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ABSTRACT

Microwave signal processing in the optical domain is investigated in this thesis. Two
signal processors including an all-optical fractional Hilbert transformer and an
all-optical microwave differentiator are investigated and experimentally

demonstrated.

Specifically, the photonic-assisted fractional Hilbert transformer with tunable
fractional order is implemented based on a temporal pulse shaping system. The
fractional Hilbert transformer consists of a phase modulator and two dispersive
elements with complementary dispersion. The fractional Hilbert transform is realized
if a step function is applied to the phase modulator to introduce a phase jump. The
proposed technique is investigated numerically and experimentally. The results show
that a real-time fractional Hilbert transformer is achieved with a tunable fractional

order by tuning the step function applied to the phase modulator.

The microwave bandpass differentiator is implemented based on a finite impulse
response (FIR) photonic microwave delay-line filter with nonuniformly-spaced taps.
To implement a microwave bandpass differentiator, the coefficients of the photonic
microwave delay-line filter should have both positive and negative coefficients. In the
proposed approach, the negative coefficients are equivalently achieved by introducing
an additional time delay to each of the taps, leading to a = phase shift to the tap.

Compared with a uniformly-spaced photonic microwave delay-line filter with true

vii



negative coefficients, the proposed differentiator features a greatly simplified
implementation. A microwave bandpass differentiator based on a six-tap
nonuniformly-spaced photonic microwave delay-line filter is designed, simulated, and
experimentally demonstrated. The reconfigurability of the microwave bandpass
differentiator is experimentally investigated. The employment of the differentiator to
perform differentiation of a bandpass microwave signal is also experimentally

demonstrated.
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CHAPTER 1 INTRODUCTION

1.1 Background review

Microwave photonics is an interdisciplinary field that investigates the interaction
between microwave and optical signals [1]-[3] for applications such as radar, wireless
communications, imaging and modern instrumentation. In the past decades, there has
been an increasing effort in researching microwave photonics techniques for the
generation, distribution, control and processing of microwave signals in the optical

domain.

The all-optical processing of microwave signals is one of the most important topics
and has been researched extensively [4]-[6]. The key advantages of an all-optical
microwave signal processor include high speed, large bandwidth, low loss and
immunity to electromagnetic interference (EMI). Numerous signal processing
architectures have been proposed. In general, a photonic microwave signal processor
consists of three key modules, an electrical-to-optical conversion (E/O) module, to
convert a microwave signal from the electrical domain to the optical domain, a signal
processing module, and an electrical-to-optical conversion (O/E) module, to convert
the processed signal to the electrical domain, as shown in Fig. 1.1. The key module is
the signal processing module. For linear signal processing, all functions can be

modeled as a filtering operation, by changing the magnitude and/or phase of a



microwave signal in the optical domain. In this thesis, our discussion will be focused
on the design of two all-optical signal processors to perform fractional Hilbert
transform and microwave bandpass differentiation. Specifically, the fractional Hilbert

transform is implemented based on temporal pulse shaping technique [7].

Signal To Be E/O Optical O/E Processed
Processed Convertor Filter Convertor Signal

Fig. 1.1 Photonic microwave signal processor.

Optical pulse shaping was originally proposed for photonic microwave arbitrary
waveform generation (AWG). Numerous techniques have been proposed to achieve
optical pulse shaping in the past decade [8]. In general, photonic-assisted microwave
waveform generation can be classified into three categories, 1) direct space-to-time
(DST) pulse shaping [9]-[15], 2) spectral-shaping and wavelength-to-time (SS-WTT)
mapping [17]-[25], and 3) temporal pulse shaping (TPS) [26]-[30]. These techniques
can be implemented using free space optics where a spatial light modulator (SLM) is
usually employed to perform temporal or spectral shaping. The key advantage of the
pulse shaping technique using free space optics is its reconfigurability. The spatial
pattern on the SLM can be updated in real time. The major limitation of a pulse
shaping system based on free space optics is the large size. In addition, a strict
alignment of the devices is needed which makes the system complicated. A solution

to this problem is to perform pulse shaping based on fiber optics.



Pulse shaping for photonic-assisted microwave AWG has been demonstrated based on
DST mapping [9]-[15]. In a DST system, the spectrum of an ultrashort (~femtosecond)
input optical pulse is mapped to the spatial domain. The magnitude and the phase
spectrum of the pulse can be directly manipulated by a DST pulse shaper. Through
controlling the spatial pattern on the pulse shaper, arbitrary phase and amplitude
modulation on the input pulse can be obtained. A DST pulse shaper can be either
implemented using free space optics such as an SLM or fiber optics such as an

arrayed waveguide gratings.

Pulse shaping for microwave AWG can also be implemented based SS-WTT.
[16]-[23]. In a SS-WTT mapping system, an ultrashort pulse from a mode-locked
laser source is sent to a spectral shaper. The spectral shaping (SS) is then achieved
using an optical filter such as an SLM [16] or a fiber Bragg grating (FBG) [17]-[22].
The wavelength-to-time (WTT) mapping is realized in a dispersive element, such as a
dispersive fiber or a linearly-chirped FBG (LC-FBG) [24] [25]. An arbitrary
microwave waveform with its shape that is identical to the shaped spectrum is
obtained at the output of a photodetector (PD). The key feature of this technique is
that pulse shaping is implemented in the frequency domain. Therefore, an ultra-fast
temporal waveform can be generated using a spectral shaper without the need of

high-speed processing in the time domain.



Pulse shaping in the optical domain can also be achieved based on a TPS system. TPS
has been extensively investigated in the past few years due to its important
applications in areas such as frequency analysis [26] and AWG [27]-[30]. The
concept of TPS was originally proposed by Heritage and Weiner [9] based on free
space optics. In [26], a TPS system was employed for the analysis of the spectrum of
a microwave signal. Since the output in the TPS system is in the time domain, a fast
measurement of the spectrum could be implemented using a real-time oscilloscope.
The most important application of the TPS technique is to achieve AWG [27]-[30].
Since the output waveform is determined by the modulation signal, the output
waveform to be generated can be programmed in real time [27] [28]. In addition, the
use of a TPS system incorporating a phase modulator can generate a pulse burst with
tunable repetition rate [29]. Recently, a TPS system to generate a high frequency and
frequency-chirped microwave waveform was demonstrated [30]. A typical TPS
system consists of two dispersive elements (DEs) with complementary dispersion and
an electro-optic modulator (EOM) between the two dispersive elements. A
transform-limited ultrashort optical pulse is firstly stretched by the first DE, so that
the dispersed pulse is temporally wide enough and can be modulated by a microwave
modulation pattern applied to the EOM. The modulated signal is then compressed by
the second DE. The key feature of the TPS system is that the generated waveform at
the output of the system is the Fourier transform (FT) of the modulation microwave
signal. Therefore, an ultra-fast microwave signal can be generated using a relatively

low-speed modulation microwave signal.



The above three pulse shaping techniques for microwave AWG have been applied to
the field of microwave signal processing. Photonic microwave signal processing via
SLM-based pulse shaping technique have been demonstrated in [31]-[35]. Photonic
microwave signal processors, such as temporal differentiator, integrator and Hilbert
transformer, based on fiber-optics-based spectral shaping using FBGs were reported
in [36]-[42]. A temporal differentiator can be achieved using a = -phase shift fiber
Bragg grating (PS-FBG) [37], a long-period fiber grating [36] [38], or a special FBG
designed using the discrete layer peeling (DLP) method [39]. The FBG using DLP
method has also been employed to design an arbitrary-order temporal integrator [40].
A Hilbert transformer can also be implemented in the optical domain based on a
PS-FBG [41], with a bandwidth as large as a few hundred of gigahertz, and a
fractional Hilbert transformer based on a directly designed FBG using the DLP
method was proposed in [42]. The use of a TPS system for photonic microwave signal

processing has also been reported [43].

Other than realizing photonic microwave signal processing using pulse shaping
techniques, discrete-time optical processing of microwave signals is also a widely
used method for photonic microwave signal processing. Due to the limited speed of
the currently available digital electronics, the processing of a high-frequency and
broadband signal based on photonic techniques has been considered a promising

solution. Among many signal processing schemes, the one based on a delay-line



architecture with a finite impulse response (FIR) has been widely investigated, which
can find numerous applications such as spectral filtering, phase coding, and chirped
microwave signal generation or chirped pulse compression. The first work of utilizing
delay lines for signal processing can be tracked back to the article by Wilner and Van
de Heuvel in 1976 [44]. In the past three decades, extensive efforts have been devoted

to the exploration of photonic microwave filters [2] [4]-[6] [45].

In general, a microwave signal under processing is modulated on an optical carrier or
an array of optical carriers, time delayed, added in the optical domain, and then
converted back to the electrical domain using a PD. To avoid optical interference, a
photonic microwave filter is usually operating in the incoherent regime. The major
limitation of a microwave delay-line filter operating in the incoherent regime is the
all-positive nature of the tap coefficients, which makes the FIR filter low-pass only.
For many applications, however, a band-pass filter with negative or complex
coefficients is needed. In order to overcome this problem, numerous techniques have
been proposed to achieve an FIR filter with negative tap coefficients [46]-[57].
Photonic microwave delay-line filters with complex tap coefficients have also been
proposed [58] [59]. A photonic microwave filter with complex coefficients can have
an arbitrary spectral response, which is highly needed for advanced signal processing.
Although the schemes in [58] [59] can provide complex coefficients, the
implementation is extremely complicated, especially when the number of taps is large.

To solve this problem, Dai and Yao recently developed a concept to design and



realize a bandpass microwave photonic filter with equivalent negative or complex tap
coefficients [60] [61]. Instead of using a delay-line structure with uniformly spaced
taps, the filter has a structure with nonuniformly spaced taps, or more precisely, each
tap has an additional time delay, corresponding to an additional phase shift, making
the coefficient of the specific tap have an equivalent negative or complex coefficient.
Based on this concept, advanced signal processing functions, such as phase coding,
chirped microwave signal generation and chirped pulse compression have been

demonstrated [61].

In this thesis, our efforts are directed to the implementation of two photonic assisted
signal processors to implement a fractional Hilbert transformer based on a TPS
system and a bandpass microwave differentiator based on a nonuniformly spaced

microwave photonic filter.

