting the fiber with four different d, during the grating fabrication process. Fig. 3.44(b)

shows the measured group delay response of the fabricated SD-CFBG. As expected, the entire
group delay response consists of four discrete linear group delay responses with four different
slopes. The fabricated SD-CFBG is then incorporated in the microwave pulse generation system
shown in Fig. 3.36. Again, thanks to the simultaneous spectral slicing, frequency-to-time
mapping and temporal shifting in the SD-CFBG, a step-chirped microwave pulse with four
carrier frequencies at 18, 21.8, 25.6 and 31 GHz and three frequency jumps within the main

pulse lobe is obtained at the output of the PD, as shown in Fig. 3.44(c).

Phase coding is another technique to increase the signal TBWP. Phase-coded microwave pulses
have been widely adopted in radar and code division multiple access (CDMA) systems [48].

The proposed technique can be easily adapted for phase-coded microwave pulse generation.

According to (3-39), the reflected signal from the SD-CFBG is an optical pulse burst with the
pulse spacing determined by the fiber shifting function. If the fiber shifting function has
uniform spacing, i.e., d, is a constant for different &, then an optical pulse burst with identical

temporal spacing is resulted. To implement phase modulation, a simple solution is to use a fiber

shifting function with non-uniform spacing. It was demonstrated recently by Dai and Yao that
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arbitrary phase modulation can be implemented based on pulse position modulation [216]. If a
fiber shifting function is properly designed, the position of the seed pulses is modulated. With
the help a microwave bandpass filter, a phase-coded microwave waveform would be generated

from the pulse-position-modulated optical pulse burst [216].

IV. Discussion

In the proposed optical pulse shaping system, an optical pulse burst is generated from a single
input optical pulse thanks to the simultaneous spectral slicing, frequency-to-time mapping and
temporal shifting by a single SD-CFBG. By controlling the temporal pulse spacing, the
generation of an arbitrary large TBWP microwave pulse with different types of frequency
chirping has been demonstrated. In addition to the generation of chirped or phase-coded
microwave waveforms, the proposed technique can also be used to generate other microwave
waveforms. For example, an arbitrary microwave waveform can be synthesized by incoherently
superposing a set of seed optical pulses with the proper temporal spacing. This concept has been
proved for coherent arbitrary optical pulse shaping [68]. Compared with the approach in [68],
the proposed photonic microwave waveform generation system has the key advantage that the
pulse shaping process is incoherent, making the process insensitive to the environmental
fluctuations. In addition, the ability in performing individual amplitude modulation of each seed

optical pulse can also be achieved by controlling the seed index apodization function f,(x),

which would provide an additional flexibility in microwave arbitrary waveform generation.

In order to convert a specific optical pulse burst into a smooth microwave waveform, a
bandwidth-limited PD is employed, which functions equivalently as a low-pass filter. In

addition, a broadband DC block is also used to eliminate the baseband component in the
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generated chirped microwave pulse. In fact, this is equivalent to using a microwave bandpass
filter to select the spectral channel of interest from a multichannel spectral response of a pulse-
position-modulated pulse burst, as was first reported in [216]. To perform optical pulse shaping
and microwave bandpass filtering in an all-optical fashion, the microwave bandpass filter can

be a photonic microwave delay-line filter implemented in the optical domain [4].

In the measured group delay responses of the fabricated SD-CFBGs, as shown in Figs. 3.38,
3.41 and 3.44(b), some group delay peaks are observed. These group delay peaks are
measurement errors due to the very low power at the reflection spectral notches [130]. The
spectral notches are caused by optical resonance between adjacent sub-gratings in the SD-
CFBG. In our proposed SD-CFBG design, two adjacent sub-gratings spatially separated along
the fiber form a multi-cavity Fabry-Perot resonator. Ideally, if the sub-gratings have completely
separate (no overlapping) spectral responses, no optical resonance would be generated, and a
clean comb filter response with a smooth group delay response will be obtained, as illustrated in
Fig. 3.37(b). In practice, however, the spectral crosstalk between the adjacent channels will lead

to obvious optical resonance.

The reflection spectral response and the group delay response of the SD-CFBG used for
nonlinearly chirped microwave pulse generation are measured, which are shown in Fig. 3.45. A
strong optical resonance is observed in the reflection spectrum. It can be seen that the group
delay peaks are all resulted from the spectral notches. A smaller FSR is observed for a longer
wavelength, where a longer cavity length (longer fiber shifting) is set. It is important to note that
the group delay peaks due to the optical resonance have negligible impact on the time-domain

optical pulse shaping because the optical power reflected from these resonance notches is
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negligible. There is no interference between the adjacent seed pulses in the incoherent scheme.

This has been verified by the experimental results, as shown in Figs. 3.39, 3.42 and 3.44(c).
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Fig. 3.45. (a) Measured reflection spectral response and (b) the group delay response of the fabricated SD-CFBG
for nonlinearly microwave pulse generation.

3.2 Photonic microwave arbitrary waveform generation based on

Fourier-transform optical pulse shaping

As shown in Fig. 3.1, photonic microwave arbitrary waveform generation is usually
implemented based on optical pulse shaping. Fourier synthesis, also called Fourier-transform
pulse shaping, is one of the most commonly used techniques for ultrashort optical pulse shaping
[42]. In this Section, photonic microwave arbitrary waveform generation based on Fourier-
transform optical pulse shaping is investigated. Fourier-transform optical pulse shaping can be

implemented in either the time domain or the frequency domain. Photonic microwave arbitrary
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waveform generation based on the time-domain Fourier-transform pulse shaping is first
discussed in Section 3.2.1. Then we study the frequency-domain Fourier-transform pulse

shaping for photonic microwave arbitrary waveform generation in Section 3.2.2.

3.2.1. Time-domain Fourier-transform pulse shaping for microwave

arbitrary waveform generation

Time-domain Fourier-transform optical pulse shaping is first investigated, which is also known
as temporal pulse shaping (TPS). A microwave arbitrary waveform can be generated in the time
domain using a TPS system. In this section, the principle of a typical balanced TPS system is
first described. Photonic generation of a high-frequency microwave waveform by use of an

unbalanced TPS system is then studied.

3.2.1.1. Typical balanced temporal pulse shaping system

mmmmmmmmmmm Microwave
Sync. | signal generator

x(0 , D|C bias

Fig. 3.46. Schematic diagram of a typical temporal pulse shaping system for microwave arbitrary waveform
generation. MLFL: mode-locked fiber laser; EOM: electro-optic modulator; PD: photodetector.

The schematic diagram of a typical balanced TPS system for microwave arbitrary waveform
generation is shown in Fig. 3.46. The typical TPS system consists of two conjugate dispersive
elements and an electro-optic modulator (EOM) that is placed between the two dispersive

elements. In the system, an ultrashort optical pulse is temporally stretched by the first dispersive
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element. The dispersed pulse is then modulated in the time domain by a low-frequency RF

signal x(z) at the EOM. The dispersed and modulated optical pulse is finally completely

compressed by the second dispersive element with opposite dispersion.

For an ideal input ultrashort pulse, i.e. Dirac delta function &(¢), the output signal of the system
y(t) is the scaled version of Fourier transform of the RF signal applied to the EOM.
Considering the pulse width of the input signal g(f) is usually not zero in practice, the

temporal signal at the output of the typical TPS system can be obtained from the following

convolution [20]
(t)—i (t)*f((i) (3-42)

where @ (in ps®) is the dispersion of the dispersive element, * denotes the convolution

operation and X (#) is the Fourier transform of the RF signal x(¢).

Photonic generation of microwave waveforms based on optical pulse shaping using a TPS
system has been intensively investigated [13-15, 17-22, 218-219]. The key advantage of this
TPS technique is that an ultra-fast microwave pulse can be generated using a relatively slow

microwave driving signal.

3.2.1.2. Microwave waveform generation based on frequency multiplication using an

unbalanced temporal pulse shaping system

This section is a revised version of the following published paper.

Article title: Continuously tunable photonic microwave frequency multiplication by use of an

unbalanced temporal pulse shaping system
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Authors: Chao Wang, Ming Li, and Jianping Yao

Published in IEEE Photonics Technology Letters, vol. 22, no. 17, pp. 1285-1287, Sep. 2010.

In this section, photonic generation of a high-frequency microwave pulse based on microwave
frequency multiplication using an unbalanced temporal pulse shaping (UB-TPS) system is
investigated. The proposed UB-TPS system consists of a Mach-Zehnder modulator (MZM) and
two dispersive elements (DEs) having opposite dispersion, but non-identical in magnitude. The
entire system can be modeled as a typical balanced TPS system for a real-time Fourier

transformation followed by a residual DE for a second real-time Fourier transformation.

L. Introduction

High-frequency pulsed microwave signals have found important applications such as in radar
systems [217] and microwave tomography [129]. Techniques to generate microwave pulses
based on optical spectral shaping and frequency-to-time mapping have been discussed in
previous sections. Another interesting method to generate a high frequency microwave pulse is
to multiply the carrier frequency of a low-frequency microwave drive signal based on temporal
pulse shaping. For example, frequency division or multiplication of a pulsed microwave signal
has been reported through dispersively stretching or compression of a highly chirped optical
pulse that is modulated by the microwave drive signal [220]. The main limitation of the
approach in [220] is that the maximum microwave frequency that can be multiplied is limited
(input bandwidth limitation) due to the dispersion-induced power penalty using optical double-
sideband (DSB) modulation, similar to the power penalty in a DSB-modulation-based analog

fiber link [221]. Although the use of optical single-sideband (SSB) modulation can eliminate
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this penalty [222], it may increase the complexity of the system. In addition, SSB modulation is
only achievable within a small bandwidth due to the limited bandwidth of a 90° RF phase
shifter, which is not expected for broadband and tunable microwave frequency multiplication.
Recently, Azana et al. demonstrated an approach that was used to overcome the bandwidth
limitation by exploiting a general temporal self-imaging effect in the optical fiber for frequency
multiplication of a pulsed microwave signal [223]. Since the focused image of the microwave
drive signal can only be obtained under specific dispersion conditions (so called integer Talbot
conditions), the multiplication factor can be tuned only at specific values. Thus microwave
pulses with only specific carrier frequencies can be generated from a given input microwave

drive signal.

In this research work, we propose and experimentally demonstrate an optical approach to
generating high frequency microwave pulses based on frequency multiplication with a high and
continuously tunable multiplication factor. The technique is implemented using an UB-TPS
system that incorporates two DEs having opposite dispersion, but non-identical in magnitude.
The entire system is equivalent to a typical balanced TPS system with a pair of complementary
DEs [20] for real-time Fourier transformation followed by a residual DE with its dispersion
being the offset of the dispersion of the two DEs, to achieve a second real-time Fourier
transform. The frequency multiplication factor is only determined by the dispersion of the two
DEs. The limited bandwidth of the technique in [220] is eliminated by using optical intensity
modulation that is biased at the minimum transmission point to achieve carrier suppression.
Therefore, the approach is well suited for broadband operation. Moreover, since no specific

dispersion conditions are required, the frequency multiplication factor can be continuously
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tunable by changing the dispersion. Therefore, a pulsed microwave signal with a high and

tunable carrier frequency can be generated.
1. Principle

A schematic diagram showing the proposed unbalanced TPS system is illustrated in Fig. 3.47.
The system consists of an MLFL, two conjugate DEs, which can be two LCFBGs or two
dispersive fibers with different dispersion coefficients, and an MZM. The two DEs can be

modeled as LTI systems with transfer functions given by [191]

H, (o) =exp(-jd,0’/2) (3-43)

1

where i=1, 2, ®, and ®, (in ps?) are, respectively, the dispersion coefficients of the two DEs.

Ir Microwave drive signal
| x(H)=Acos(w.f)
|

== =1
| Frequency-multiplied |
: microwave signal |
|

1) l

198407

|
i
|
|
|
|
|
|
I
[

Fig. 3.47. Schematic diagram of an unbalanced TPS system for microwave pulse generation based on frequency
multiplication. MLFL: mode-locked fiber laser, LCFBG: linearly chirped fiber Bragg grating, MZM: Mach-
Zehnder modulator, PD: photodetector.