1.2 Major contribution of this thesis

One all-optical signal processors to achieve fractional Hilbert transform and another
one to achieve microwave bandpass differentiation are proposed and experimentally

demonstrated.

The fractional Hilbert transformer with a tunable fractional order is implemented
based on TPS. The fractional Hilbert transformer consists of a phase modulator and

two dispersive elements with complementary dispersion. The fractional Hilbert



transform is realized if a step function is applied to the phase modulator to introduce a
phase jump. The proposed technique is investigated numerically and experimentally.
The results show that a real-time Hilbert transform is achieved with a tunable

fractional order by tuning the step function applied to the phase modulator.

The microwave bandpass differentiator is implemented based on a FIR photonic
microwave delay-line filter with nonuniformly-spaced taps. To implement a
microwave bandpass differentiator, the coefficients of the photonic microwave
delay-line filter should have both positive and negative coefficients. In the proposed
approach, the negative coefficients are equivalently achieved by introducing an
additional time delay to each of the taps, leading to a © phase shift to the tap.
Compared with a uniformly-spaced photonic microwave delay-line filter with true
negative coefficients, the proposed differentiator features a greatly simplified
implementation. A microwave bandpass differentiator based on a six-tap
nonuniformly-spaced photonic microwave delay-line filter is designed, simulated, and
experimentally demonstrated. The reconfigurability of the microwave bandpass
differentiator is experimentally investigated. The employment of the differentiator to
perform differentiation of a bandpass microwave signal is also experimentally

demonstrated.



1.3 Organization of this thesis

The thesis consists of six chapters. In Chapter 1, a brief background review of
microwave signal processing using photonics is presented. Then, the major

contributions of this thesis are summarized.

In Chapter 2, the theoretical background of temporal pulse shaping is reviewed. The
implementation of a temporal pulse shaping system based on free space optics is
reviewed. Then the operation of a temporal pulse shaping system using fiber optics is

introduced.

In Chapter 3, photonic microwave signal processing based on a microwave photonic
delay-line filter is reviewed. The operation of a microwave photonic delay-line filter
is firstly presented. Then, the techniques to implement a photonic microwave filter
with true negative and complex tap coefficients are introduced. Finally, the
implementation of a photonic microwave delay-line filter with nonuniformly spaced

taps to achieve an arbitrary spectral response is discussed.

In Chapter 4, a photonic-assisted fractional Hilbert transformer with tunable fractional
order implemented based on a TPS system is proposed and experimentally
demonstrated. The fractional Hilbert transformer consists of a phase modulator and
two dispersive elements with complementary dispersion. The fractional Hilbert

transform is realized if a step function is applied to the phase modulator to introduce a



phase jump. The performance of the fractional Hilbert transformer is evaluated based

on simulations and experiments.

In Chapter 5, a photonic microwave bandpass temporal differentiator implemented
based on a photonic microwave delay-line filter with nonuniformly-spaced taps is
proposed and experimentally demonstrated. The bandpass differentiator is
implemented based on a FIR photonic microwave delay-line filter with
nonuniformly-spaced taps. To implement a microwave bandpass differentiator, the
photonic microwave delay-line filter should have both positive and negative
coefficients. In the proposed approach, the negative coefficients are equivalently
achieved by introducing an additional time delay to each of the taps, leadingto a =
phase shift to the tap. Compared with a uniformly-spaced photonic microwave
delay-line filter with true negative coefficients, the proposed differentiator features a
greatly simplified implementation. The performance of the differentiator is evaluated

based on simulations and experiments.

In Chapter 6, a conclusion is drawn and the future work for this research is discussed.
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CHAPTER 2 TEMPORAL PULSE SHAPING
TECHNIQUES - AREVIEW

2.1 Theoretical background of temporal pulse shaping techniques

The objective of pulse shaping is to shape an ultrashort optical pulse either in the
temporal or in the frequency domain to generate a waveform with the desired
temporal or spectral attributes, which can find numerous applications such as in
optical communications, radar, wireless communications, femtochemistry, warfare
systems, and medical imaging systems. For example, pulse shaping has been used to
generate monocycle and doublet pulses for ultra-wide band (UWB) communications

[17].

Pulsed
Laser
Source

Optical
Pulse
Shaper

O/E
Convertor

Output
Waveform

Fig. 2.1 Schematic of a pulse shaping system.

As shown in Fig. 2.1, a pulse shaping system consists of a pulsed laser source, an
optical pulse shaping filter and an O/E converter. An ultrashort transform-limited
pulse with a temporal duration in the order of femtoseconds is generated using a
pulsed laser source, such as an actively or passively mode-locked laser (MLL). For
example, the experiment in this thesis for the fractional Hilbert transform is
performed using a passively MLL that can generate an ultrashort optical pulse with a

11



temporal width of 550 fs and a 3-dB bandwidth of 8 nm. Then, the ultrashort pulse is
shaped by an optical pulse shaper either in free space optics or fiber optics. Finally,
the shaped waveform is converted from the optical domain to the electrical domain
using an O/E convertor which is usually a PD. At the output of the system, a
microwave waveform with the desired temporal or spectral attributes is generated. As
discussed in Chapter 1, photonic-assisted microwave waveform generation can be
classified into three categories, 1) direct space-to-time (DST) pulse shaping, 2)
spectral-shaping and wavelength-to-time (SS-WTT) mapping, 3) temporal pulse
shaping (TPS). Since the fractional Hilbert transform reported in this thesis is
achieved based on the TPS technique, only the TPS technique implemented using

either free space optics or fiber optics is reviewed in this chapter.

A temporal pulse shaping system can be modeled as a linear, time-invariant (LTI)
system. A LTI system can be characterized using the system impulse response h(t).
As shown in Fig. 2.2, for an input signal x(t), the temporal waveform at the output
of the LTI system equals to the convolution between input signal x(t) and system

impulse response h(t)

y(®) = x(t)*h(t) (2-1)

where y(t) is the temporal signal at the output of the LTI system, and * denotes the

convolution operation.
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Input LTI Output
x(9) h(?) ()

Fig. 2.2 An LTI system with an impulse response h(t).

In the frequency domain, the LTI system can be characterized using a system transfer

function H(w), which is the FT of the temporal impulse response. As shown in Fig.
2.3, the convolution in the time domain becomes multiplication in the frequency

domain. The output signal in the frequency domain is thus given

Y(0) = X(0)-H(w) (2-2)

where X(®w), Y(w) and H(w) are the Fourier transforms of x(t), y(t) and

h(t).

Input LTI Output
X(w) H(w) Y(w)

Fig. 2.3 An LTI system characterized by a transfer function H ().

If the input signal is a Dirac delta function, the output waveform is thus identical to

impulse response h(t). In a pulse shaping system, an ultrashort input pulse is used as

an input, which can be considered as a Dirac delta function, thus the generation of a

13



desirable waveform reduce to a problem to design the system impulse response h(t),

or equivalently, the frequency response H ().

2.2 Temporal pulse shaping based on free space optics

f f f f

- > | < > <—>‘<—>

|

Diffraction Diffraction
Grating Grating
Lens Spatial Lens
Light
j\ Modulator I ‘

Fig. 2.4 System configuration of a TPS system based on free space optics.

A TPS system based on free space optics is shown in Fig. 2.4. The system consists of
a pair of diffraction gratings, a pair of lenses, and a SLM. The SLM here is a spatial
mask with a spatially patterned amplitude and phase mask. The distance between the
left grating and the left lens, the left lens and the SLM, the SLM and the right lens, the
right lens and the right grating is the focal length of the lens. Thus, the system is also
referred to as a “4-f” pulse shaping system. An ultrashort optical pulse is sent to the

left grating which is dispersed by the grating. Then, the angularly dispersed signal is

14



focused to spots along one dimension at the back focal plane of the left lens. The left
diffraction grating and the lens perform a FT of the input signal. The FT of the
incident pulse is achieved as a spatial separation at the back focal plane of the left lens.
An SLM with a spatially patterned amplitude mask, as shown in Fig. 2.5(a), and a
spatially patterned phase mask, as shown in Fig. 2.5(b), is placed in the plane in order
to manipulate the FT of the input signal. Then, the filtered spatial pattern is
recombined into a single collimated beam by the right lens and the diffraction grating.
The right lens and the diffraction grating perform inversed FT to the shaped pattern.
The signal with a waveform approximately identical to the FT of the spatially
distributed pattern is obtained at the output of the system. For example, if we impose
a sinc function pattern on the SLM, a signal with a temporal waveform of a

rectangular impulse would be obtained at the output of the system.

3 <
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Fig. 2.5 (a) A spatially patterned amplitude mask.

15



<
S
< S
@ (o))
L 2
S

Fig. 2.5 (b) A spatially patterned phase mask.

As shown in Fig. 2.5(a), a magnitude function can be imposed onto the spectrum of
the incident signal by controlling the transmission rate of different spots on the
amplitude mask. Similarly, a phase function can be imposed onto the spectrum of the
input pulse through adjusting the refraction index of different area on the mask.
After processed by the phase only mask, the magnitude of the spectrum under
processing stays the same but the phase response is updated. Through the co-effect of
the amplitude and phase mask, an arbitrary spatially distributed pattern can be written
on the SLM. Thus, an arbitrary waveform can be generated at the output of this

system.

A SLM realized using fixed spatial mask was initially adopted in the early
experiments and it was shown to have excellent quality in temporal pulse shaping.
However, the fixed pattern leads to the poor programmability. Once the mask is
fabricated, the spatially distributed pattern on the mask is fixed. A fixed spatial mask
can only be used to generate a single waveform. If we want to generate a different

waveform at the output of the system, a new mask is needed. For many applications,
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an arbitrary waveform is needed, thus an optical pulse shaper should be updated in
real time. A solution is to use a programmable SLM. In the following, a
programmable SLM realized using a liquid crystal-SLM (LC-SLM) and an

Acousto-optic modulator (AOM) will be discussed.

f f f
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Fig. 2.6 Schematic of a pulse shaping system based on an LC-SLM.

The system configuration of a pulse shaping system using an LC-SLM is shown in
Fig. 2.6. The fixed spatial mask is replaced by an LC-SLM. An LC-SLM consists of a
pair of half-wave plates and a liquid crystal modulator array. The plates are used to
rotate the polarization of the incident light in order to satisfy the input requirement of
liquid crystal modulator array. The front view of the liquid crystal array is shown in
Fig. 2.7. The rectangular shapes are pixels and the gap between adjacent pixels is
called dead space. By addressing the controlling electrical signal, a spatially spectral
waveform pattern is generated on the modulator plane.
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Space

Fig. 2.7 Front view of an LC-SLM.

An AOM is another programmable SLM. The system configuration of a pulse shaper
based on an AOM is given in Fig. 2.8. The programmable SLM is now an AOM. The

AOM is fabricated on an AOM crystal which is usually TeO, or InP.
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Fig. 2.8 Schematic of a pulse shaping system based on an AOM.

>

The structure of an AOM is shown in Fig. 2.9. An AOM consists of a piezoelectric

transducer and an AOM crystal. The AOM is driven by a radio frequency (RF) signal
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generator. A RF driving signal is loaded on the piezoelectric transducer, the black
rectangular block in the diagram, and is converted into a traveling acoustic wave. The
acoustic wave goes through the AOM crystal, generating a grating with a periodically
changed refractive index along the crystal. The transfer function of the spatial grating
generated inside the AOM crystal is determined by the driving signal applied to the

transducer, and hence the spatial pattern generated on the modulator is determined.

RF control AOM

signal 1 (TeO2, LnP)

HDDDDU}J

Fig. 2.9 Structure of an AOM.

2.3 Temporal pulse shaping technique based on fiber based optics

The key advantage of a temporal pulse shaping system using free space optics is its
programmability. The spatial pattern on the SLM can be updated at a high rate. The
major limitation of a temporal pulse system based on free space optics is the large size.
In addition, the need for strict and precise alignment of the devices makes the system
complicated and costly. Furthermore, the coupling between free-space to fiber and
fiber to free-space makes the system very lossy. A solution to these problems is to use

fiber optics.
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Before we discuss fiber-optic TPS techniques, we give a short review of real-time
Fourier transform based on a dispersive fiber-optic element. Similar to a diffraction
grating for which the diffracted pattern is a Fourier transformed version of the
incident light pattern in the spatial domain, which is employed in free-space TPS
systems, as illustrated in Fig. 2.4. A similar conclusion is drawn for a fiber-optic
dispersive element, in the temporal domain. If a transform-limited ultrashort optical
pulse passes through a dispersive element such as a length of SMF or a LC-FBG, the
signal at the output of the dispersive element is a Fourier transformed version of the
input signal [24] [25]. Therefore, the dispersive element performs a real-time FT to
the incident optical pulse. Since the output temporal waveform has a shape that is a
scaled version of the spectrum of the incident signal, this operation is also known as
frequency-to-time (FTT) mapping or wavelength-to-time (WTT) mapping. A
temporal pulse shaping system based on fiber-optics is established based on this

concept.

The concept of the frequency to time conversion is shown in Fig. 2.10. In the time
domain, the dispersive element, such as a length of SMF or a LC-FBG, can be

characterized as an LTI system with a temporal impulse response given by [25]

hy () =C exp[— jng (2-3)
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where C is a constant and @ is the group velocity dispersion of the dispersive

medium.

Temporal Signal l ‘ /W\/\/\A’\AA
Dispersive N
Element -

Power Spectru/nlv\/\/\l\w w/\/\/\(w

Fig. 2.10 Frequency-to-time mapping in a dispersive element.

If a transform-limited optical pulse with a complex waveform x(t) goes through this
dispersive medium, the output complex waveform y(t) can be calculated by the

convolution of the input waveform and the impulse response of the dispersive element

h, (1)

d

H 2\ tw H 2 -
=Cexp(— Jg[ ]J' x(r)exp(— Vg ]exp[ ngtrde

y(t) = x(t) *h, (t) = ch(r) exp[—M}dr
” (2-4)

—00

If the temporal width of x(t) is sufficiently small and the dispersion of the

dispersive element is large enough such that

2
At <<1 (2-5)
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where At is the temporal width of the input pulse x(t). Eq. (2-4)

approximated by

y(t)=Cexp

=Cexp

~Cexp

jt?

jot?

2

jrt

o L, .
| x(r)exp(— 17(;: }exp( ngtrjdr

¢ j2ntr
X(7)ex = d
[ xerep| 22 Jar

—00

can bhe

(2-6)

where X (@)=3[x(t)] is the FT of the input temporal pulse x(t). Obviously, the

optical signal at the output of the dispersive element has a temporal envelope that is

linearly proportional to the spectrum of the incident optical pulse with a phase factor.

The concept of FTT mapping is usually performed in the coherent regime. All the

work done related to this concept within this thesis is using the FTT in the coherent

regime. However, the FTT mapping can also be achieved using incoherent optical

source such as an amplified spontaneous emission (ASE) source. Recently, incoherent

FTT mapping has been reported to achieve incoherent pulse shaping [62] [63]. The

incoherent pulse shaping technique has also been demonstrated to realize microwave

signal processors [64] [65], such as a microwave signal integrator and correlator.
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The concept of FTT mapping is employed in a fiber-optic TPS system. A typical TPS
system consists of two dispersive elements with complementary dispersion and an
electro-optic modulator (EOM). A transform-limited ultrashort optical pulse is first
stretched by the first dispersive element so that the dispersed signal is temporally
wide enough and can be modulated by a microwave modulation pattern applied to the
EOM. Then the modulated signal is compressed by the second DE. The key feature of
TPS system is that the generated waveform at the output of the system is the Fourier
transform of the modulation microwave signal. Therefore, based on the Fourier
transform property, a fast microwave waveform can be generated using a relatively

low-speed modulation microwave signal.

| VAN Il

, \ x(t)
_ [ Pattern
“| Generator

Fig. 2.11 System configuration of a temporal pulse shaping system.

Mathematically, the two DEs with complementary dispersion can be characterized

using impulse response functions given by

h; (1) =C, exp(— jg.)tz ] (2-7a)
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and

h ;) =C,exp (%}2} (2-7a)

where @ is the group velocity dispersion, C, and C, are two constants.

Let a(t) and b(t) be the complex envelops of the signals at the input and the
output of the first DE, respectively. Then, if the temporal width of a(t) is

sufficiently small and the dispersion of the dispersive element is large enough to

satisfy the condition in (2-5), the output waveform of the first b(t) can be

approximated by

b(t) ~C, exp(— jgz J A(“’)‘ _om (2-8)

where A(w)=J[a(t)] is the FT of the input temporal pulse a(t). This process can
be simply understood as the concept of FTT mapping in a dispersive element, as it
was discussed earlier in this subsection. The first DE performs as a real-time Fourier

transform of the input signal.
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If the EOM is a phase modulator (PM) and a microwave modulation signal function

x(t) is applied to the EOM, the phase-modulated signal at the output of the EOM is

given by

r(t) :b(t)-exp(jﬂyl

oy (2:9)
ks :
-C, exp(— 5 j{A(a))exp[Jgp(co)]}L__Z(gt
where V_ is the half-wave voltage of the PM and
P(0)], 2 =72 (2-10)
= 3 V

s

The modulated signal is then sent to the second DE. At the output of the second DE,

we have

y(t) =r(t)*h ;(t)
- ClCZI: exp (—J%] {3[a(t)]xexp| j(p(w)]}‘m__zg X eXp {%} dr

jt?

_2mt
[

=

(2-11)
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where 3 denotes the inverse FT operation. From (2-11), we may easily find out

X(t)

that a phase response jgo(a))|w:_zﬂ = j;rv— can be imposed onto the spectrum of
®

T

the input ultrashort optical pulse. The phase response is proportional to the

modulation signal x(t).

Assume that the EOM is an intensity modulator (IM), and the IM is biased at the

minimum transmission point. If a microwave modulation signal function x(t) is
applied to the IM, the modulated signal at the output of the IM is given by

F(t) :b(t)-n%

T

2 (2-12)
:Clexp(— Iz J{A(a))m(a))} o
() w= &
where V_ is the half-wave voltage of the IM and
M(w)|, _2x = nﬂ (2-13)
= CI) V

Va

The modulated signal is then sent to the second DE. At the output of the second DE,

we have
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y(®) =r®)*h ()

— C1C2 j?exp(_%j{S[a(t)] X m(a))}‘

=

H 2
2re XEXP [M} dr
3 @
T Jﬂ.tz ~-1
=C,C, Dexp & 7 {A(w)-m(w)}
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(2-14)

X0

s

From (2-14), we may easily find out that a magnitude response m(a))|w:_@ =
=

can be imposed onto the spectrum of the input ultrashort optical pulse. The magnitude

response is proportional to the modulation signal x(t).

Based on the theoretical analysis in the previous discussion, an arbitrary phase and
magnitude response can be imposed to the input ultrashort optical pulse employing a
PM and an IM, respectively. Thus, an arbitrary frequency and phase response can be

achieved using a PM and an IM simultaneously.

2.4 Summary

In this chapter, the theoretical background of temporal pulse shaping was reviewed.
The implementation of a temporal pulse shaping system based on free space optics
and fiber optics was introduced. The objective of pulse shaping was to shape an
ultrashort optical pulse either in the temporal or in the frequency domain to generate a
waveform with the desired temporal or spectral attributes. A TPS system could be
achieved using free space optics such as a “4-f” pulse shaping system, which could be
configured in real-time by employing a LC-SLM or an AOM. The major limitation of
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a pulse shaping system based on free space optics was the large size. In addition, a
strict alignment of the devices was needed which makes the system complicated.
Otherwise the system suffers from high coupling loss at the interface between the
optics and the free space. A solution to this problem was to perform a TPS system
based on fiber optics. In this chapter, a TPS system implemented using fiber optics

was then modeled and theoretically analyzed.
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CHAPTER 3 DISCRETE-TIME  OPTICAL
PROCESSING OF MICROWAVE SIGNALS - A
REVIEW

In this chapter, we will first review the general concept of a delay-line transversal
filter. Then, the typical system structure and the operation principle of a photonic
microwave delay-line transversal filter are introduced. Different methods to realize a
photonic microwave filter with true negative and complex coefficients are
summarized. Finally the concept of using a photonic microwave filter with
nonuniformly spaced taps to generate equivalent negative and complex coefficients is

presented.