In the proposed UB-TPS system, the values of the dispersion should satisfy ®,®, <0, and

’('151’ # ’@2’ . Therefore the transfer function of the second DE can be rewritten as

H,(®) = exp(j®,0* /2) exp(- jADw* /2) , where A® =®, + D, is defined as the residual
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dispersion. Therefore, the entire UB-TPS system can be modeled as a typical balanced TPS
system with a pair of complementary DEs having dispersion coefficients of &, and —®,,

followed by a residual DE with a transfer function of H, (@) = exp(—jAd®* /2), as shown in

Fig. 3.48.

Residual
\_ e e Ay _/ dispersive element

— ——

Typical TPS system

Fig. 3.48. The unbalanced TPS system can be modeled as a typical TPS system followed by a residual dispersion
element. MLFL: mode-locked fiber laser, LCFBG: linearly chirped fiber Bragg grating, MZM: Mach-Zehnder
modulator, PD: photodetector.

Assume that the modulating RF signal applied to the MZM is a sinusoidal signal

x(t) = Acos(w,t), where A and @, are the amplitude and angular frequency of the electrical

drive signal, respectively. The intensity modulation in the MZM can be expressed as [224]

enr (1) = Lexp i+ ()]} +exp {4 +()])
x0] .

where ¢, is a constant phase shift determined by the constant DC-bias voltage. Equation (3-44)

can be expanded in Bessel series by
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ey, (1) = cos ¢+T"(’)] _ cos(%"—) B(B)* 30,0, (B)eos ()

( n
2xcos (%") x(-1)2,  niseven (3-45)

n+l
—2xsin (%"jx (-1)2, nisodd

where J () is a Bessel function of the first kind of order # with argument of §,and = A4/2

is the phase modulation index. We can see that the intensity modulation in the MZM will
introduce the first-order and higher order optical sidebands, with the amplitude distribution of

these sidebands determined by the variation of Bessel functions parameterized by £.

In our proposed approach, a different modulation scheme is employed — double-sideband
modulation with suppressed carrier (DSB-SC), where the DC bias of the MZM is tuned to have

¢, = 7. This is equivalent that the MZM is dc-biased at the minimum transmission point to

suppress the optical carrier. Therefore the optical carrier and all the even-order optical
sidebands will vanish, as indicated in (3-45). In addition, under the small signal modulation
condition, all optical sidebands above the second order have an amplitude low enough to be

ignored. Therefore the intensity modulation can be rewritten as
en (1) =2xJ,(B)cos(w,1) (3-46)

Theoretically, we can assume that the ultrashort optical pulse from the MLFL is a transform-

limited Gaussian pulse that is expressed as g(f) = exp(—t>/7,’), where 7, is half pulse width at

1/e maximum. Its Fourier transform is given by G(w)=F [g)]= \/;TO exp(—roza)2 /4). The

input optical pulse is dispersed by passing through the first DE. The temporally stretched pulse
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is then modulated by the microwave drive signal in the MZM. The Fourier transform of the

signal ¢(¢) at the output of the MZM can be expressed as

0(0)=5-[6(0)H,(0)]* £y (o) 3-47)

where EIM(a))=J1(ﬂ)[5(w—wm)+5(a)+a)m)] is the Fourier transform of the intensity
modulation function e, (¢) . Assume that the dispersion of the first DE is large enough to
satisfy that ‘r(f /d51’ <<1 and the microwave drive signal x(#) is faster than the dispersed
optical pulse stretched by the first DE, i.e., @, >>27x /(Aa)op,él), where Aw,, is the optical

bandwidth of the input pulse g(¢). Then by employing a similar mathematical treatment as in

[25], equation (3-47) can be approximated as (Fraunhofer approximation)

O(0)=G(w)exp(-jd,»)e,, (1) (3-48)

1=,0

The dispersed and modulated pulse g(f) is then sent to the second DE, which can be
theoretically modeled as the combination of two sub-DEs as shown in Fig. 3.48. Let s(¢) be the
output signal of the typical TPS system, which can be obtained by passing g(¢) through the first

part of the second DE. Therefore, the spectrum of the output signal of the typical TPS system

can be expressed as

S(w)=0(w)x eXp(J'dila’z) =G(w)ey (t)ltzds,m (3-49)
=2J,(B)G(@)cos(@,T),

where 7, = ‘me'I')l‘/Zfr . Then the corresponding temporal output signal is given by
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1 ~
= g(0)*E,, (o) .
s(t) =k (0)* g (@), (3-50)

=S,[g(t-1)+g(t+T,)]

where S, = J,(B)/|®,| is a time-independent constant. Therefore two time-delayed replicas of
0 1 1 P y P

the input pulse are generated at the output of the typical TPS system, which correspond to the

two first-order optical sidebands of the suppressed-carrier modulation.

Then the electrical field at the output of the entire unbalanced TPS system, (), is obtained by

propagating s(¢) through the residual DE. If the dispersion of the residual DE is large enough
such that |A('15‘ >T,* /2 is satisfied, then the output signal can be approximated by the real-time

FT of s(t) in the residual DE [25]

r(t)=exp I:—jt2 /(ZAé)] S(a))’ch:t/A('I)

3-51
=exp| —ji* / (2a8) |27, (B) G (¢ Ad)cos (21T, / AD) =D

Finally, the current at the output of the PD is proportional to the intensity of the input electrical

field, which is given by
2 1 2T
I(t) e ‘r (t)| = Kexp(—?)x[l+cos(27zA—(f)tJ] (3-52)

where K =J12(ﬂ)7rl'02 is a time-independent constant, and r=\/§AéI5/rO is the temporal

duration of the generated microwave pulse. Therefore, a frequency-multiplied microwave signal
is generated, which is a pulsed microwave signal with a Gaussian envelope. Its microwave

carrier frequency is given by
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Oy = 2T,/ AD| = 0, 2D, / AD)| (3-33)

From (3-53) we reach a conclusion that a high-frequency microwave pulse is generated from

the low-frequency microwave drive signal based on unbalanced temporal pulse shaping. The

frequency multiplication factor M = w,, / @, = 2‘&51 /AéI5| is determined by both the stretching

dispersion ®, and the residual dispersion A® . The key significance of the proposed approach

is that the frequency multiplication can be continuously tunable by changing the dispersion of
the DEs, while only a discrete multiplication factor can be achieved in [223] with the values of
dispersion that satisfy the Talbot effect condition. In addition, the proposed approach offers an
additional two-fold improvement in frequency multiplication thanks to the use of DSB-SC
modulation as compared with the previous approach in [223] where DSB modulation was

employed.
1. Simulation

The proposed approach is first evaluated by numerical simulations. In the calculations, we

assume the sinusoidal modulating signal has a frequency of f, = 5 GHz. The phase

modulation index /3 is selected as 0.35 rad. The dispersion coefficients are ®,= 2640 ps” and

@,=-2904 ps’. Based on (3-53), a frequency multiplication factor of 20 should be achieved.

The simulation results are shown in Fig. 3.49. Fig. 3.49(a) shows the signal s(#) at the output of
the typical TPS system. Two short pulses separated by a time shift of 27, are observed, as

predicted by (3-50). The inset gives a zoom-in view of the input pulse (dashed line) and one of

the output pulses (solid line). Both the pulses are properly time shifted. We can see that the
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output pulses are the replica of the input optical pulse. The optical spectrum of the two output
pulses is shown in Fig. 3.49(b). The output signal from the typical TPS system is then passing
through the residual DE. Fig. 3.49(c) shows the microwave signal at the output of the entire
system. As expected, a pulsed microwave signal, which has a Gaussian envelope with a
temporal duration of 180 ps and a carrier frequency of 100 GHz, is generated. The
corresponding frequency multiplication factor is 20, which matches well with the theoretical
prediction given by (3-52) and (3-53). In addition, by comparing the results in Fig. 3.49(b) and

(c), the real-time Fourier transform operation in the residual DE is also confirmed.
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Fig. 3.49. Simulation results. (a) Output signal from the typical TPS system. (b) The optical spectrum of the
signal in (a). (¢) The frequency-multiplied microwave signal at the output of the entire system.

To verify the capability of the proposed system in eliminating the dispersion-induced power
penalty in [220], an additional simulation is performed, in which the input RF signal at three
different frequencies of 10, 12, or 16 GHz for both DSB and DSB-SC modulation schemes is
considered. As can be seen from Fig. 3.50, the dispersion-induced power penalty, which occurs

in DSB modulation at 12 and 16 GHz, does not exist in DSB-SC modulation. Therefore, the
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input bandwidth limitation, which occurs in DSB modulation, is eliminated by applying DSB-

SC modulation.
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Fig. 3.50. Simulated output microwave pulses from the unbalanced TPS systems based on DSB modulation {(a),
(b), (c)} and DSB-SC modulation {(d), (e), ()}.

IV. Experiment

A proof-of-concept experiment based on the setup shown in Fig. 3.47 is then carried out. The
ultrashort optical pulse from the MLFL has a pulse width of 550 fs and a 3-dB bandwidth of 8

nm. The MZM is biased at the minimum transmission point to achieve carrier suppression. A

6.1 km DCF with a dispersion of ®,= 7624 ps®, and SMFs with different dispersion values are

used as the first DE and the second DE, respectively.

The generated microwave waveforms are measured both in the time and frequency domains,
with the results shown in Fig. 3.51. Note that all the time domain measurements are
implemented using a real-time oscilloscope, no averaging is performed. Experimental

parameters and results are summarized in Table 3.1. The system capability in tunable frequency
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multiplication is verified. The experimental results agree well the theoretical results values
given by (3-53). Note that the generated frequencies are relatively low, which are limited due to

the low operation bandwidth of the used real-time oscilloscope.
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Fig. 3.51. Experimentally generated frequency-multiplied microwave pulses with different multiplication factors.

TABEL 3.1. EXPERIMENTAL PARAMETERS AND RESULTS

b:() | Jn(GH2) | fur @GHp) | [memd | 7 g
-3144 1 3.38 3.38/3.40 2450
-4536 1 4.91 4.91/4.94 1700
-6532 0.45 6.31 14.02/13.96 725
-6792 0.35 6.34 18.11/18.32 550

V. Discussions

The multiplication factor is given by M =, / w,, = 2]&31 / Ad')|. For a fixed input modulation

frequency, w,,, the multiplication factor can be increased by decreasing the residual dispersion
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A® . Note that the residual dispersion must be kept sufficiently large to perform the second

real-time  Fourier transform, \A('I'>|2T,2/2 , where T, =|wm(151|/ 27 , thus we have

2
M<4d, /T = fﬂ_ It is also worth pointing out that, the microwave drive signal must

q>la)ma)m

be much faster than the dispersed optical pulse stretched by the input dispersion, ®,, i..,

_ Aw,,®, , 27N
0 2 @

m

, where Aw,,, is the optical bandwidth of the input pulse, 7; is the time

?

duration of the input dispersed optical pulse, N is the minimum number of cycles in the

Aw
modulated optical pulse. Therefore, we have — L < 2, and thus the frequency
b0 (27N
multiplication factor can be expressed as
M<4Aw,, /(No,) (3-54)

We can find that for a microwave pulse with a given number of cycles, N, a higher frequency
multiplication factor can be obtained for a lower-frequency microwave drive signal. Finally, the
multiplied microwave pulse can be expressed as

4Aa)op,
N

0py = Mo, < (3-55)

Theoretically, the highest multiplied frequency that can be achieved is only limited by the input
optical bandwidth. The frequency multiplication is practically limited by the operation

bandwidth of the PD.

It is also worth noting that decreasing the residual dispersion A® may increase the frequency

multiplication factor according to (3-53), but also reduces the temporal duration of the output
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microwave pulse according to (3-52), as shown in Fig. 3.51. Therefore, a tradeoff exists
between the frequency multiplication factor and the output pulse duration. To provide more
design guidelines, more simulations are performed. Fig. 3.52 shows the frequency
multiplication factor and the output pulse duration as a function of the residual dispersion for a
given stretching dispersion value (5280 ps®), a modulation frequency (1 GHz) and an input
optical pulse width. By employing an input optical pulse with a shorter pulse width, we can

achieve a higher multiplication factor while maintaining a suitable output pulse duration.
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Fig. 3.52. Calculated frequency multiplication factor and output pulse duration as a function of the residual
dispersion.