3.1 Operation principle of a delay-line transversal filter

o

aO a1 a'2 aN—Z aN—1

y()

Fig. 3.1 Structure of a regular FIR filter with N uniformly spaced taps.
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Since a photonic microwave filter with a non-recursive or FIR structure is easy to
implement, which will be employed in this thesis for microwave signal processing,
our discussion here will be focused on photonic microwave filters with a FIR
structure. Fig. 3.1 shows the structure of a regular FIR filter with N uniformly spaced
taps. As shown in Fig. 3.1, a FIR filter with N uniformly spaced taps consists of N-1
adders, N-1 unit delay elements and N constant multiplier. If the input signal is x(t),

the output signal y(t) is given by

y(t)=> ax(t—kT) (3-1)

where N is the number of the filter taps, a, is the coefficient of the k-th tap and T
is the time delay induced by a single unit delay elements. The free spectral range

(FSR) of the FIR filter is given by

=2 (3-2)

A FIR filter has a spectral response with multiple channels and any two adjacent
channels are separated by an FSR of the filter. The center frequency of the m-th

channel of the filter is mQ.

The system transfer function (or frequency response) of the regular FIR filter with
uniformly spaced taps based on (3-1) can be calculated through FT by
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N-

H (a)):iak exp(—jk%wj (3-3)

k=0
As can be seen from (3-3), the frequency response of the FIR filter is determined by

the number of the filter taps, the tap coefficients and the time spacing between

adjacent taps.

3.2 Photonic microwave delay-line transversal filter

Due to the limited speed of the currently available digital electronics, the processing
of high-frequency and broadband signal based on photonic techniques has been
considered a promising solution. The advantages of a photonic microwave filter

include large bandwidth, high speed, low loss, light weight and large tunability.

Optical [ [ Optical PD
Source l — l delay device
Output

microwave signal

[ Vbias

Microwave signal
to be processed

Fig. 3.2 Structure of a photonic microwave delay-line filter.

The structure of a photonic microwave delay-line filter is shown in Fig. 3.2. A
photonic microwave filter consists of an optical source, an EOM, an optical time
delay device, and a PD. The optical source could be a laser source, a laser array or an
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ASE source. The microwave signal to be processed is modulated on one or multiple
optical carriers using either an electro-optic phase modulator or an electro-optic
intensity modulator. The modulated optical signal then goes through an optical
time-delay device. A photonic microwave filter implemented using a single laser
source and an array of optical delay lines is shown in Fig. 3.3 and a laser array and a

single optical delay time shown in Fig. 3.4.

The diagram of a microwave filter using a single laser and an array of optical time
delay lines with a FIR structure is shown in Fig. 3.3. It consists of a 1 XN splitting
device, a modulator, N optical time delay components, an NX1 coupling device, and
a PD. The splitting device can be an optical splitter and the time delay components

can be fiber lines.

aO
Output
aq o T microwave
signal
Optical :
Source — 1xN : Nx1 PD
I Vbias N-1T
vy @ N
Microwave
signal to be
processed

Fig. 3.3 Structure of a photonic microwave filter using a single laser source and an array of optical

delay lines.

The modulated optical signal is split into multiple channels and the delayed with

different time delays kT and multiplication coefficient a, . The time delay between
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adjacent channels is the unit time delay T . Then the signals from the channels are
combined using an optical coupling device and sent to the PD. The filtered microwave

signal is achieved at the output of the PD.

The diagram of a microwave filter using a laser array and a single optical time delay
line is shown in Fig. 3.4. It consists of an N X1 combining device, an optical time
delay component and a PD. The optical time delay component can be a length of

dispersive fiber or a LCFBG.

PC1
LD1
PC2 IM PD
o D—f= 15—
Vbias Output
PCN Input

LDN

Fig. 3.4 System configuration of an N-tap photonic microwave filter using a laser array and a single

delay line device.

The outputs from the laser array are combined using an Nxloptical coupling device
and modulated by a microwave signal to be processed. The optical source can be
either an array of independent laser diodes or a sliced broadband source. Each optical

wavelength generates a filter tap that is delayed by the dispersive element such as a
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length of SMF, a LCFBG or a length of DCF. The dispersion of the dispersive
element is chosen such that the differential group delay for the adjacent wavelengths

of the optical array is T . The time delay between adjacent taps is given by

T=24 (3-4)

where AA is the wavelength spacing between adjacent wavelengths, D is the

dispersion parameter of the dispersive element (in ps/nm/km) and L is the length of

the dispersive fiber.

The coherence time of an optical source is given by

1
= 3-5
T = (3-5)
where Av isthe source linewidth. If
7, >T (3-6)

is satisfied, the filter works in the coherent regime. It is possible for a photonic
microwave filter to achieve negative tap coefficients in the coherent regime. However,
the frequency response of the filter depends closely on the optical phase of the optical

source which is sensitive to the environmental conditions. Most of the reported
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photonic microwave filters are designed to work in the incoherent regime. In this case,
only optical intensities are detected by the PD. Thus, a photonic microwave filter
working in the incoherent regime has only positive tap coefficients. Based on signal
processing theory, a delay-line filter with all positive tap coefficients will have a
spectral response at the baseband, making the filter a low-pass only. For many
applications, however, a band-pass filter with negative or complex coefficients is
needed. Numerous techniques have been proposed to achieve a FIR bandpass filter by

generating negative and complex tap coefficients in the incoherent regime.

3.3 Photonic microwave filter with true negative and complex tap

coefficients

A straightforward way to implement a photonic microwave filter with true negative
taps in the incoherent regime is to use differential photo detection [46]. As shown in
Fig. 3.5, the system consists of an optical source, an electro-optic intensity modulator,
an optical coupler and a balanced PD. The positive and negative tap coefficients are

achieved by balanced detection in the electrical domain.
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Fig. 3.5 System configuration of a photonic microwave filter with true negative taps based on

differential photo detection.

The light wave from an optical source is modulated by a microwave signal under
processing using an intensity modulator. The modulated signal is then divided by a 1
X 2 optical coupler and delayed by the optical delay lines. The time delayed signals
are sent to a balanced PD. The balanced PD consists of two matched PD with
inverting biased voltage. The output signal from the two PDs is then combined and
subtracted in the electrical domain. The differential detection would lead to a positive
tap coefficient and a negative tap coefficient. The scheme to achieve positive and
negative tap coefficients by using differential photo detection is illustrated Fig. 3.5,
where a filter with two taps (one positive and one negative) is shown. The filter can
be easily extended to have multi-taps by replacing the time delay device with the

optical time delay array shown in Fig. 3.3.
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Fig. 3.6 System configuration of a photonic microwave filter with multiple positive and negative taps

using differential photo detection.

The illustration of a photonic microwave filter with k positive taps and m negative
taps is shown in Fig. 3.6. The positive tap coefficients are [ag, ai, ***, a-1] and the
negative tap coefficients are [bo, b;, ***, bx1]. The total time delay of each tap can be
easily tuned through adjusting the optical delay line. Since the negative taps are
generated in the electrical domain, the filter is not all-optical, which may increase the

complexity of the system.

Many technigques have been reported to implement a photonic microwave filter with
positive and negative tap coefficients all optically. One solution is to use wavelength
conversion based on cross-gain modulation in a semiconductor optical amplifier

(SOA) [54], as shown in Fig. 3.7.
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Fig. 3.7 System configuration of a photonic microwave filter with one positive and one negative taps

based on cross-gain modulation in an SOA.

A light wave at 4 from laser 1 is modulated by the microwave signal to be
processed and then split into two branches by an optical power splitter. In the upper
branch, the modulated signal is time-delayed by an optical delay line. In the lower
branch, the modulated optical signal and the continuous wave beam at A, from laser
2 are combined together and fed to a SOA. Due to the cross-gain modulation effect,
the light wave at 4, is modulated by the microwave modulation signal but witha 7
phase shift compared with the microwave signal at A,. An optical filter, such as a
uniform FBG, is then used to block the optical signal at A . The modulated signal at
A, from the upper branch and the modulated signal at A, with a z phase shift
from the lower branch are combined by a 2X1 optical coupler and sent to a PD. A

photonic microwave filter with one positive and one negative tap is achieved.

Another technique to achieve a photonic microwave filter with positive and negative

tap coefficients can be realized using a pair of Mach-Zehnder modulators (MZMs)
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that are biased at the positive and negative linear slopes of the transfer functions to
achieve amplitude inversion [56]. The system configuration of a photonic microwave

filter with one positive and one negative taps using two MZMs is shown in Fig. 3.8.

] [ |
Laser1J s

Dispersive
Medium

2x1 Coupler

Laser2

Fig. 3.8 System configuration of a photonic microwave filter with one positive and one negative taps

using two MZMs biased at the positive and negative linear slopes of the transfer functions

A continuous wave at 4, from laser 1 is modulated by the input microwave signal at
an intensity modulator which is biased at the center of the positive slope of the
transfer function. Since the modulation signal is applied to the positive slope of the
transfer function, the optical signal at the output of the modulator is in phase with the
modulation signal. In the lower branch, the continuous wave at A, is modulated by
the same microwave signal but at an intensity modulator which is biased at the center
of the negative slop of the transfer function. In this case, the modulation microwave
signal is applied to the negative slope of the transfer function. Thus, the output signal
at the output of the intensity modulator would have a 7z phase shift compared with
the modulation signal. The signals from the two branches are combined together and
sent to a dispersive medium which can be a length of SMF, a LC-FBG or a length of
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DCF. The optical signals at the two wavelengths are dispersed and separated
temporally. By carefully choosing the GVD of the dispersive medium and the

wavelength space between A4, and A,, one can easily control the time delay between

the two taps of the filter, and thus the FSR of the filter.

Vbias
Output

. Input Dispersive
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e
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Fig. 3.9 System configuration of a photonic microwave filter with k positive and m negative taps using

two MZMs biased at the positive and negative slopes of he transfer functions..

The key advantage of this technique is the flexibility to add new taps to this filter. As
shown in Fig. 3.9, the filter can be simply extended to have k positive taps and m
negative taps by employing k + m laser sources. The time delay between the adjacent
taps is chosen by carefully designing the wavelength spacing and the GVD of the
dispersive medium. The magnitudes of the tap coefficients can be controlled by

controlling the output powers of the laser sources.
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An incoherent photonic microwave filter with positive and negative tap coefficients
can be implemented using the techniques discussed above, and a bandpass spectral
response can be achieved. However, to implement a photonic microwave filter with
arbitrary spectral response, a photonic microwave filter with complex coefficients is
highly desirable. With a photonic microwave filter having complex coefficients, the
zeros and poles of the filter can be rotated around the origin, or in other words, the
shape of the frequency response can be kept unchanged while the FSR of the filter is

changed.

In [58], an incoherent photonic microwave filter with complex coefficients is realized
in the optical domain. The system configuration of a two-tap filter with a complex tap
coefficient is shown in Fig. 3-10. The system is based on a tunable optically induced
RF phase shift that is achieved by a combined use of optical single-sideband

modulation (SSB) and stimulated Brillouin scattering (SBS).
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Fig. 3.10 System configuration of a photonic microwave filter with complex coefficients.
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As shown in Fig. 3.10, two light waves at 4, and A, from two laser sources are
combined using a 2X1 coupler and fed to an SSB modulator. The combined optical
signal is modulated by the microwave signal to be processed. The optical signal at the
output of the modulator propagates through a length of SMF which separates the
optical signal at two wavelengths temporally. The upper branch of the system in Fig.
3.10 is dedicated to supply the complex coefficient of the filter by inducing a phase
shift to the optical carrier at 4. The phase shift can be tuned by controlling the
modulation sinusoidal microwave signal applied to the double-sideband
suppressed-carrier (DSB-SC) modulator which is a MZM biased at the minimum

transmission point.

3.4 Photonic microwave filter with nonuniformly spaced taps

A photonic microwave filter with complex coefficients can have an arbitrary spectral
response, which is highly needed for advanced signal processing. Although the
schemes in [58] can provide complex coefficients, the implementation is extremely
complicated, especially when the number of taps is large. To solve this problem, a
concept to design and realize a bandpass microwave photonic filter with equivalent
negative or complex tap coefficients was recently proposed [60] [61]. Instead of using
uniformly spaced taps, the filter has a structure with nonuniformly spaced taps.
Compared with a filter with uniformly spaced taps, in a nonuniformly spaced filter,
each tap has an additional time delay, corresponding to an additional phase shift,
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making the coefficient of the specific tap have an equivalent negative or complex
coefficient. Based on this concept, advanced signal processing functions, such as
phase coding, chirped microwave signal generation and chirped pulse compression

have been demonstrated [11].

PC1
LD1
PC2 IM PD
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| Vbias Output
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Fig. 3.11 System configuration of an N-tap photonic microwave filter with nonuniformly spaced taps.
As shown in Fig. 3.11, a photonic microwave filter with nonuniformly spaced taps has
a configuration similar to that of a photonic microwave filter with uniformly spaced
taps. The nonuniform spacing is implemented using multi-wavelength source with

nonuniform wavelength spacing and a single dispersive element.

The impulse response of a regular FIR filter can be written as
M-1
h(t)=>a,6(t-nT) (3-7)
n=0
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where M is the taps number, a_ is the tap coefficient of n-th tap, T is the time delay

between adjacent taps and Q =27z/T is the FSR of the filter. The center frequency
of the m-th channel of the filter is mQ. It is known that an FIR filter has a spectral
response with multiple channels and adjacent channels are separated by the FSR of
the filter. For example, if the first channel of the filter is used and the FSR of the filter

is set to be 10 GHz, the time delays between adjacent taps are

At = 1/10 GHz = 100 ps.

The frequency response of a regular FIR filter with uniformly spaced taps can be

calculated through FT

Mz a, exp( an—wj (3-8)

If an additional time delay Az, is introduced to the n-th tap, the filter become

nonuniformly spaced. The frequency response of a nonuniformly spaced filter is given

by [60]

num(w) za exp|: (n%+AT j :| (3_9)

The frequency response around m<Q can be approximated as
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M-1
H,,.i(®)~ z a, exp(—ijArn )~exp(—jn2§a)) (3-10)
n=0

As can be seen from (3-10), the equivalent phase shift introduced by the additional
time delay Az, ataround mQ is given by

¢ =—A7, xmQ (3-11)
If the magnitude tap coefficients are set to be positive, the desired phase of the n-th
tap ¢, can be equivalently realized by the total time delay, of n-th tap, which is

given by

4
=7,+nT ——— 3-12
z-n 2-0 mQ ( )
where 7, is the time delay of the first tap. Since there is a linear relationship
between the wavelength spacing and the time delay difference of the adjacent filter

taps, the wavelength of the n-th tap is given by

(3-13)

where 1, = DTOL is the wavelength of the first tap.
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3.5 Summary

In this chapter, photonic microwave signal processing based on a microwave photonic
delay-line filter was reviewed. The operation of a microwave photonic delay-line
filter was presented first. Different methods to realize a photonic microwave filter
with true negative and complex coefficients were summarized. Finally, the concept of
using a photonic microwave filter with nonuniformly spaced taps to generate

equivalent negative and complex coefficients was presented.
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CHAPTER 4 PHOTONIC-ASSISTED TUNABLE
MICROWAVE PULSE FRACTIONAL HILBERT
TRANSFORMER BASED ON A TEMPORAL
PULSE SHAPING SYSTEM

A photonic-assisted fractional Hilbert transformer with tunable fractional order,
implemented based on temporal pulse shaping, is proposed and experimentally
demonstrated in this chapter. The proposed fractional Hilbert transformer consists of a
phase modulator and two dispersive elements with complementary dispersion. The
FHT is realized if a step function is applied to the phase modulator to introduce a
phase jump. The proposed technique is investigated numerically and experimentally.
The results show that a real-time HT is achieved with a tunable fractional order by

tuning the step function applied to the phase modulator.

4.1 Introduction

Temporal pulse shaping has been widely investigated in the past few years due to its
important applications in areas such as frequency analysis [26] and arbitrary
waveform generation [27]-[30]. The concept of TPS was originally proposed by
Heritage and Weiner [9]. In [26], a TPS system was employed for the analysis of the
spectrum of a microwave signal. Since the output in the TPS system is in the time

domain, a fast measurement of the spectrum could be implemented using a real-time
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oscilloscope. The most important application of the TPS technique is to achieve AWG
[27]-[30]. Since the output waveform is determined by the modulation signal, the
output waveform to be generated can be programmed in real time [27] [28]. In
addition, the use of a TPS system incorporating a phase modulator can generate a
pulse burst with tunable repetition rate [29]. Recently, it was reported that the use of a
TPS system can generate a high frequency and frequency-chirped microwave

waveform [30].

Due to the wide applications in modern communications and image processing, the
HT is one of the most useful signal processing functions [66]. The HT can be
implemented in the electrical domain using digital electronics. However, due to the
limited sampling rate of the state-of-the-art digital electronics, the speed of an
electronic Hilbert transformer is low. Thanks to the high frequency and large
bandwidth provided by modern optics, the implementation of the HT in the optical
domain would provide a solution for the processing of a high-frequency and
broadband microwave signal. The HT can be implemented in the optical domain
based on a phase-shifted fiber Bragg grating [41], with a bandwidth as large as a few
hundred gigahertz. Recently, we proposed to implement a fractional Hilbert
transformer based on a directly designed FBG using the discrete layer peeling method
[42]. Since the order of the Hilbert transformer can be an arbitrary number, it provides
large flexibility in signal processing. The significance of using an FBG designed

based on the DLP method [42] is that the strength of the FBG was high, which would
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lead to a significantly increased signal-to-noise ratio (SNR) at the output of the
Hilbert transformer [42]. The major limitation of the HT using an FBG is the poor
programmability. In addition, the non-flat magnitude response of the FBG will also

impact the performance of the Hilbert transformer.

In this chapter, we propose and experimentally demonstrate a fractional Hilbert
transformer with a tunable fractional order. The technique is achieved by using a TPS
system consisting of a phase modulator and two dispersive elements with
complementary dispersion. The FHT is realized if a step function is applied to the PM
to introduce a phase jump to the spectrum of the microwave signal to be Hilbert
transformed. The proposed technique is investigated numerically and experimentally.
The results show that a real-time FHT can be achieved with a tunable fractional order

by tuning the step function applied to the PM.

4.2 Principle

Generally, the standard HT of a signal x(t) in the time domain is expressed as [66]

YO = X(t) * hyr (1) = X(1) % (4-1)

where y(t) is the standard HT of x(t), *denotes the operation of convolution and
h,; (t) is the impulse response of the standard HT filter. The expression of (4-1) in
the frequency domain is
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Y (@) = X (@) x Hyy (0) = X (0) %[~ jsn(0)] (4-2)

where X(w) and Y(w) are the Fourier transforms of x(t) and y(t) ,
respectively, H,, (@) is the frequency response of the HT filter, and sgn(.) is the
sign function.

4 Amplitude Response
1

0 Frequency

Fig. 4.1(a) Amplitude response of a fractional Hilbert transformer.

Phase Response
2 (rad)

A¢=PX%T

* -1

0 Frequency

Fig. 4.1(b) Phase response of a fractional Hilbert transformer.

In order to bring in new degrees of freedom in signal analysis, the standard HT was

generalized by defining a new transfer function [67]
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e  w<0

Hepr (@) = { (4-3)

e w>0

where ¢p=Pxz/2 and P isthe fractional order. The new transform is called FHT.
The amplitude and phase response a fractional Hilbert transformer is shown in Fig.
4.1 (a) and (b), respectively. Obviously, the standard HT is a special case of the FHT

when the fractional order equals to 1.