In our analysis, only GVD (®) are considered. This treatment is valid for a moderate length of
dispersive fiber (SMF, < 70 km) and is verified by both simulations and experiments. For a

longer dispersive fiber, the TOD (® ) has to be taken into account. In this scenario, a dispersion

element with both GVD and TOD can be described by the transfer function
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H, (@)= Hgyp, (@) Hypp, (@) (3-56)

where H,,,, () = exp(~j®,0° /2), and H,, (0) = exp(-jD o’ / 6) . For simplicity, we can
assume that the input optical pulse is an ideal Dirac delta function. Then the spectrum of the

dispersed and modulated signal g(¢) at the output of the MZM can be expressed as

O(w)=H,(0)* E,, (@)
= J: E,, (u)exp{—j—q—)La;_i]exp{—jgl(a;;u)}du

© o~ (.I-) 2 (.b 2 L
=LOEPM (u)exp[—] 120) )exp(—j 12” )exp(](Dla)u)

D’ RoRTs D uw’ D0’ (3-57)
xexp| —J c exp| J > exp| —J 5 exp| J c du

B D0’ D0\ = D’
_exp(—j 5 )eXP(JT LQEM(“)CXP —J 5 exp(jd)la)u)
D Oule Do’
xexp| —Jj . exp| j 5 exp| —j 5 du

Considering that the bandwidth of the microwave drive signal is small, i.e., # <10 GHz, we can

assume that ® u’ /2 << 1 and ®u’ /6 << 1. This assumption is valid if the DE has a moderate
value of dispersion, i.e., 10-km SMF with dispersion coefficients of & =1320 ps*, & =18 ps’.
In addition, the integral term exp(—j® uw’ /2)du can also be ignored if TOD of the applied

DE is small. According to these considerations, (3-57) can be simplified as

Q(a)) =exp(—j d)lza) )exp(j (13160) )

X j: E,, (u)exp (jé[')la)u)exp(j éﬁlzza)J du

(3-58)
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Considering E,, () = J (B)[6(@ - 0,)+ 5(@+ w,)], we have

0(0)= 4 (B)ess{ -1 22 e /2
X {exp (jC'I')Ia)a)m)explij w:, +exp (—jC'I')Ia)a)m)exp [j W}} (3-59)

., v s w
=2J, (,B)exp(—j d)lzco jexp(j q)‘:) Jexp(jq)'—az)’"g)cos(éla)a)m)

Therefore, the spectrum of the output signal of the typical TPS system can be rewritten as

S(@)=0(o)H, (0)=2J,(B) exp(—j &ﬁ%af )exp(j &B'az)’iw)cos(d')lwa)m) (3-60)

where @, is the mismatched third-order dispersion in the typical TPS system. Take into
account that the input optical pulse g(#) has a nonzero pulse width, the output signal from the
typical TPS system is then expressed as

Stop (t) = g(t) *F [S‘(a))]

3-61
=2(8,)" (B) g(t-1,-B,}12)+ g(t+T,-B,0) /2)]*[&/3(2)]( )

where Y,,,(Z) is the 1/3 order Bessel function of the second kind, and Z = (®,)™"?#*"? is its

argument. According to (3-61), the signal at the output of the typical TPS system still consists
of two pulses. However, the pulses are not exactly the replicas of the original input pulse. They

are time shifted, differently weighted and dispersed. The simulation result is shown in Fig. 3.53.

Dispersion values are selected as & = 1320 ps®, &, =0.45 ps’.
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Fig. 3.53. Simulation result. The output signal of the typical TPS system with both the GVD and TOD.

After passing through the residual DE, a chirped microwave pulse would be generated due to
the higher-order dispersion induced nonlinear real time Fourier transform [132]. Since the
frequency of the microwave drive signal can be tuned, the proposed system may find

application in configurable chirped microwave pulse generation.

In the proof-of-concept experiment, the employed DCFs and SMFs have different dispersion to
obtain different frequency multiplication factors. To achieve a real continuously tunable
frequency multiplication, the DEs with continuously tunable dispersion are required. In fact, the
dispersion of an LCFBG can be continuously tunable in a bandwidth up to 10 nm or more by

using the simply supported beam tuning technique [225].

VI. Conclusion

In conclusion, a novel approach to generation high-frequency microwave pulses based on
continuously tunable frequency multiplication in an unbalanced TPS system has been proposed

and demonstrated. The entire system is equivalent to a typical TPS system for a real-time
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Fourier transform followed by a residual DE for a second real-time Fourier transform. The
approach provides a potential solution to generate high-frequency pulsed microwave signals for

applications such as in radar and microwave tomography.

3.2.2. Frequency-domain Fourier-transform pulse shaping for microwave

arbitrary waveform generation

This section is a revised version of the following published paper.

Article title: Fourier transform ultrashort optical pulse shaping using a single chirped fiber
Bragg grating
Authors: Chao Wang, and Jianping Yao

Published in IEEE Photonics Technology Letters, vol. 21, no. 19, pp. 1375-1377, Oct. 2009.

Fourier-transform optical pulse shaping can also be implemented in the frequency-domain using
an optical spectral filter and two complementary DEs. In the pulse shaping system, the optical
spectral filter is usually located between the two DEs to shape the spectrum of a dispersed
optical pulse by the first DE. The spectrum-shaped pulse is then completely compressed by the

second DE.

A simplified frequency-domain Fourier-transform optical pulse shaping using a single LCFBG
is investigated and experimentally demonstrated in this section. The LCFBG in the system
performs three functions: temporally stretching the input ultrashort pulse, shaping the pulse
spectrum, and temporally compressing the spectrum-shaped pulse. The impulse response of the

entire pulse shaping system is equal to the Fourier transform of the square of grating power
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reflectivity function. By appropriately designing the grating reflection response, a temporal
waveform in the sub-picosecond regime can be accurately synthesized. The use of a single
LCFBG guarantees an exact cancellation of the dispersion, making the pulse shaping system

have a better pulse shaping accuracy with a simplified structure.

1. Introduction

- Magnitude response P ~
-~ Group delay -7 ~.

Pulsed pe: Conjugate /A-
Laser Source 1ape Dispersive Element

Fig. 3.54. Schematic diagram of a conventional frequency-domain Fourier-transform optical pulse shaping
system.

Ultrashort optical pulse shaping has been intensively studied in recent years for a number of
scientific and engineering applications, including high-speed optical telecommunications, fast
optical computing systems, coherent quantum optics, modern instrumentation and microwave
arbitrary waveform generation. Fourier synthesis, also known as Fourier transform pulse
shaping, is one of the most commonly used techniques for optical pulse shaping in the sub-
picosecond regime [42]. In a frequency-domain Fourier-transform pulse shaping system, as
shown in Fig. 3.54, a pair of diffractive or dispersive elements is employed to decompose and
compose the spectral content of the original input optical pulse; and a spectral shaping device is
incorporated between the two conjugate dispersive elements to realize optical spectral shaping
in the Fourier domain. For example, an optical spectral shaper with a Sinc-squared magnitude
response can be employed to achieve spectral shaping for the generation of a triangular

waveform, as shown in Fig. 3.54.
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The Fourier-transform optical spectral shaping can be implemented using free-space optical
devices, such as a programmable liquid crystal modulator (LCM) [226]. On the other hand,
Fourier transform pulse shaping can also be implemented using fiber-optics devices. For
example, two LCFBGs have been used to perform frequency-domain Fourier-transform pulse
shaping, with the first LCFBG serving as a spectral shaper and the other as a dispersion
compensator [227]. To cancel completely the dispersion introduced by the first LCFBG, the
second LCFBG must be precisely fabricated to have an exact opposite chirp, which would
increase significantly the fabrication complexity and cost. In addition, the LCFBGs in [227]
were designed based on the weak coupling (Born) approximation [210], making the LCFBGs

have a very low energy efficiency.

In this research work, we propose and experimentally demonstrate a novel Fourier-transform
optical pulse shaper that uses only a single LCFBG. In the proposed system, an input ultrashort
optical pulse is first temporally stretched by the LCFBG, and then completely compressed by
the same LCFBG by directing the dispersed optical pulse into the LCFBG from an opposite
direction. Therefore, a perfect dispersion cancellation is obtained. At the same time, the LCFBG
also acts as an optical spectral shaper which is designed to have a user-defined spectral
reflection response according to the target temporal waveform. The impulse response of the
entire system is equal to the Fourier transform of the square of the LCFBG power reflectivity

function.

The key device in the system is the LCFBG, which should be designed to have a strict linear
group delay response and a user-defined reflection magnitude response. In this research work,
we propose to use a simple and effective method based on an accurate mapping of the grating

reflection response to the refractive index apodization to synthesize and produce the required
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LCFBG, as have been discussed in Section 3.1.3. It is different from the design based on the
Born approximation, the method here can make the grating have a high reflectivity, leading to
an improved energy efficiency. Since an amplitude-only index apodization is required, the

LCFBG can be easily realized with the current phase-mask-based FBG fabrication technology.

11. Principle
-~ Group delay
EHH% i
l CFBG =
USPL . JL R

Clrculator Circulator

Fig. 3. 55. Schematic diagram of the proposed Fourier-transform optical pulse shaping system using a single
LCFBG. USPL: ultra-short pulsed laser, LCFBG: linearly chirped fiber Bragg grating.

A schematic diagram showing the proposed Fourier-transform optical pulse shaping system is
illustrated in Fig. 3.55. The system consists of a single LCFBG and two three-port optical
circulators. The two ports of the LCFBG (A and B) are connected by the circulators, to route the
input optical pulse to enter the LCFBG from the two ports successively. Mathematically, the

LCFBG can be modeled as a LTI system with a transfer function given by

H, (o)= |H p (a))|exp[ J® ,(w)] if the input pulse enters the LCFBG from port A and is then

reflected by the LCFBG. Under the second-order dispersion approximation, which is always

true for an LCFBG with very low higher order dispersion, the transfer function becomes

H (@)= R(o)exp(-jd 0 /2) (3-62)
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where o is the offset frequency from the optical central frequency @,, R(w) is the grating
power reflectivity, and &, = d*®, /dw” |,_, is the second-order dispersion at the frequency a, .

Similarly, the LCFBG has a transfer function H, (@) if the input optical pulse enters the

LCFBG from port B and is then reflected by the LCFBG,
H,(0)=R(o)exp(-jd 0" /2) (3-63)

where &, =d’®,/dw’ |,_, is again the second-order dispersion at the frequency w,. Thanks
to the linear group delay response of the LCFBG, we have & , =—®, . Therefore, the impulse

response of the entire system is given by
h(1)=F[H,(0)H,(0)]=F[R ()] (3-64)

where F() denotes the Fourier transform operation. As can be seen the impulse response of the

entire system is equal to the Fourier transform of the square of the grating power reflectivity.

For a temporal waveform y(f) to be synthesized, the desired grating power reflectivity function

is determined by

R(0) =¥ (@)/G(w) (3-65)

where Y(w) and G(w) are the Fourier transforms of the target output waveform y(¢) and the

input optical pulse g(), respectively.

An accurate grating synthesis technique is required to synthesize the grating refractive index

modulation profile from the desired LCFBG power reflectivity function given by (3-65). It was
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reported in [227] that when an LCFBG has a large dispersion, the grating apodization profile
can be linearly mapped to its spectral response. Our recent study shows that the mapping
relationship is unique, but not always linear, depending on the grating parameters such as the
refractive index modulation coefficient, the grating chirp rate, and the bandwidth [134]. In this
research work, the desired LCFBG is synthesized and produced using a simple and effective
technique based on an accurate mapping of the grating reflection response to the refractive
index apodization as discussed in Section 3.1.3, which offers a better accuracy as compared to
the approach in [227]. In addition, since the weak-coupling condition is not required in the
design, the produced LCFBG can have a high reflectivity, leading to improved energy

efficiency
1. Experiment

To prove the concept, an experiment to generate an optical triangular waveform is carried out.
In our design, the optical input pulse is assumed to be an ideal Dirac impulse function with

G(w)=1. The target temporal waveform y(f) is a triangular pulse with a FWHM of 2 ps.

Therefore, the desired LCFBG power reflectivity function, according to (3-65), is given by

R(0)= ¥ (0)/G(0) = I (0) =

smc(%]’ (3-66)

where B is the spectral bandwidth of the LCFBG, which has a value of 2r x 0.25 THz (2 nm ).

The LCFBG with the desired reflection response given by (3-66) is first designed by applying
the grating synthesis technique described above. The grating is then fabricated using a linearly
chirped phase mask. The fabricated LCFBG has a length of 5 cm, a chirp rate of 2.4 nm/cm, and

a strong reflection (the maximum reflectivity is around 90%). The center wavelength of the
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LCFBG is selected to match the central wavelength of the input optical pulse. The reflection
spectrum and the group delay response of the fabricated LCFBG are measured using an optical
vector analyzer (OVA, LUNA Technologies). The measured reflection profile matches well
with the desired reflection profile, as shown in Fig. 3.56(a). The linearity of the group delay

response is also achieved, as shown in Fig. 3.56(b).

——
T

0.5

Group Delay (ps) Reflection (a.u.)
(0]
(e}
(en)

0
Frequency (THz)

Fig. 3.56. The reflection spectrum and the group delay response of the fabricated LCFBG. Solid line: measured
spectrum; dotted line: desired spectrum.

The fabricated LCFBG is then incorporated into the experimental setup shown in Fig. 3.55, to
perform the spectral shaping of the input ultrashort optical pulse. The system performance is
measured both in the frequency domain and the time domain using the OVA. The measured
spectral response of the entire system, including the magnitude response and the group delay

response, is shown in Fig. 3.57. A system magnitude response corresponding to |Sinc(w/ B)| is

obtained, as shown in Fig. 3.57(a). The desired magnitude response is also shown in dotted line

in Fig. 3.57(a) for comparison. A constant system group delay response is observed, as shown
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in Fig. 3.57(b), which verifies a perfect dispersion cancellation. Note that bidirectional
propagation in the LCFBG can be used to compensate the second-order dispersion only. The
group delay ripples (GDRs) cannot be compensated. The GDRs in the LCFBG may also have
an impact on the pulse shaping accuracy. A comprehensive study on the tolerances of an optical

pulse compression system against the GDR can be found in [228].

0 . " TN D o Ty
600 -0.5 0 0.5

Group Delay (ps) Amplitude (a.u.)

0 05 0 0.5
Frequency (THz)

Fig 3.57. The magnitude and group delay response of the entire pulse shaping system. Solid line: measured
magnitude response; dotted line: desired magnitude response.

Fig. 3.58 shows the system impulse response measured by the OVA. Due to the limited
temporal resolution of the OVA, the details of the impulse response are not fully shown. To
evaluate the performance of the proposed system for ultrashort optical pulse shaping more
accurately, the measured system spectral response, including its magnitude response and phase
response, is used to calculate the system impulse response, with the calculated result shown in
Fig. 3.59. A triangular-shape impulse response with more details is obtained. The errors in the

pulse shaping are resulted from the inaccuracy of the LCFBG magnitude response, which can

be improved by refining the fabrication process.
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Fig. 3.58. Measured impulse response of the entire pulse shaping system.
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Fig. 3.59. Synthesized triangular pulse (calculated using the measured LCFBG magnitude and group delay
response).

Note that in the synthesis of the triangular pulse, the input optical pulse was assumed to be a

Dirac impulse function. For pulse shaping with a higher accuracy, the non-zero input pulse
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width should be taken into consideration, then the LCFBG should be designed with a target

reflection power spectrum given by /Y (@)/G(w) .

It is also worth noting that since the grating is not 100% reflective, the spectral leakage of the
input signal may also generate unwanted temporal waveforms. Since the unwanted waveforms
are temporally separated with the wanted temporal waveform, the target waveform can be

extracted using specific time windows.
IV. Conclusion

A novel technique to implement frequency-domain Fourier-transform optical pulse shaping
using a single LCFBG was proposed and experimentally demonstrated. The LCFBG in the
system was functioning as a spectral shaper and at the same time as a conjugate dispersive
element pair to perform pulse stretching and pulse compression. The use of a single LCFBG
guarantees an exact cancellation of the dispersion, making the pulse shaping system have a
simplified structure with a better pulse shaping accuracy. An experiment to demonstrate the

generation of a triangular pulse with an FWHM of 2 ps was performed.
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CHAPTER 4 PHOTONIC PROCESSING OF
MICROWAYVE ARBITRARY WAVEFORMS
USING FBGS

FBG-based photonic microwave arbitrary waveform generation techniques have been
intensively investigated in Chapter 3. High-frequency and broadband microwave waveforms
have been generated using photonically assisted techniques. On the other hand, it is also
desirable that the optically generated microwave waveforms can be processed in the optical

domain, to take advantage of the high speed and broad bandwidth offered by optics.

Microwave waveform ) Processed
to be processed microwave waveform

Laser ! E/O Optical Manipulation| | Photo-
Diode Modulator System Detector

Photonic Microwave Filter

Optical Line = Flectrical Line

Fig. 4.1. General diagram of a photonic microwave filter for microwave waveform processing.

A photonic microwave filter is usually used to process a microwave waveform in the optical
domain. A photonic microwave filter is a photonic structure, the object of which is to replace a
standard microwave filter structure used in a RF system. The advantages of the photonic
microwave filter include wide bandwidth, tunability, electromagnetic immunity, etc. Fig. 4.1
shows the general structure of a photonic microwave filter for microwave waveform processing.
A laser diode (LD) or an LD array is employed as the optical carrier(s). The microwave to

optical conversion is realized by directly or externally modulating the optical carrier. The input
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microwave signal to be processed is then conveyed by the optical carrier and fed to a proper
optical manipulation system, where the composite signal is processed in the optical domain. At
the output of the system, the processed microwave signal is recovered by means of various
optical receivers, such as a photodetector. In order to obtain desirable microwave filter response,
the optical manipulation system is to be properly designed. Two different types of photonic
microwave filters are investigated in this chapter: 1) photonic microwave multi-tap delay-line
filter, and 2) photonic microwave filter based on optical filter response to microwave filter
response conversion. Matched filtering of microwave arbitrary waveforms using both photonic

microwave filters is demonstrated.

4.1. Photonic microwave multi-tap delay-line filter for microwave

waveform processing

4.1.1. Principle of photonic microwave multi-tap delay-line filter

In the last few years, extensive efforts have been devoted to the design and implementation of
photonic microwave filters with different structures to realize different filtering characteristics.
Photonic microwave multi-tap delay-line filter is the most investigated technique for microwave
signal filtering. Comprehensive overviews of photonic microwave delay-line filters have been
published recently [73, 229]. In this section, a brief introduction to the principle of photonic

microwave delay-line filter is presented.

Fig. 4.2 shows a diagram of a generic photonic microwave multi-tap delay-line filter with a
finite impulse response (FIR). The system consists of an optical source, which is usually

incoherent, an electro-optical modulator, a tapped delay-line structure, and a photodetector. The
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optical carrier(s), after being modulated by the input microwave signal x(¢) at the modulator, is
sent to the tapped delay-line device, where it is split into several channels with different time
delays kT and tap coefficients (weights) &, and then combined incoherently at the
photodetector. The filtered microwave signal () is obtained at the output of the photodetector.

It is worth noting that the optical source can be a single-wavelength optical source, a laser diode
array, or a sliced broadband optical source; the tapping device can be an optical splitter, a
uniform FBG array or an AWG, and the time delay component can be fiber delay lines, a

chirped FBG or a length of dispersive fiber.

l o l,
Modulator — 0 T
Optical : 81 ]
Source c @ IxN : Nx1 > PD
I = [o-nT
IaN-1
RF () y@  RF

Input Output

Fig. 4.2. A diagram showing a generic photonic microwave delay-line filter with a finite impulse response.

Provided that the nonlinear effects in the system are small and negligible, the entire system can
be considered as a LTI system functioning as a microwave filter. According to the multi-tap
delay-line structure shown in Fig. 4.2, the impulse response of the photonic microwave filter

can be expressed as

N-1

h(t)= Zaké'(t—kT) @4-1)

where N is the number of the taps, «, is the coefficient of the kth tap and T represents the

constant time delay difference between the two adjacent taps. Then the transfer function of the

microwave filter can be obtained from the Fourier transform of impulse response.
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H(w)= F[h(t)] = gak exp (- jkawT) (4-2)

where @ denotes the RF angular frequency. We can define a coefficient profile a(¢), which is

given by
alkT)=«a
(k1) -, s
a(t)=0 (t<0ort2NT)
Therefore the frequency response H(w) can be rewritten as
Q
H(@)=—=2 4(0-mQ) (4-4)

2r 5

where A(w) is the Fourier transform of the coefficient profile a(¢). From (4-4) we can find that

the transfer function of a regular photonic microwave filter is spectrally periodic with a period

given by Q =27z /T, which is known as the filter free spectral range (FSR).

4.1.2. Nonuniformly-spaced photonic microwave multi-tap delay-line filter

for arbitrary microwave waveform matched filtering

1. Introduction
In a regular uniformly-spaced photonic microwave multi-tap delay-line filter, the time delay
difference between the two adjacent taps is constant. The phase response of the filter with real

tap coefficients is usually linear according to (4-4). Linear-phase filter is preferred in many

applications in microwave signal processing. However, in some advanced microwave signal
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processing applications, such as chirped microwave pulse generation or compression, a

microwave filter with a nonlinear phase response is usually required [138, 214].

Complex tap coefficients are usually required in a uniformly-spaced FIR filter to achieve a
sophisticated phase response. Various techniques to implement a photonic microwave FIR filter
with complex coefficients have been proposed and demonstrated. For example, a complex tap
coefficient can be generated using a system consisting of three PDs and two broadband phase-
shifted microwave couplers [230]. In [91], a hybrid optical/electrical system consisting of two
Mach-Zehnder modulators and a broadband 90° electronic phase shifter was proposed to
achieve complex tap coefficients for a photonic microwave delay-line filter. Recently, an all-
optical system to implement a complex tap coefficient was proposed by changing the phase of
the microwave signal realized based on a combined use of optical single-sideband modulation
and stimulated Brillouin scattering [231-232]. We can find that these filters usually have a

complicated structure, which may limit their potential for practical applications.

Most recently, a novel technique to design and implement a photonic microwave delay-line FIR
filter with a nonlinear phase response based on nonuniformly-spaced structure has been
proposed and demonstrated [233-234]. In the proposed system, a nonuniform sampling
technique is applied to generate equivalent complex tap coefficients. Since the actual tap
coefficients are all-positive, a simple implementation is ensured. The major limitation of the
technique is that a group of CW tunable laser sources are required, since the number of the filter
taps is equal to the number of optical wavelengths. The use of a tunable laser array makes the

system bulky and costly.
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In fact, a multiwavelength erbium-doped fiber laser (EDFL) or a spectrum-sliced broadband
optical source can be employed as the optical source in the photonic microwave delay-line filter
to provide multiple taps. An EDFL for stable lasing of large number of multiwavelength has
been intensively investigated {235-236]. Regular uniformly-spaced photonic microwave delay-
line filters using a multiwavelength EDFL [235] and a spectrum-sliced broadband optical
source [237-238] have been proposed and demonstrated. Since a single optical source is used in
the photonic microwave filter, the system is more compact with greatly reduced cost. On the
other hand, since the wavelength spacing in the multiwavelength EDFL or the sliced broadband
spectrum is usually identical, to achieve equivalent complex tap coefficients for the photonic
microwave filter, a nonuniform tapped delay-line device providing user-defined weights and
time delays for different taps is required. In this section, our efforts will be directed to the

investigation of the use of an SD-CFBG as the nonuniform delay-line device.