Sync. [ ] Fractional
"""""""""" PG Hilbert

Transformer

mw| | a(t)

Fig. 4.2 Schematic of the TPS-based FHT system. TLS: tunable laser source; IM: intensity modulator;
MPG: microwave pulse generator; SMF: single mode fiber; PM: phase modulator; PG: pattern

generator; DCF, dispersion-compensating fiber; PD: photodetector.

The FHT can be implemented with a tunable fractional order using a system shown in
Fig. 4.2. A microwave pulse to be processed is first modulated on an optical carrier at
a MZM. Since the MZM is biased at the minimum transmission point, the envelope of
the modulated signal x(t) is proportional to the waveform of the microwave signal
m(t) . Then the modulated optical signal is sent to a TPS-based fractional Hilbert
transformer. The fractional Hilbert transformer consists of a phase modulator and two

dispersive elements with complementary dispersion, which are a length of SMF and a
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length of DCF. A step function is applied to the phase modulator to introduce a phase

jump.

Mathematically, the frequency response of a dispersive medium can be characterized

by
Hg (@) =|H; (@)|exp[ - j@ (@) ] (4-4)

where ‘H&)(a))‘ is the magnitude response of the dispersive medium and CD(a)) is
the phase response of the dispersive medium. For a dispersive medium, the magnitude
response can be considered as flat within the desired bandwidth and the phase

response can be expanded in Taylor series.
: 1. , 1. ,
CI)(a))=d)O+CI)a)+ECDa) +ECDCO 4 (4-5)

where @, is a constant phase, @ is defined as the group delay, @ is defined as

the group velocity dispersion and @ denotes the third order dispersion (TOD). If the
GVD is the main dispersive property of interest within the desired bandwidth, the

frequency response of the dispersive medium in (4-4) can be approximated by

Hg (@) = |H (@)|exp(= j®,) exp(- jd w) eXp(—j%fﬁwz) (4-6)
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where the unit of @ is psrad. The impulse response of the dispersive medium can

be calculated through the FT of the (4-6) by

jt-o)°
h; (t) =Cexp| ———— 4-7
;5 () p{ 25 (4-7)
where C is a constant. As can be seen from (4-7), the group delay of the dispersive
medium @ is just a time delay. It can be ignored since it would not change the shape
of the input signal. If the unit of the GVD is converted to ps?, the impulse response of

the dispersive medium is given by

hy (t)=C exp[— j§2] (4-8)

According to (4-8), the impulse responses of the two dispersive fibers with

complementary dispersion can be characterized as

3 B jat? i
h; (t) =C, exp( & ] (4-9)
and
B jt? ]
h ;(t)=C, exp[ & ] (4-10)
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where C, and C, aretwo constants,and @ isthe GVD.

Let x(t) and b(t) be the complex envelops of the signal at the input and the output

of the SMF, respectively. Then

b(t) = x(t) *h_ (t) —Tx(r)-exp(—$]dr

- (4-11)
B jat? jrr? j2ntr
=C, exp[— & J.[Ox(r) exp(—Tjexp(T dr
If the time duration of x(t) is sufficiently small to satisfy
At?
—{<<1 (4-12)

where At is the time duration of the input pulse. Eq. (4-6) can be approximated by

H 2
b(t) = C, eXp(_ Jg Jx (a))‘ 2w (4-13)
where X (@) isthe FT of x(t).

If a step function
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-V,, t<0
a(t) :{ V., t>0' (4-14)

a

where Vv, is a constant voltage, is applied to the PM, the modulated signal at the

output of the PM is given by

r(t) :b(t)-exp(jﬂ?j

’ (4-15)
—cexp| 2L X (@)exp[ ()]}
(¥ 0=—"Z
where V_ is the half-wave voltage of the PM and
-z(V,V,), @>0
rt = 4'1
p(@)],_2n { 2N, @< (4-16)

is the phase jump. The modulated signal is then sent to the second dispersive element.

At the output of the fractional Hilbert transformer, we have

y(®) =r®*h 4

{S[x(t)] xexp| j¢(a))]}‘w:_£x exp {%} dr

]sl{X(w)-exp[jco(@]}\

_ent
&

=

(4-17)
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where 3 denotes the operation of the inverse FT.

Again, if ‘At2 /d)‘ <<1, Eq. (4-17) can be approximated as

y(t) ~CC, D3 {X (@) -exp[ jp(@)]}| on
. v (4-18)
=CC,d3™" { X(@)-Heyr (w)}‘ 2rt

O=———

(0]

It can be seen that the output waveform is a Hilbert transformed version of the input
waveform. By simply tuning the amplitude of the step function applied to the PM, we

can easily adjust the fractional order of the FHT filter.

If the 3-dB bandwidth of the input signal x(t) is A, then the temporal width of the
pulse b(t) at the output of the SMF is Aw-®/27 [25]. Practically, the step
function a(t) generated by a pattern generator does not have an ideal jump at t=0,
and a non-zero rise time must be considered. To make the impact negligible, the rising
time of the step function compared with the temporal width of the stretched pulse
b(t) should be sufficiently small, z, << Aw-® /27, where z, is the rise time of the
step function. For example, if a dispersive medium with a value of GVD of 10000 ps®
is used and the rise time of the step function is 20 ps, the bandwidth of the pulse to be
transformed should be at least 20 GHz with 10 considered as a factor for being large
enough. In other words, a transform-limited Gaussian-like pulse with temporal width

up to 22 ps can be accurately processed when the rise time is 20 ps. Considering that
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20 ps is almost the shortest rise time that an electronic device can provide, if we want
to extend the time duration of the pulse under processing, we may need to increase the
GVD of the DEs to keep ‘A‘[2 /c'I'D‘ <<1 valid. In such a case, longer SMF and DCF
are needed. However, if the SMF and DCF are too long, other effects such as the

TOD must be taken into consideration.

To further investigate the impact of the rise time on the performance of the proposed
system, a simulation is performed. In the simulation, a 550-fs Gaussian pulse is
applied to the FHT, with the rise time increased from 20 ps, the shortest rise time of
an electronic device can reach as far as we know, to 800 ps, and the output waveforms
are shown in Fig. 4.3. It can be seen the output waveforms become more distorted
compared with the ideal waveforms with the increase of the rise time. To
quantitatively evaluate the errors due to the non-zero rise time, we calculate the
normalized root mean square errors (NRMSEs). For P =0.5, the NRMSE is smaller

than 2% for the rise times from 20 to 800 ps. For P =1, the NRMSE is within 12%.

081 (a) Ideal
P=0.5

lan
504
«
N 0
>
=
2oal O Ideal @) Simu. (h) Simu. @ Simu.
8 p=1 pP=1 20 ps pP=1 80 ps P=1 200 ps
o2

0

-3 0 3 3 0 3-3 3 -3 0 3 3 0 3
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Fig. 4.3 Numerical results of an ideal FHT and a TPS-based FHT. (a) Ideal FHT with a fractional order
of 0.5. The TPS-based FHT with a fractional order of 0.5 and a rise time of (b) 20 ps, (c) 80 ps, (d) 200
ps, and (e) 800 ps. (f) Ideal FHT with a fractional order of 1. The TPS-based FHT with a fractional

order of 1 and a rise time of (g) 20 ps, (h) 80 ps, (i) 200 ps, and (j) 800 ps.

In the above analysis, only the GVD is considered. The impact of higher-order
dispersion, mainly the TOD, is also evaluated. Higher order dispersion will impact the
performance of the system, but the impact is small. The relationship between the
NRMSEs of the transformed pulse and the rise time of the phase jump are shown in
Fig. 4.4 (the fractional order is 0.5) and Fig. 4.5 (the fractional order is 1). The
NRMSEs with perfectly matched GVD of the two dispersive medium and zero TOD
are shown in Fig. 4.4(a) and Fig. 4.5(a). The NRMSEs with perfectly matched GVD
and perfectly matched non-zero TOD are shown in Fig. 4.4(b) and Fig. 4.5(b). The
NRMSEs with perfectly matched GVD and 5% mismatched TOD are shown in Fig.
4.4(c) and Fig. 4.5(c). According to our calculations, the NRMSE would increase
when perfectly matched but non-zero TOD is taken into account, but less than 1%.
However, when the GVD is perfectly matched while the TOD is mismatched, the
NRMSEs will increase. For example, for a mismatch of 5% in TOD, the total

NRMSE is within 13% for P =1.
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Fig. 4.4 NRMSEs for the case of a fractional order is 0.5 (a) without considering the TOD, (b)

considering a non-zero and perfectly matched TOD, (c) considering the TOD with 5% mismatch.
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Fig. 4.5 NRMSEs for the case of a fractional order is 1 (a) without considering TOD, (b) considering a

non-zero and perfectly matched TOD, (c) considering the TOD with 5% mismatch.

4.3 Simulation and experiment

A proof-of-concept experiment is then carried out based on the setup shown in Fig. 4.
2. Since a microwave pulse with a 3-dB bandwidth greater than 12.5 GHz is hard to
generate, in the experiment an optical pulse from a mode-locked laser is directly
employed and is applied as an input to the fractional Hilbert transformer. The 3-dB
temporal width of the pulse from the MLL is 550 fs. A 36.91-km SMF (SMF1) with a
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value of dispersion of -4872 ps? is employed to stretch the pulse from the MLL, and
the stretched pulse is sent to a PM. The PM has a half-wave voltage of 10.9 V and the
3-dB temporal pulse width of the stretched pulse is 4.9 ns. A DCF with a value of
dispersion of 4872 ps’ is connected after the PM. A step function generated by an
arbitrary waveform generator (Tektronix AWG7102) and amplified by a microwave
amplifier is applied to the PM via the RF port. A Hilbert transformed pulse is thus

obtained at the output of the DCF.

Since the pulse at the output of the DCF has a temporal width of only several
picoseconds, it is too fast to be detected by a photodetector. To monitor the output
pulse, another 6.74-km SMF (SMF2) with a value of dispersion of -890 ps? is used to
stretch the output pulse, to make it wide enough to be detected by the PD. In addition,
the transformed pulse would also be distorted during the stretching process. The

distortion is also considered in the simulation shown in Fig. 4.6.