II. Principle

According to the analysis in Section 4.1.1, the frequency response of a regular uniformly-
spaced delay-line FIR filter has multiple channels with each channel having the same spectral

response A(w). The tap coefficient profile is just the inverse Fourier transform of the desired

spectral response in each channel.

As proposed in [234], if the time delay difference between the adjacent taps is nonuniform, the
Fourier transform relationship does not exist between the tap coefficients profile and the
frequency response of each channel. In this scenario, the impulse response of a nonuniformly-

spaced FIR filter can be expressed as
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ho(8)=Y B (t-1,) (4-5)

k=0

where B, and 7, are the tap coefficient and time delay of the kth tap, respectively. The time

delay and tap coefficient of each tap can be obtained by modifying the constant time delay
difference and the tap coefficient of the regular uniformly-spaced FIR filter with a time delay

shifting function f(¢) [234],

t, =kT - f(7}) (4-6a)
| a(z) )
ﬁk— 1+f,(z_k) (4 6b)

In fact, the nonuniform time delay function f(¢) provides a phase modulation to the real tap
coefficient profile a(t). Accordingly, the frequency response of the nonuniformly-spaced FIR

filter is given by

H,, (0)= %; B, (0-mQ) (4-7a)
B, (@) =F{a(r)exp jmQyf (t) ]} (4-7b)

From (4-7) we can find that the nonuniformly-spaced FIR filter still has a multichannel
frequency response. However, the responses of individual channels are no longer identical. By

properly designing the tap coefficient profile a(¢), the nonuniform time delay shifting function
f(t), and the channel order m , an arbitrary bandpass frequency response can be realized at the

mth channel with all-positive coefficients via nonuniform tap delay shifting.
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The research efforts here will be focused on the design and implementation of a nonuniformly-
spaced microwave delay-line FIR filter with the desired bandpass response using an SD-CFBG.
Fig 4.3 shows a diagram of a nonuniformly-spaced photonic microwave delay-line FIR filter

using an SD-CFBG as the nonuniform delay-line device.

Nonuniformly-spaced delay-line FIR filter
Bk — Reflection
4 ~ ~— Time delay
9 Bn-1
- &
Wavelength (\)  Modulator Wavelength (A)
Mutliwavelength »
EDFL 9‘ _-_ PD
4
RF " RF
Input (?) ¥ Output

Fig. 4.3. A diagram showing a nonuniformly-spaced photonic microwave delay-line filter by using an SD-CFBG.
EDFL: erbium-doped fiber laser, SD-CFBG: spatially-discrete chirped fiber Bragg grating, PD: photodetector.

We start the design of the nonuniformly-spaced FIR filter from the desired bandpass frequency

response A(@) (with both magnitude and phase responses). First, by calculating the inverse
Fourier transform of the desired bandpass response A(w), we can obtain the tap coefficients
profile a(¢), which can be complex valued with the amplitude | a(¢) | and the phase 8(¢) , of the

regular uniformly-spaced FIR filter. Second, choose the order of channel m, which could be

any non-zero value. Then the nonuniform time delay shifting function can be obtained as [234]

7()=24 (4-8)
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Finally, the tap coefficient and time delay of the nonuniformly-spaced FIR filter can be obtained

from a(t) and f(¢) according to (4-6). The frequency response of the mth channel of the
produced nonuniformly-spaced FIR microwave filter B (w—mQ) will provide the desired

bandpass frequency response.

If a multiwavelength optical source with identical wavelength spacing is used to provide
multiple filter taps, a nonuniform delay-line device is required to provide the user-defined tap

coefficients and time delays.

As we have discussed in Section 3.1.4, an SD-CFBG can be designed to have multi-channel
spectral response and provide user-defined time delays for individual channels. Therefore, the
SD-CFBG can be employed in the nonuniformly-spaced FIR delay-line filter as the tapped

delay-line device. According to (3-38), the time delay of the kth tap introduced by the SD-

CFBG can be expressed as
Ay 2my & 2n,p
r o=kl N g 4-9
TTeT e ,Z]: "o &9

where 1, is the constant wavelength spacing between the adjacent reflection channels of the

SD-CFBG, n,, is the effective refractive index of the fiber core, ¢ is the light speed in vacuum,

C is the chirp rate of the grating, and d, is the fiber shifting function [135]. By comparing (4-9)

with (4-6a), we can determine the SD-CFBG parameters from the required FIR filter parameters,

such as the filter FSR , and the nonuniform time shifting function f(¢)

Cxc

(4-10a)
2n,y

Ay =T
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zk:d,xz'zeff =—f(z.) (4-10b)

=1

Moreover, the SD-CFBG can be also designed to arbitrarily control the reflectivity of each
channel to achieve the required tap coefficients of nonuniformly-spaced FIR filter according to
(4-6b). Therefore, the SD-CFBG can be employed in the nonuniformly-spaced photonic
microwave delay-line filter as a tapped delay-line device to achieve the arbitrary magnitude and

phase response.

II1. Results

The nonuniformly-spaced microwave delay-line filter using an SD-CFBG is investigated by
numerical simulations. As an example, a bandpass microwave filter with a flat-top magnitude
response and a quadratic phase response (linear time delay response) is designed and analyzed,

which can be applied in chirped microwave pulse generation [214] and compression [138].

In the simulation, we assume that the desired bandpass filter has a central frequency of f, = 10

GHz, and a FWHM bandwidth of 5 GHz. We also assume that the slope of the time delay
response is -0.5 ns/GHz. Fig. 4.4 shows the desired magnitude and time delay response of the

bandpass filter of interest.

Based on the filter design procedure described above, a nonuniformly-spaced FIR filter with all-

positive tap coefficients is designed. The designed filter has 25 taps. The tap coefficients 5,
and the time delays 7, are calculated based on (4-6), with the results plotted in Fig. 4.5. We can

see that the tap coefficients are all positive and the time delays are nonuniformly spaced (the

time delays is no longer a linear function of tap numbers).
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Fig. 4.4. The frequency response of the desired bandpass filter.
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Fig. 4.5. The tap coefficients (a) and time delays (b) of the designed nonuniformly-spaced FIR filter.

It is worth pointing out that the channel order m can be any non-zero value. Here m =1 (first-

order channel) is selected. Then frequency response of the designed filter can be calculated by

the Fourier transform of (4-5),
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H,, (o) =Flh,, ()= B exp(-jr,0) (4-11)
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Fig. 4.6. The calculated frequency responses (both magnitude and time delay) of the nonuniformly-spaced FIR
filter (solid lines) and the regular uniformly-spaced FIR filter (dashed lines)

The calculated frequency responses are shown in Fig. 4.6. The desired magnitude and time
delay phase responses are obtained in the first-order channel. The frequency responses of a
regular uniformly-spaced delay-line FIR filter that is designed to realize the same bandpass
response are also plotted in Fig. 4.6 in dashed lines for comparison. We can see that for the
regular FIR filter, the frequency responses at different channels are identical. However, a
nonuniformly-spaced FIR filter has different frequency responses at different channels. In the
first-order channel, the two filters have the identical frequency responses, in both magnitude

and phase.
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In this research work, a multiwavelength optical source with identical wavelength spacing is
used to provide multiple filter taps. Then an SD-CFBG is designed and employed as the tapped
delay-line device to achieve the required tap coefficients and nonuniform time delays. We
assume that the wavelength spacing is 4, = 0.5 nm. To achieve 25 filter taps, a chirped phase
mask with a bandwidth of 13 nm is required to fabricate the grating. The fiber shifting function

d, is calculated according to (4-10) and the grating refractive index modulation function is

determined by the required tap coefficients according to (4-6).
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Fig. 4.7. (a) Simulated reflection spectral response and (b) the group delay response of the designed SD-CFBG.

Fig. 4.7 shows the reflection spectral response and the group delay response of the designed
SD-CFBG. We can see that multichannel response with the desired reflectivity and wavelength
spacing is obtained. By properly designing the fiber shifting function, a discrete (jumped) group
delay response is also achieved. By comparing with Fig. 4.5, the required tap coefficients and

nonuniform time delays are obtained by the single SD-CFBG. Therefore, a nonuniformly-
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spaced FIR filter with flat-top magnitude response and quadratic phase response (linear time
delay response) can be implemented using a multiwavelength optical source and the designed

SD-CFBG.
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Fig. 4.8. (a) The temporal shape and (b) the spectrum of the input linearly chirped microwave pulse to be
compressed.

The compression of a linearly chirped microwave pulse using the designed nonuniformly-
spaced FIR filter with a flat-top magnitude response and a quadratic phase response is also
investigated. Consider a linearly chirped super-Gaussian microwave pulse with a FWHM of 2.5
ns and a chirp rate of 0.5 GHz/ns. The temporal waveform and the spectrum of the input
linearly chirped microwave pulse are plotted in Fig. 4.8(a) and (b), respectively. The designed
nonuniformly-spaced photonic microwave delay-line filter has a nonlinear phase response that
is opposite to the chirp profile of the input chirped microwave pulse. Therefore, when the input

chirped microwave pulse is passing through the microwave filter, the pulse is compressed. Fig.
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4.9 shows the compressed microwave pulse at the output of the designed photonic microwave

filter. A compression ratio of 10 is achieved.
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Fig. 4.9. The compressed pulse at the output of the designed photonic microwave filter.

1V. Conclusion

A nonuniformly-spaced photonic microwave delay-line filter using an SD-CFBG was
investigated in this research work. The SD-CFBG was designed to have a multichannel
reflection spectral response and a discrete (jumped) group delay response. The produced SD-
CFBG was employed in the photonic microwave filter to simultaneously control the tap
coefficients and the time delays. A nonuniformly-spaced photonic microwave delay-line filter
with flat top magnitude response and quadratic phase response using an SD-CFBG was
designed. The application of the designed filter in chirped microwave pulse compression was
also investigated. Instead of using a tunable laser array and a coil of dispersive fiber [233], the
use of a multiwavelength optical source and an SD-CFBG in the nonuniformly-spaced photonic

microwave makes the system simplified with a greatly reduced cost.
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4.2. Photonic microwave filter based on optical filter response to

microwave filter response conversion.

This section is a revised version of the following published paper.

Article title: Chirped microwave pulse compression using a photonic microwave filter with a
nonlinear phase response

Authors: Chao Wang, and Jianping Yao

Published in IEEE Transactions on Microwave Theory and Techniques, vol. 57, no. 2, pp. 496-

504, Feb. 2009.

The major limitation of the microwave waveform processing technique presented in Section 4.1
is that a multiwavelength source is required to build the multi-tap delay-line filter, since the tap
number of the filter is determined by the number of optical wavelengths, which may make the
system bulky and costly. In this section, a photonic microwave filter with a used-defined filter
response using only a single optical wavelength based on optical filter response to microwave

filter response conversion is proposed and experimentally demonstrated.
1. Introduction

The proposed photonic microwave filter is implemented based on optical filter response to
microwave filter response conversion by using a SSB modulator and an FBG. The FBG acts as
an optical spectral filter that is designed to have user-defined magnitude and phase response.
The optical filter response is then transferred to the response of the photonic microwave filter

through SSB modulation and heterodyne detection at a high-speed photodetector. Therefore, by
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appropriately designing the spectral characteristics of the FBG, a photonic microwave filter
with the desired magnitude and phase response is realized. In this section, the principle of the
proposed photonic microwave filter is first described. Its application in chirped microwave
pulse compression is investigated in much detail. Numerical simulation and experimental

demonstration are both performed to verify the proposed approach.

II. Principle

Microwave signal _ Processed
to be processed microwave signal
I Y

4 Magnitude )

response

. Phase
A response

@ @ Photonic Microwave Filter
- J/

Optical Line Electrical Line

Fig. 4.10. Schematic diagram of the proposed photonic microwave filter based on optical filter response to
microwave filter response conversion. SSBM: single-sideband modulator; OSF: optical spectral filter.