The experimental results for the fractional Hilbert transformer with different
fractional orders of 0.41, 0.52 and 0.71 are shown in Fig. 4.6. Simulation results by
taking into consideration of the additional 6.74-km SMF are also shown as a
comparison. The experimental results agree well with the results by the simulations.
Note that a 20-GHz electro-optic PM with an ultralow half-wave voltage of 3 V at 1
GHz is commercially available. If such a PM is employed, a FHT with a fractional

order from 0 to 2 can be easily achieved.
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The rise time of the step functions for the three different fractional orders is 63.3 ps,
which is small and has negligible impact on the FHT. The NRMSEs of the three

experimentally obtained pulses in Fig. 4. 6(a), (b) and (c) are 4.24%, 3.98% and

3.87%, respectively.

Experimental Results

Simulated Results
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Fig. 4.6 Experimental results for the fractional orders of (a) 0.41, (b) 0.52, and (c) 0.71. The

experimental results are compared with the simulation results (d), (e) and (f).The details of the central

portion are shown in each inset.
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4.4 Discussion and conclusion

The implementation of a photonic-assisted microwave pulse fractional Hilbert
transformer with tunable fractional order based on TPS was proposed and
experimentally demonstrated. The fractional Hilbert transform was realized by
introducing a phase jump to the spectrum of the input pulse via phase modulation and
the tunability of the fractional order was achieved by changing the amplitude of the
step function applied to the PM. The key advantage of this technique is its flexibility
in changing the fractional order, which may find applications where a Hilbert
transform with a tunable order is needed. Hilbert transform can be found in wide

applications in modern communication, radar and image processing systems [66].

Based on the theoretical analysis in Chapter 2, arbitrary phase and magnitude
response can be imposed to the input ultrashort optical pulse by employing a PM and
an IM, respectively. Thus, a filter with an arbitrary frequency and phase response can
be achieved using a TPS system with both PM and an IM. A boardband photonic
differentiator can also be achieved using the TPS system. In this case, two channels of
signal are needed to apply on the IM and the PM, respectively. However, the
synchronization among the MLL, the channel for the IM and the channel for the PM
is hard to achieve. Thus, TPS is especially for the applications where a single
modulator is needed, for example, a Hilbert transformer where only a PM is needed

and a symmetrical waveform generator where only an IM is needed [27].
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CHAPTER 5 A MICROWAVE BANDPASS
DIFFERENTIATOR IMPLEMENTED BASED ON
A NONUNIFORMLY-SPACED PHOTONIC
MICROWAVE DELAY-LINE FILTER

A microwave bandpass differentiator implemented based on a finite impulse response
(FIR) photonic microwave delay-line filter with nonuniformly-spaced taps is
proposed and experimentally demonstrated. To implement a microwave bandpass
differentiator, the coefficients of the photonic microwave delay-line filter should have
both positive and negative coefficients. In the proposed approach, the negative
coefficients are equivalently achieved by introducing an additional time delay to each
of the taps, leading to a = phase shift to the tap. Compared with a uniformly-spaced
photonic microwave delay-line filter with true negative coefficients, the proposed
differentiator features a greatly simplified implementation. A microwave bandpass
differentiator based on a six-tap nonuniformly-spaced photonic microwave delay-line
filter is designed, simulated, and experimentally demonstrated. The reconfigurability
of the microwave bandpass differentiator is experimentally investigated. The
employment of the differentiator to perform differentiation of a bandpass microwave

signal is also experimentally demonstrated.
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5.1 Introduction

Microwave signal processing based on photonic techniques has been a topic of
interest in the past few years [4]. Due to the limited speed of the currently available
digital electronics, the processing of high-frequency and broadband signal based on
photonic techniques has been considered a promising solution. Among the numerous
signal processing schemes, the one based on a delay-line architecture with a FIR has
been widely investigated, which can find applications such as spectral filtering, phase
coding, chirped microwave signal generation, and chirped pulse compression. To
avoid optical interference, a photonic microwave delay-line filter is usually operating
in the incoherent regime. The major limitation of a photonic microwave delay-line
filter operating in the incoherent regime is that the tap coefficients are all positive,
which makes the FIR delay-line filter a low-pass only. For many applications,

however, a bandpass filter with negative or complex coefficients is needed [4].

Numerous techniques have been proposed to achieve a photonic microwave delay-line
filter with positive and negative tap coefficients [54]-[57]. A microwave photonic
filter with positive and negative coefficients can be implemented based on cross-gain
modulation (XGM) [54] or cross-polarization modulation (XPolM) [55] in a SOA.
Positive and negative tap coefficients can also be realized using a pair of MZMs that
are biased at the positive and negative linear slopes of the transfer functions to
achieve amplitude inversion [56]. A pair of positive and negative tap coefficients can

be generated based on phase modulation and phase-modulation to
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intensity-modulation conversion by passing the phase-modulated optical signal
through a pair of CFBGs with complementary GVD responses [57]. Photonic
microwave delay-line filters with complex tap coefficients have also been proposed
[58] [59]. In [58], a complex coefficient is generated by introducing a phase shift to
the microwave signal to be processed, which is realized based on a combined use of
optical single-sideband modulation (SSB) and stimulated Brillouin scattering (SBS).
In [59], a complex coefficient is generated using a wideband tunable optical
microwave phase shifter that consists of two electro-optic MZMs. A continuous
tuning of a phase shift from -180° to +180° was demonstrated. A comprehensive
review of photonic microwave filters with negative or complex coefficients can be

found in [2].

A photonic microwave delay-line filter with complex coefficients can have an
arbitrary spectral response, which is highly needed for advanced signal processing.
Although the schemes in [58] [59] can provide complex coefficients, the
implementation is extremely complicated, especially when the number of taps is large.
To solve this problem, we have recently developed a concept to design and realize a
bandpass microwave photonic delay-line filter using equivalent negative or complex
tap coefficients [60] [61] with nonuniformly-spaced taps. By introducing an
additional time delay to a tap, an additional phase shift will be introduced to the tap
coefficient, making the tap have an equivalent negative or complex coefficient. Based

on this concept, advanced signal processing functions, such as phase coding, chirped
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microwave signal generation and chirped pulse compression, have been demonstrated

[61].

Due to the wide applications in radar and modern communication systems, temporal
differentiation is one of the most important signal analyzing and processing functions.
A temporal differentiator can be implemented using digital electronics, but at a lower
speed and narrower wideband compared with the implementation in the optical
domain. Numerous photonically assisted temporal differentiators have been proposed
and demonstrated. A temporal differentiator could be achieved using a = PS-FBG
[37], a long-period fiber grating [38], or a special FBG designed using the DLP
method [39]. A temporal differentiator could also be achieved based on PM and
PM-IM conversion in an FBG serving as a frequency discriminator [68] [69]. A
temporal differentiator using other schemes such as the XGM [70] and the XPolM [71]

in a SOA has also been reported.

In this chapter, we propose and experimentally demonstrate a microwave bandpass
differentiator based on a photonic microwave delay-line filter. A first-order bandpass
temporal differentiator has a transfer function of the form given by j(w-w,), where
w, 1S the angular frequency of the microwave carrier, which can be implemented
using a photonic microwave delay-line filter with a linear magnitude response within

the bandwidth and a ~ phase shift at »,. A photonic microwave delay-line filter

with such a spectral response should have both positive and negative coefficients [72].
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The techniques proposed for the generation of negative coefficients in [54]-[57] can
be employed for the implementation of a temporal differentiator, but the system is
very complicated and costly. In this chapter, we propose to implement a temporal
differentiator based on a photonic microwave delay-line filter with
nonuniformly-spaced taps. The negative taps are equivalently achieved through
nonuniform spacing. A microwave bandpass differentiator based on a six-tap
nonuniformly-spaced microwave delay-line filter is designed. Its performance is
evaluated based on numerical simulations. An experimental demonstration of the
differentiator is also performed. The reconfigurability of the differentiator is
investigated. The differentiation of a bandpass microwave signal using the

differentiator is also experimentally demonstrated.

The remainder of the chapter is organized as follows. In 5.2, the principle of a
microwave bandpass differentiator based on a nonuniformly-spaced photonic
microwave delay-line filter is presented. A microwave bandpass differentiator based
on a six-tap nonuniformly-spaced photonic microwave delay-line filter is designed
and its performance is evaluated based on numerical simulations. In 5.3, a
proof-of-concept experiment is performed, in which a microwave bandpass
differentiator based on a six-tap nonuniformly-spaced photonic microwave filter is
demonstrated. In 5.4, the differentiation of a bandpass microwave signal using the

differentiator is experimentally demonstrated. In 5.5, a conclusion is drawn.
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5.2 Principle

A temporal differentiator can be implemented using a filter having a frequency

response given by

(a)—a)o)ejE (0—a,)>0

Hy (o) = j(0-a,) = (5-1)

—(a)—a)o)ej[;[) (w—0,)<0

where @, is the angular frequency of the microwave carrier. From (5-1) we can see
that the temporal differentiator has a linear magnitude frequency response and a =
phase jump at @ = w,. Considering that a differentiator should always have a finite
bandwidth, the transfer function can be further defined by applying a window
function, with the magnitude response shown in Fig. 5.1, where a window function

with a width of 2 GHz is applied to the magnitude response.
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Fig. 5.1 The frequency response of a bandpass microwave differentiator.
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The impulse response of a temporal differentiator implemented based on a regular

FIR filter can be written by
N-1
h(t) =Y a,86(t—nT) (5-2)
n=0

where N is the number of taps, a, is the tap coefficient of the n-th tap, and T is the

time delay between adjacent taps. If we apply Fourier transform to (5-2), we have the

frequency response of the FIR filter,
M-1 )
H(w)=> ae ™" (5-3)
n=0

From (5-3) we can see that the FIR filter has multiple spectral channels and any
adjacent channels are separated by a FSR given by Q=27/T . The center frequency
of the m-th channel of the filter is mQ . If the FSR of the filter is set to be 9.95 GHz,

the time delay between adjacent taps is T =100.5 ps.

The impulse response of a regular FIR filter with six uniformly-spaced taps to achieve
the frequency response shown in Fig. 5.1 can be calculated through the Remez
algorithm [72], with the coefficients shown in Fig. 5.2(a). As can be seen the tap
coefficients have both positive and negative values. The implementation of the

microwave photonic delay-line filter using the regular uniformly-spaced FIR structure
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will make the system extremely complicated. A solution to simplify the

implementation is to use the structure having nonuniformly-spaced taps.