The schematic diagram of the proposed photonic microwave filter based on optical filter
response to microwave filter response conversion is shown in Fig. 4.10. In the system, a CW
light from an LD is fiber coupled to an optical single-sideband modulator (SSBM), which is
driven by an input microwave waveform to be processed. The modulated optical field has a
single-sideband format. The carrier and one sideband are then sent to an optical spectral filter
(OSF) where different magnitude and phase responses are applied to the carrier and the

sideband. The magnitude spectra of the optical field components and optical filter response are
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also schematically illustrated in Fig. 4.10. The output microwave signal is recovered via the

heterodyne beating between the carrier and the sideband at a high-speed PD.

We start our analysis by assuming that the input microwave signal has a single RF angular
frequency Q , which is also appropriate for comparison with the swept-frequency
measurements performed in the experimental demonstration. If the optical carrier with a angular
frequency @, is modulated by the microwave signal in the single-sideband modulator, under
small-signal modulation conditions, the single sideband intensity modulation can be regarded as
a narrowband linear modulation, and the spectrum of the modulated optical signal has two

major frequency components: the optical carrier @, and one first-order sideband @, + Q. The

single-sideband modulated optical field can then be described by
Egp (t) =4 exp(ja)ct)+ B exP[i(wc + Q)t] (4-12)

where 4 and B denote the amplitudes of the optical carrier and the single sideband, which are
determined by the DC bias of the modulator and the power of input microwave signal. Without

loss of generality, the upper sideband @, + € is chosen in our treatment.

An optical filter with a transfer function of p(w) = | p(a))| exp[jO(w)] is then used to modify the

amplitudes and phases of the optical carrier and the sideband. The optical field at the output of

the filter is given by

Eo (1) =]p(a)c) Aexp[ja)ct +j6(a)c):|
+|p(w, + Q)| Bexp| j (@, +Q)t + jO (o, +Q)]

4-13)
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where |p(a))| and &(w) represent the frequency-dependent magnitude and phase response of

the optical filter, respectively.

The electrical current at the output of the photodetector is proportional to the intensity of the

input electrical field, which is given by

1= [ (O =3l (0. 4 +3le(o, +0) 5

+[(@.)| (. + )| 4Beos[ @ +6(a. +0)-0(a,)]

(4-14)

Note that all high-order harmonic components are ignored in (4-14) considering the fact that the
high-order harmonic components will be filtered out due to the limited bandwidth of the
photodetector. It can be seen from (4-14) that the first and second terms on the right-hand side

are dc components, and the third term is the recovered microwave signal.

Considering that the input microwave signal is cos(Q2¢), we can easily get the transfer function

of the system by comparing the recovered signal with the input microwave signal.

|H(Q)| «|p(a,)

plo,+Q) (4-15a)
¥ (Q)=0(w,+Q)-0(x,) (4-15b)

where |H (Q)| and ¥ (Q) are, respectively, the magnitude and the phase responses of the

developed photonic microwave filter. From (4-15a) we can see that the magnitude response of
the microwave filter is only determined by the magnitude response of the optical filter. The
phase response of the microwave filter, from (4b), is thus the optical phase difference between

the optical carrier and the sideband in the optical phase filter. Therefore, by appropriately design
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the magnitude response and the phase or group delay characteristics of the optical phase filter,
we are able to create a photonically implemented microwave filter with a desired magnitude and

phase response.

I11. Photonic microwave matched filter for chirped microwave pulse compression

II1.1. Introduction to chirped microwave pulse compression

Microwave pulse compression technique using frequency-chirped pulses has been widely used
in modern radar systems to improve the radar range resolution [217]. Pulse compression is
usually implemented at the radar receiver end via correlation or matched filtering. To
implement pulse compression for a high-frequency and broadband chirped microwave pulse,

optical techniques would be utilized.

In this section, chirped microwave pulse compression using the presented photonic microwave
filter with a nonlinear phase response is investigated. In the proposed system, a photonic
microwave filter with a nonlinear phase response that is opposite to the chirp profile of the input
chirped microwave pulse is used. When the input pulse is passing through the microwave filter,
the pulse is compressed. The principle is similar to dispersion compensation in an optical
communication system, where a chirped FBG with an opposite chromatic dispersion is used to

compress an optical pulse that is dispersed due to the dispersion of the fiber link [239].

I11.2. Design of a photonic microwave filter for chirped microwave pulse compression

To compress a chirped microwave pulse, the microwave filter should have a nonlinear phase
response that is opposite to the chirp profile of the input microwave pulse. The group delay

introduced by the microwave filter can be obtained from the filter phase response by
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d¥ (Q)
dQ

Tor (Q) = (4-16)

In other words, the microwave filter can be regarded as a dispersive microwave device, which
has a group delay response or a chromatic dispersion that is opposite to that of the input chirped
microwave signal, leading to the microwave pulse compression. The operation is similar to
optical pulse compression by dispersion compensation in an optical communication system

[239].

As a simple example, we consider the compression of a linearly frequency-modulated (or
linearly chirped) microwave signal, which is the most commonly used pulsed signal in modern
radar systems [127]. Mathematically, an amplitude-normalized linearly chirped microwave

pulse with a Gaussian envelope can be expressed as

s(t)=exp[—- 2;212)exp[j(90t+uziﬂ (4-17)

where T, is the width of the pulse at the 1/e maximum, €, is the central microwave angular

frequency,

u| = B/T, is the signal frequency chirp parameter, B is the overall frequency

bandwidth. The reason we select a Gaussian pulse rather than a normal rectangular pulse is that

a Gaussian pulse has inherently low correlation sidelobes.

The frequency domain expression of the linearly chirped Gaussian signal can be obtained by the

following Fourier transform,

2 \V2 _ 2,2
.§(Q)=F[s(t)]=(12:[§’Pj exp[—%:l (4-18)
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where F () denotes the Fourier transform operation. Here for simplicity, we introduce a new

notation P =uT,’, which is the time-bandwidth product of the linearly chirped microwave

signal.

It is known that the group delay of the linearly chirped microwave signal is a linear function
with respect to the instantaneous microwave frequency. According to (4-16), to compress the
linearly chirped microwave signal, a microwave filter with an opposite linear group delay
response, or equivalently, a quadratic phase response is required. According to (4-15b), this can
be obtained by setting the optical phase filter with a quadratic phase response. A detailed
analysis on the design of the optical filter with the required phase response for the linearly
chirped microwave pulse compression will be discussed later in this section. Here we firstly

consider a microwave filter with a quadratic phase response, given by
¥ (Q)=D,0* +DQ+ D, (4-19)

where D, is a constant phase shift, D, = d¥/dQ is a frequency-independent group delay

introduced by the filter, and D, =d 2‘I’/ dQ’ is the dispersion parameter of the microwave filter.
Since the first two terms (D, and D,) will not affect the operation of the pulse compression,

only the third term ( D, ) will be considered here.

The transfer function of the microwave filter with only the third term in (4-19) being considered

is given as  H(Q) = |H(Q)|exp[/D,Q2°] . When the linearly chirped signal is passing through the

filter, we have the filtered microwave signal, »(¢), which is given by
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r()=F[5(Q)H(9)]

= |,0(wc) ke 7z X €Xp {— 2(1—‘jP) 2 + jQt (4-20)
(7,7 - jD,(1- jP)] 2[ ;- D, (1- jP)]

Therefore, the filtered microwave signal maintains its Gaussian shape but with a compressed

pulse width. Let 7, represent the pulse width of the signal after passing through the microwave

filter. Then the pulse compression ratio y is given by

T ppY (DY 1"
y=lo_l[1-D2) (L 4-21)
U ) g

According to (4-21), the compression only occurs when the microwave filter has an opposite

dispersion with respect to that of the input chirped microwave pulse, i.e., D,u > 0. The pulse
reaches the maximum compression when the chirp of the input pulse is completely cancelled by
the dispersion of the filter. Mathematically, for an input chirped microwave signal with a given
chirp, the maximum compression factor occurs when the following condition is satisfied,

P

D2 opt = F% (4-22)

where D, . (in ns®) denotes the optimal microwave filter dispersion parameter required for a

20pt

maximal compression of a linearly chirped microwave pulse with a time-bandwidth product P

and a pulse-width T . Equation (4-22) gives us a guideline for the design of a microwave filter

with an optimal phase response for a given linearly chirped microwave pulse. According to (4-

22), the maximum compression ratio can be calculated by
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Vo = (14 P1)" (4-23)

For P >>1, which is always true for a highly chirped microwave pulse, we have y,_, =P.

This demonstrates that the maximum compression ratio is equal to the time-bandwidth product
of the input linearly chirped microwave signal. Therefore, the technique presented here has an
equivalent compression performance to that of a complex matched filter, which is widely used

in radar systems [217].
I11.3. Different types of microwave matched filters

It is worth pointing out that not only the filter phase response but also the filter magnitude
response may determine the filter performance for chirped microwave pulse compression.
Among the many filter performance measures [240], the pulse compression ratio (PCR), the
signal-to-noise ratio (SNR), and the sidelobe suppression ratio (SSR) are the three most

important measures that define the performance of a matched filter.

Given an input signal s(¢) embedded in an additive Gaussian white noise n(¢), the output
signal y(¢) of the filter is given by y(t) = h(¢t) *[s(t) + n(¢)], where * denotes the convolution

operation.

It is known that the use of a classical complex matched filter (CMF) would optimize the SNR

for pulse compression [217]. Mathematically, a CMF is defined as

He\ (Q)=S"(Q) =I5 (Q) [exp{-i®@[ () ]} (4-24)

- 182 -



where S(Q) is the Fourier transform of s(¢), ®[S(€)] is the phase term of S(Q). If only the

phase information is kept, the CMF becomes a phase-only filter (POF), with its transfer

function is given by

‘g Q) _ exp {~i® [s(@)]} (4-25)

1S ()]

Hpor (Q) =

An inverse filter provides the narrowest output pulse; therefore, the PCR can be maximized.
The key difficulty in using an inverse filter for pulse compression is its extremely high
sensitivity to noise. A solution to the problem is to modify the filter design, to introduce a filter
with a good trade-off between the noise robustness and the PCR [217]. A modified inverse filter

(MIF) can then be expressed as
K .
Ho (Q) = RO {-io[s(Q)]} (4-26)

where K and Q are two non-zero constants which are selected to optimize the correlation

performance. Q is also useful in designing the filter to avoid taking an inverse of a zero-value.

Note that all the three matched filters have the same phase response, which is complementary to

the phase information of the input signal s(r) and can be determined by (4-19) and (4-22).

Different amplitude modulation schemes are required to implement the desired matched filters.
I11.4. Design of FBG as an optical spectral filter

In the proposed system, an FBG is employed as the optical spectral filter as shown in Fig. 4.10.

The FBG is designed to have a phase response, which is transferred to the microwave filter with
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the desired phase response for chirped microwave pulse compression, according to (4-15b). As
a simple example, to realize pulse compression of a linearly chirped microwave signal shown in
(4-17), the microwave filter with a linear group delay is required, according to (4-16). Equation

(4-16) can then be rewritten as

e (Q) = d‘i’lgz) - lim 0(, +Q+AA§2—H(wC +Q)
4-27)
= d6() =7(w, +Q)
da) w,+Q

where 7(@, + Q) is the frequency-dependent optical group delay experienced by the remaining

sideband @, + Q in the FBG filter.

According to (4-27), the FBG with a highly linear optical group-delay response within a narrow

bandwidth from @, to @, + 2 would enable the implementation of a microwave filter with a
linear group-delay response. To efficiently compress the input linearly chirped microwave pulse,
the optical group delay response, or the optical dispersion of the FBG must be properly
designed according to the characteristics of the input microwave pulse, such as the chirp
parameter # and the frequency bandwidth B, to satisfy the desired microwave filter dispersion
coefficient given by (4-22). According to (4-27), the required optical dispersion parameter d
(in ps/nm) of the FBG is determined by the input microwave pulse chirp profile, and is
expressed as

¢ L__ ¢ 1
27A°'n B 27A'nu

(4-28)
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where A, is the optical carrier wavelength, » is the refractive index of the FBG, Tj is the width

of the input pulse, B is the pulse bandwidth,

u| = B/T, is the signal frequency chirp parameter.

On the other hand, the magnitude response of the matched filter, as described by (4-24), (4-25)
or (4-26), can be implemented by designing the magnitude response of the FBG according to
(4-15a). In the fabrication of the FBG, a properly designed refractive index modulation function
will enable to achieve the desired amplitude transmission. Such an FBG reconstruction problem
can be solved by inverse scattering algorithms, such as the DLP algorithm [115]. Therefore, a
single optical component (an FBG) enables both the phase and amplitude modulations. The use
of the FBG in a system with SSB modulation and heterodyne detection would achieve a

photonic microwave matched filter with the required phase and magnitude responses.
IV. Simulation results

The proposed approach is first verified by numerical simulations, in which the compression of a
linearly chirped microwave pulse with a rectangular envelope is considered. The central
frequency of the chirped microwave pulse is Q,= 2nx40 GHz, the pulse width is 7, =4 ns, and
the bandwidth is B = 20 GHz. Therefore the TBWP of the pulse is 80, and the chirp rate of the
pulse is u =5 GHz/ns. To compress this chirped microwave pulse, the grating should have a

chromatic dispersion of d = 2700 ps/nm according to (4-28).

The spectrum of the input pulse shown in Fig. 4.11 is obtained by the Fourier transform
(magnitude only). To cover the whole bandwidth of the input pulse (around 30 GHz), an

LCFBG with a bandwidth greater than 0.24 nm is required.
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Fig. 4.11. Normalized magnitude spectrum of the linearly chirped microwave pulse with a TBWP of 80.

If no amplitude modulation is needed, the developed microwave filter is a POF, which is
implemented by using an LCFBG with a linear group delay response and a flat magnitude
response. Fig. 4.12(a) shows the design of an LCFBG using the DLP algorithm for the
implementation of the POF. In the simulations, a 30-cm long LCFBG having a dispersion of -

2700 ps/nm and a bandwidth of 0.4 nm is considered.

To implement a CMF, the LCFBG should have a magnitude response that is identical to that of
the input signal. The grating reconstruction is also calculated based on the DLP algorithm. A
similar treatment is applied to the design of an LCFBG for the implementation of an MIF. In the
simulation, Q = 0.2 is selected to overcome the indeterminate condition caused by taking an
inverse of a zero value; K = 0.15 is selected to ensure that the filter gain is less than unity. The
designs of the LCFBGs for the CMF and the MIF are shown in Fig. 4.12(b) and (c),
respectively. In all the three cases, a large dispersion of -2700 ps/nm in the LCFBGs is needed.
The LCFBGs should have a length as long as 30 cm, which can be realized with the current
FBG fabrication technology. In fact, an LCFBG with a length up to 1 m has been demonstrated

[241]. In addition, a long grating length would make it easier to control the magnitude response.
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Fig. 4.12. Reflection magnitude response and group-delay response of the LCFBGs for the implementation of (a)
a POF, (b) a CMF, and (c) an MIF.

By incorporating the produced LCFBGs into the system as shown in Fig. 4.10, microwave
matched filters, including the POF, the CMF, and the MIF can then be realized. When a linearly
chirped microwave pulse is passing through the filters, the pulse is compressed. Fig. 4.13(a)

shows the compressed pulses at the outputs of the three matched filters. The performance
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measures of both PCR and SSR for the filters are compared and listed in Table 4.1. It is shown

that the CMF has a poor SSR and the MIF is the optimal filter for both the PCR and SSR.
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Fig 4 13 Correlations outputs of the three filters for (a) a noise-free chirped microwave pulse, and (b) a chirped
microwave pulse with an additive white Gaussian noise (The correlation peak height 1s normalized )

To investigate the noise robustness of the filters, an additive white Gaussian noise is added to
the linearly chirped microwave signal with an SNR of 30 dB. The compressed pulses at the
outputs of the filters are shown in Fig. 4.13(b) A performance comparison is also listed in
Table 4 1 It is obviously seen that a smooth correlation at the output of the CMF is maintained
and hence the CMF provides the best output SNR. On the other hand, for the input signal with

noise, the MIF presents a significantly deteriorated correlation performance. We can also find
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that the POF exhibits a moderate performance when compared with the other two filters against

all the three performance measures.

TABLE 4.1. PERFORMANCE MEASURES FOR DIFFERENT FILTERS

Filter Performances
Filters (f: fife PCR SSR SSR Noise
free) (noisy) | (noise free) | (noisy) | Robustness
CMF 67 65.5 6.71dB | 6.67dB | optimal
POF 77 73.9 7.87 dB 7.82 dB good
MIF 121 - 10.45 dB - poor
V. Experimental results
V.1. Experimental setup
——————— 4
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Fig. 4.14. Experimental setup of the proposed system. TLS: tunable laser source; PC: polarization controller;
MZM: Mach-Zehnder modulator; FBG: fiber Bragg grating; VNA: vector network analyzer; PD: photodetector.

A proof-of-concept experiment is then carried out to verify the proposed technique. The

experimental setup shown in Fig. 4.14 is built, which consists of a tunable laser source, an

MZM, two FBGs, and a high-speed photodetector. The tunable laser source has a wavelength

tunable range from 1520 to 1620 nm and a wavelength resolution of 1 pm, which is used as the
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optical source to produce a CW optical carrier. A polarization controller connected before the
MZM is used to adjust the polarization state of the optical carrier to the MZM, to minimize the
polarization-dependent loss. The swept-frequency microwave signal generated by a vector
network analyzer (VNA) is applied to the MZM via its RF port. At the output of the MZM, the

modulated optical signal consisting of an optical carrier and two sidebands is generated.

To realize single-sideband modulation, a narrow band FBG, FBG1, with very high reflectivity
is used as an optical bandstop filter to suppress one sideband while transmitting both the optical
carrier and the other sideband without introducing any additional magnitude and phase
distortions. Although single-sideband modulation using a dual-drive modulator and a
microwave phase shifter has been developed [242], our double-sideband modulation + bandstop
FBG approach is a promising alternative with the features of low cost and easy to implement.
Experimental result shows that a sideband suppression ratio as high as 50 dB is realized by
using a regular MZM and a strong narrow band FBG. The second FBG, FBG2, is properly
designed to have a phase response to introduce magnitude and phase changes to both the optical
carrier and the remaining single sideband. The microwave signal is then recovered via
heterodyne detection at the high-speed photodetector. The frequency response of the

photonically implemented microwave filter is characterized by the VNA.

V.2. Phase-only matched filter

In the proposed system as shown in Fig. 4.14, FBG2 can be designed to have a unity magnitude
response across the entire passband; therefore the photonically implemented microwave filter is
operating as a phase-only matched filter according to (4-25). In practice, the phase-only filter

(POF) is the easiest filter to implement since no amplitude modulation is needed. In fact, our
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proposed technique enables both the amplitude and phase modulations; therefore other types of
filters, such as complex matched filter and modified inverse filter, can also be implemented
using this technique. The primary motivation behind the use of phase-only filter is not only the
implementation simplicity, but also the better performance as discussed in simulation part, such
as higher power efficiency as well as a narrower output peak when compared with the use of a

complex matched filter [139].

V.3. FBG as an optical spectral filter

Consider an input linearly chirped microwave pulse having a bandwidth B =3 GHz, a chirp
parameter u =-0.8 GHz/ns, which corresponds to a TBWP of 11.25. Therefore, according to (4-
28), FBG2 should have a large chromatic dispersion of d = 16770 ps/nm in a 0.024-nm
bandwidth. This requirement can be met by using a uniform FBG. Fig. 4.15 shows the
reflection spectrum and the group delay response of a fabricated uniform FBG. Both the
simulation and experiment results are shown in Fig. 4.15 for comparison. The simulation results,
which are obtained by solving the coupled mode equations using the piecewise-uniform matrix
approach [154], are shown as dashed lines. Based on the simulation, a uniform FBG with a
length of 50 mm, a refractive index modulation of 0.00008, and a central wavelength of 1556.08
nm is then fabricated using a frequency-doubled Argon-Ion laser operating at 244 nm. The
measured results are plotted in Fig. 4.15 as solid lines. From Fig. 4.15(b), we can see that in the
spectrum down-ramp region (enclosed by a dotted rectangle, around 0.018-nm bandwidth),
nearly linear group delay difference of 240 ps is achieved, which is equivalent to an optical
dispersion of 13610 ps/nm. As an optical phase filter, the FBG is preferred to have a unity

magnitude response. Although the magnitude spectrum is falling off rapidly within the dashed
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rectangle, it only has impact on the envelope of the compressed pulse. It is the group delay

response that determines the microwave filter performance for pulse compression.

Reflection Spectrum (dBm)

1556.02 1556.08 1556.14
Wavelength (nm)

Group Delay (ps)

100

1556.02 1556.08 1556.14
Wavelength (nm)

Fig. 4.15. Designed FBG for the implementation of the optical phase filtering. (a) Reflection spectra, (b) group
delay responses. (Solid lines: experimental results; dashed lines: simulation results)

Such an FBG with the properly designed group delay response can then be used to build a
photonic microwave filter with a quadratic phase response for linearly chirped microwave pulse
compression. Note that the realized optical dispersion is not exactly identical to the designed
dispersion value. The optical dispersion mismatch may reduce the filter performance for

microwave pulse compression, which will be discussed laser.
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V.4. Microwave filter with a nonlinear phase response

A microwave filter is experimentally demonstrated using the FBG presented above based on the

setup shown in Fig. 4.14. The wavelength of the optical carrier is set at 4, =1556.15 nm. The

first FBG, FBG1, which is used as an optical notch filter to filter out one sideband, has a center
wavelength of 1556.23 nm, a 3-dB bandwidth of 0.04 nm, and a sideband suppression ratio
more than 50 dB. The other FBG, FBG2, designed as an optical phase filter, has a center
wavelength of 1556.10 nm and a 3-dB bandwidth of 0.067 nm. The measured transmission
spectrum of FBGI, the reflection spectrum of FBG2, as well as the spectrum of the single-
sideband modulated optical signal, are all shown in Fig. 4.16, where the microwave modulating
frequency is Q= 27nx4 GHz. In our implementation, the upper sideband (with shorter
wavelength) is selected. Note that, however, in general, either one of the two sidebands can be

chosen.
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Fig. 4.16. Experimental results: optical spectra of the gratings and the optical signals. (Solid line: transmission of
FBG1; dashed line: reflection of FBG2; dotted line: single-sideband modulated optical signal).

Both the magnitude and phase responses of the implemented microwave filter are measured

using the VNA by sweeping the microwave modulating frequency from 2 to 5 GHz while
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keeping the output RF power of 5 dBm. The operational frequency range is mainly limited by
the narrow operational bandwidth of the optical spectral filter (FBG2). One solution to eliminate
this limitation is to develop an optical phase filter with a broader operational bandwidth. This

will be discussed in more detail later.
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Fig. 4.17. Experimental results: frequency response of the microwave filter. (a) Magnitude transmission response
(Solid line: measured response; dashed line: desired response); (b) measured phase response. Inset: parabolic
phase response after subtracting the linear phase component (Dashed line: quadratic curve-fitting; dotted line:

theoretical prediction).

Fig. 4.17(a) shows the measured magnitude response of the implemented microwave filter. As
we have discussed before, the desired microwave filter is a phase-only filter with a flat
magnitude response, as shown via the dashed line in Fig. 4.17(a). The measured magnitude
response has a good flatness with variations limited within 4 dB. The variations in magnitude

response are mainly resulted from the three sources: the electrical-optical conversion at the
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MZM, the optical-electrical conversion at the photodetector, and the nonflat magnitude
response of the optical filter (FBG2). A theoretical analysis on the impact of optical filter
magnitude response variations on a linearly chirped microwave pulse when passing through a

photonic system has been reported in [243].

The measured phase response of the microwave filter is plotted in Fig. 4.17(b). The polynomial
curve-fitting shows that the phase response is nearly quadratic. Based on the fitting result, the

microwave dispersion parameter of the microwave filter can be calculated as

2 2
D2=dq)= 1 d°'o 5.02

=— 2 4-29
i Y . (2n) (ns) (4-29)

Note that the microwave filter has a strong linear phase response in addition to the desired
quadratic phase response, which means that a large frequency-independent group delay is
introduced in the filter. To show the nonlinear phase response more clearly, the linear phase
component ® =77.6f —151.1 can be removed from the entire measured phase response. A
parabolic phase response is thus obtained after subtracting the linear phase, as shown in the
inset of Fig. 4.17(b). A quadratic curve-fitting is also shown via the dashed line. The phase
variation is limited within around 0.4 rad. The theoretical prediction of the phase response by
(4-22) is also plotted as dotted line in the inset for comparison. Note that the difference between
the phase response of the implemented microwave filter and that of the desired filter mainly

comes from the optical dispersion mismatch in FBG2, as described before.

V.5. Linearly chirped microwave pulse compression
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The compression of a linearly chirped microwave pulse using the implemented microwave filter
with a quadratic phase response is investigated. Consider again the linearly chirped Gaussian
microwave pulse with a bandwidth B =3 GHz and a chirp parameter # =-0.8 GHz/ns. The

original temporal waveform s(¢) with a pulsewidth 7, =3.75 ns is plotted as a dotted line in

Fig. 4.18.
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Fig. 4.18. Temporal waveforms. (Blue dotted line: original microwave pulse; red solid line: compressed
microwave pulse). Inset: zoom-in view of the envelopes of the compressed microwave pulses.

The compressed microwave signal r(¢) is obtained at the output of the microwave filter, which

is given by
r(f)=F"[5(Q)H(Q)] (4-30)

where H(Q) is the transfer function (both amplitude and phase) of the implemented microwave

filter, S (€)) is the Fourier transform of the input signal s(¢) and F “!(8) denotes the inverse

Fourier transform operation.
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The compressed microwave pulse calculated based on (4-30) is also shown as a solid line in Fig.
4.18. A pulse compression ratio of 5.62 is achieved. Both the desired and achieved system

performances are summarized in Table 4.2 for comparison.

TABLE 4.2. COMPARISON OF SYSTEM PERFORMANCES

System Performances Desired Value Achieved Value
Optical Filter Dispersion
16770 13610
(ps/nm)
Microwave Filter Dispersion
2 0.1678 0.1273
(ns’)
Microwave Filter Phase 0 04
Response Variation (rad) '
Microwave Filter Magnitude 0 4

Response Variation (dB)

Microwave Pulse Compression | 1125 (TBWP of

Ratio the input pulse) 262

We can see that the compression ratio is slightly smaller than the time-bandwidth product of the
input microwave pulse due to the mismatch between the phase response of the microwave filter
and that of the input microwave pulse. Based on (4-22), the optimal microwave filter dispersion

parameter should be D,  =0.1678 ns®. On the other hand, the realized microwave filter

20pt
dispersion parameter is D, =0.1273 ns”. The microwave dispersion parameter mismatch is due
to the optical dispersion mismatch as discussed above. The design of an optical phase filter with
more accurate group delay response would enable an improved compression performance. The
inset of Fig. 4.18 provides a zoom-in view of the compressed microwave pulse envelope (via a
solid line). The envelope of compressed Gaussian microwave pulse by an ideal phase-only filter

is also plotted for comparison (via a dashed line). Note that the microwave filter magnitude
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response perturbations have no obvious impact on the pulse compression (even a slight

improvement on the compression ratio).
V1. Discussion
VI.1. Bandwidth extension

In this research work, a proof-of-concept experiment is carried out, which works within a
relative narrow bandwidth (a few gigahertz), limited by the bandwidth of the optical phase filter.
For many practical applications, high-frequency and broadband linearly chirped microwave
pulses are usually required to be compressed. In addition, the magnitude response variations are
found in the demonstrated microwave filter. Therefore, a broadband optical phase filter with a
linear group-delay response and a flatter magnitude response will be required to achieve true
phase-only filtering for high-frequency linearly chirped microwave pulse compression. One
solution to the problem is to construct a long-length linearly chirped FBG, which can provide a
large linear group delay. Moreover, the linearly chirped FBG with a properly designed index
modulation function would ensure the microwave filter to have a unity magnitude transmission
response. Such a grating reconstruction problem can be numerically solved by using the inverse

scattering algorithms, such as the DLP algorithm [115].

As an example, to build a microwave filter with a quadratic phase response for the compression
of a linearly chirped microwave pulse with a bandwidth of 50 GHz, and a chirp parameter u = -
2.86 GHz/ns, the linearly chirped FBG should have an optical dispersion of d = 5000 ps/nm, a
bandwidth of 0.4 nm, and a grating length as long as 30 cm. Since the facility currently
available in the laboratory cannot fabricate such a long grating, the potential of the proposed

technique for broadband operation is supported by simulations. Fig. 4.19 shows the simulation
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results of a linearly chirped FBG designed by using the DLP algorithm. Both the linear group
delay and unity magnitude response are obtained. In fact, such a long grating can be easily
realized with the current FBG fabrication technology. Recently, a linearly chirped FBG with a
length up to 1 m has been demonstrated [241], which can be used to compress a chirped

microwave pulse with a bandwidth as large as 165 GHz for the same given chirp parameter.

For an optical filter with large bandwidth, the operation frequency of the system is practically
limited only by the bandwidth of the optical-electrical conversion devices, such as
photodetector and the modulator. For example, to compress a chirped microwave pulse with its

highest frequency of 50 GHz, both the photodetector and the modulator must have a bandwidth

of 50 GHz.
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Fig. 4.19. Simulation results: reflection spectrum and group delay of a broadband linearly chirped FBG.

VI1.2. Compression of nonlinearly chirped microwave pulse

In our study, only a linearly chirped microwave signal is considered since it is the most
commonly used pulsed signal for most of the applications. It is worth noting that a linear

frequency chirping is not always necessary in a microwave pulse compression system. In fact,
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the frequency modulation can be of any form, provided that the compression filter in the

receiver end is designed to match the phase of the microwave pulse to be compressed.
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Fig. 4.20. Simulated reflection spectrum and group delay responses of a broadband nonlinearly chirped FBG.
Here we consider the compression of a nonlinearly chirped microwave pulsed signal. The use of
a nonlinearly frequency modulated signal for pulse compression has the advantage of a reduced
sidelobe level if the input pulse is compressed [244]. According to the expressions in (4-16) and
(4-27), to compress a nonlinearly (quadratically) chirped microwave signal by using a phase-
only matched filter, an optical phase filter with a quadratic group-delay response, or
equivalently, a cubic phase response is required. In addition, the optical phase filter should have
a broad bandwidth and a unity magnitude response. The DLP algorithm is again utilized to
reconstruct the desired FBG in the numerical simulation. A nonlinearly chirped FBG with a
quadratic group delay is obtained, with the reflection spectrum and group delay response being
shown in Fig. 4.20. A simple way to fabricate such a nonlinearly chirped FBG is to use a
custom-designed nonlinearly chirped phase mask [206], but at a higher cost. A low-cost
solution is to generate a nonlinearly chirped FBG from a regular linearly chirped FBG by

applying a strain to the grating using the strain-gradient beam tuning technique [132].
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VII. Conclusion

We have proposed and demonstrated a photonic microwave filter with a nonlinear phase
response for chirped microwave pulse compression. The proposed microwave filter was
realized based on SSB modulation and heterodyne detection at a high-speed photodetector, to
transfer the optical filter response to the response of the microwave filter. The key component in
the proposed system is an FBG, which was employed as the optical filter with a user-defined
nonlinear phase response. The key advantage is that the system requires only a single optical
wavelength and can be implemented using pure fiber-optic components, which has the high

potential for integration.

A detailed theoretical analysis on the photonic microwave filter design and its application in
chirped microwave pulse compression was developed. A photonic microwave filter having a
quadratic phase response with a bandwidth of 3 GHz was experimentally generated. The
compression of a linearly chirped microwave pulse using the implemented microwave filter was
investigated. A pulse compression ratio of 5.62 was demonstrated. To achieve a higher pulse
compression ratio for a highly chirped microwave pulse, an optical filter with more accurately
controlled phase response and a broader bandwidth is required. Potential solutions were

discussed and demonstrated by numerical simulations.

The demonstrated approach offers an optical solution to the compression of a high-frequency

chirped microwave signal for applications in modern radar and other civil and defence systems.
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CHAPTER S SUMMARY AND FUTURE WORK

5.1. Summary

In this thesis, the research efforts have been focused on the investigation of innovative optical
techniques to generating and processing high-frequency and large-bandwidth microwave

arbitrary waveforms using advanced FBGs.

Photonic generation of microwave arbitrary waveforms based on coherent optical pulse shaping
using advanced FBGs was first studied. Two different methods for photonic microwave
arbitrary waveform generation were investigated and experimentally demonstrated. One method
was based on optical spectral shaping and dispersion-induced frequency-to-time mapping.
Advanced FBGs have been employed in the systems as optical spectral filters for optical
spectral shaping, dispersive elements for frequency-to-time mapping and multifunctional
devices for both spectral shaping and frequency-to-time mapping. The other method for
photonic microwave arbitrary waveform generation was realized based on Fourier-transform
optical pulse shaping. Both time-domain and frequency-domain Fourier-transform optical pulse
shaping has been investigated. Advanced FBGs have been employed in the systems as optical

spectral filters and dispersive elements.

Photonic processing of microwave arbitrary waveforms using advanced FBGs was also
investigated. Two different photonic microwave filters were demonstrated to achieve matched
filtering of microwave arbitrary waveforms. One filter uses nonuniform sampling technique to

achieve equivalent complex tap coefficients for all-positive microwave delay-line filter, while
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the other filter was realized based on optical filter response to microwave filter response
conversion. In the first filter, a spatially-discrete chirped FBG was employed to arbitrarily
control the tap coefficients and the time delays, and in the second filter, an FBG with the

desired magnitude and phase response was used as the optical filter.

In conclusion, the unique filtering properties and versatility as an in-fiber device of an FBG
have been illustrated by its use in a variety of microwave photonics applications. Different types
of FBGs were designed and fabricated, which have played very important roles in the proposed
microwave arbitrary waveform generation and processing systems, with the advantages of small
size, low loss, low cost, good stability, and high compatibility with other well-developed fiber-

optic devices.

5.2. Future work

In this thesis, various FBGs have been fabricated and incorporated into the proposed systems to
achieve microwave arbitrary waveform generation and processing. The FBGs were designed
based on amplitude-only refractive index modulation, which may eliminate the difficulty in
fabrication. However, the realizable grating responses are also limited. With the help of
precisely controlled piezoelectric moving devices, arbitrary refractive index modulation
including some phase-shifts can be obtained. FBGs with the complex refractive index
modulation to achieve nearly arbitrary spectral responses (both magnitude and phase responses)
will be designed and fabricated. Their applications in the microwave arbitrary waveform

generation and processing will be further investigated.
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In addition, compared with the photonic microwave arbitrary waveform generation and
processing techniques using free-space optical devices, such as spatial lightwave modulators,
the FBG-based methods have the key limitation of poor reconfigurability since the spectral
response of an FBG is hard to be altered once it is fabricated. In practice, a reconfigurable FBG-
based microwave waveform generation and processing system would be more desirable. To
overcome this limitation, the filtering properties of FBGs must be tunable by some means. In
fact, grating tuning can be implemented by fiber stretching using piezoelectric devices [205] or
by thermal control using a divided thin-film heater [245]. Further study on the reconfigurable
microwave arbitrary waveform generation and processing based on FBG tuning will be

performed in the future work.

Finally, discrete optical devices, such as high-speed electro-optical modulator and
photodetectors have been used in the proposed microwave arbitrary waveform generation and
processing systems. The whole system becomes costly, even though the FBG itself has a very
low cost. A solution to reduce the system cost is to use photonic integrated circuits (PICs). A
silicon-based PIC was recently demonstrated to generate microwave arbitrary waveforms with a
center frequency up to 60 GHz based on optical spectral shaping and frequency-to-time
mapping [246]. The generated microwave waveform can be reconfigured at millisecond to
microsecond speeds. Further research would be carried out to investigate integrated photonic
microwave waveform generation and processing systems using PIC technique. Bragg gratings

would be imprinted in the silicon waveguide chip to achieve the desired spectral characteristics.
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