()] 04 r a

S (@

S 02} a N
0n

€3 0 L T
oa O[] 1

2 02 8

o | |

E 04} e

g 04w
5 : o

8_ 0.2 ' ag & | as | as
o N | B t
0: > O 1 1 1

03

= -0.2; (b)

o

£ 04!

0 T 2T 3T 4T 5T 6T
Time (T=100.5 ps)

Fig. 5.2 Design of the temporal differentiator based on a six-tap FIR filter. (a) Impulse response of the

six-tap uniformly-spaced FIR filter. (b) Impulse response of the six-tap nonuniformly-spaced FIR filter.

If an additional time delay Az, is introduced to the n-th tap, the filter becomes a

nonuniformly-spaced FIR filter [59]. The frequency response is given
= 2
HN(a)):Zan-exp[—j(nEJrAranj (5-4)
n=0

Assume the passband of interest is narrow and the central frequency is mQ, then the

frequency response in (5-4) can be approximated as
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N . . 2r
Hy (@)~ a, exp(—JmQArn)-exp(—JnEmj (5-5)

n=0

where we have exp(—jwAr,)=exp(-JjmQAz,).

An equivalent phase shift introduced by the additional time delay Az, at the

passband of interest is
@, ~—Ar, xmQ (5-6)

If the FIR filter is implemented using all positive coefficients, the phase term of n-th

tap ¢, can be equivalently realized by the an additional time delay, with the time

delay of the n-th tap given by

r,=nT —ﬂ (5-7)
mQ

Based on (5-7), an FIR filter with all-positive coefficients to achieve the same
function as a regular FIR filter can be designed. Fig. 5.2(b) shows the tap coefficients
of a six-tap FIR filter with nonuniformly-spaced taps for the implementation of the
microwave bandpass differentiator shown in Fig. 5.1. It can be seen from Fig. 5.2(b)

that the tap coefficients are all positive, but with nonuniformly spaced taps.

The frequency responses of the six-tap FIR filter with uniformly and nonuniformly

spaced taps are shown in Fig. 5.3(a) and (b). As can be seen from Fig. 5.3(a), the filter
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has a linear magnitude response within the 2-GHz bandwidth from 8.96 to 10.95 GHz
and a m phase jump at the center frequency of 9.95 GHz. The frequency response of
the nonuniformly-spaced FIR filter is shown in Fig. 5.3(b). Within the 2-GHz
bandwidth from 8.96 to 10.95 GHz, the magnitude response of the filter is
approximately linear, and a © phase jump also occurs at the center frequency of 9.95

GHz.

@) —

Magnitude (a. u.)
( pes) aseyd

\ \ : : \ \ : \ \ : A
0 2 4 6 8 10 12 14 16 18 20
Frequency (GHz)

T
— 1+—
5 2 o
© >
—'
)
[ »
© 10 o
£ 3
5 o
(u '
=

0 2 4 6 8 10 12 14 16 18 20
Frequency (GHz)

Fig. 5.3. Frequency response of a differentiator based on a six-tap uniformly-spaced and

nonuniformly-spaced FIR filter. (a) Frequency response of the six-tap FIR filter with uniformly-spaced
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taps. (b) Frequency response of the six-tap nonuniformly-spaced FIR filter with nonuniformly-spaced

taps.

If we compare the frequency responses in Fig. 5.3(a) and (b), we can see that the
frequency response of the regular FIR filter is periodic and any two adjacent channels
are separated by the FSR of the filter. However, the frequency response of the
nonuniformly spaced FIR filter is aperiodic. The aperiodicity is resulted due to the
fact that the phase shift is introduced based on an additional time delay, which is
frequency dependent. The phase shift is accurate only for the frequency at mQ and
approximately accurate at the passband centered at mQ [59]. To ensure an accurate
phase shift in the passband of interest, the filter should have a narrow bandwidth. The
filter shown in Fig. 5.3(b) is designed to have a bandwidth of 2 GHz, the normalized
root mean square (NRMS) error between the magnitude responses shown in Fig. 5.3(a)
and (b) within the 2-GHz bandwidth is calculated to be 2.44%, which is very small.
Therefore, it is feasible to implement a differentiator using a nonuniformly spaced

photonic microwave delay-line filter, with a significantly reduced complexity.

5.3 Simulation and experiment

A proof-of-concept experiment is then carried out to demonstrate the microwave
bandpass differentiator based on the six-tap nonuniformly spaced FIR filter. The
center frequency is 9.95 GHz, and the bandwidth is 2 GHz from 8.96 GHz to 10.95

GHz.
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Based on the Remez algorithm, the tap coefficients of a regular six-tap microwave
photonic FIR filter are calculated to be [-0.099, 0.362, 0.129, -0.129, -0.362, 0.099].
The implementation is complicated due to the three negative values of the tap
coefficients. If the differentiator is implemented using a nonuniformly-spaced
microwave photonic delay-line filter, the coefficients can be all positive, with the
negative coefficients equivalently achieved by additional time delays. Based on (5-5),
the tap coefficients are [0.099, 0.362, 0.129, 0.129, 0.362, 0.099] and the time delays
for the six taps are [0.5T, T, 2T, 3.5T, 4.5T, 5T], where T is the time delay difference

two between adjacent taps in a regular uniformly-spaced FIR filter, which is 100.5 ps.

Fig. 5.4 shows the experimental setup to implement the six-tap nonuniformly-spaced
microwave photonic delay-line filter. The six taps are generated using SiX
wavelengths with identical wavelength spacing. When the six wavelengths are
traveling through a dispersive element, an identical time delay different between any
two adjacent wavelengths is generated. In the experiment, the six wavelengths are
generated by a laser array, which are multiplexed using an optical coupler and sent to
an IM which is biased at the linear transmission point. Six PCs are used to adjust the
polarization directions of the light waves to minimize the polarization dependent loss
at the IM. A 9.8-km SMF connected at the output of the IM is used to serve as a
dispersive element. Assume that the first wavelength is 4;and the n-th wavelength

is4,, the time delay for the n-th tap due to the dispersive element is given by
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T = D(/ln —AO) L, where D is the chromatic dispersion parameter of the SMF and L

n

is the length of the SMF. If A, is given, the n-th wavelength is calculated by

T nT —¢, /mQ

A =l +—"—=A+
n%D~Lﬂ0 D-L

(5-8)

The six wavelengths are A,+[0,0.5,1.5,3,4,4.5]-A1, where AA=T/D-L is the
wavelength spacing of two adjacent wavelengths corresponding a regular uniformly

spaced FIR filter.

PCO

LDO

PC1

LD1

PC5

LD5

Fig. 5.4 Experimental setup for the implementation of a photonic microwave differentiator based on a
six-tap nonuniformly-spaced delay-line filter. PC: polarization controller; VNA: vector network
analyzer; EDFA: erbium-doped fiber amplifier; PG: pulse generator; RF: radio frequency source; OSC:

real-time oscilloscope, PD: photodetector.

For a standard SMF, the chromatic dispersion parameter is D = 17 ps/nm/km. In the
experiment, the first wavelength is selected to be 1543.860 nm, based on (5-8) the
other five wavelengths are calculated to be 1544.160, 1544.760, 1545.660, 1546.260,

and 1546.560 nm. The spectrum of the six-wavelength laser array is measured and
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shown in Fig. 5.5(a). The measured magnitude and phase responses of the
differentiator are shown in Fig. 5.5(b) and (c), respectively. The center frequency of
the passband is measured, which is 9.95 GHz. The simulated magnitude and phase
response of the six-tap FIR filter with uniformly-spaced taps generated by the same
filter coefficients are also shown in Fig. 5.5(b) and (c) for comparison. The NRMS
error between the experimental and simulated magnitude response shown in Fig. 5.5(b)
is 2.69%, which is slightly higher than the theoretical value of 2.44%. The additional
error results from the errors in the experiment. As can be seen from Fig. 5.5(c), a 7
phase shift also occurs at 9.95 GHz. The experimental results agree well with the

simulated results.

The reconfigurability of the differentiator is then investigated. The center frequency
of the differentiator is tuned to 8.53 GHz, thus the wavelength spacing corresponding
to a regular uniformly spaced FIR filter is AA=0.7 nm. As shown in Fig. 5.5 (d),
the wavelengths for the six taps are 1543.860, 1544.210, 1544.910, 1545.960,
1546.660, and 1547.010 nm. The measured magnitude and phase responses are shown
in Fig. 5.5(e) and (f). The measured center frequency is 8.53 GHz. The simulated
magnitude and phase responses of the differentiator are also shown in Fig. 5.5(b) and
(c) for comparison. The NRMS error between the simulated and experimental
magnitude response is 2.71%, which is small. As can be seen from Fig. 5.5(f), a =
phase shift also occurs at 8.53 GHz. The experimental results again agree well with

the simulated results.
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Fig. 5.5 Experimental results. (a) The measured spectrum of the six-wavelength laser array.

Theoretically calculated (dashed line) and experimentally measured (solid line) (b) magnitude response

of the 9.95-GHz differentiator, and (c) phase response of the 9.95-GHz differentiator. (d) The measured

spectrum of the six-wavelength laser array for the differentiator with a center frequency at 8.53 GHz.

Theoretically calculated (dashed line) and experimentally measured (solid line) (e) magnitude response

of the 8.53-GHz differentiator, and (f) phase response of the 8.53-GHz-differentiator.

To further evaluate the microwave bandpass differentiator, the differentiation of a

bandpass microwave signal is experimentally performed. In the experiment, a

7



Gaussian pulse is used as an input. It is known that the first-order derivative of a
Gaussian pulse is a monocycle. A monocycle pulse can find applications in UWB

communications [73].

A Gaussian pulse with a full-width at half-maximum (FWHM) of 270 ps generated by
a pattern generator (Tektronix AWG7102), shown in Fig. 5.6(a), is mixed with a
microwave carrier at 9.95 GHz generated by a microwave signal generator (Agilent
E8254A), and then sent to the IM. The spectral width of the bandpass microwave
signal is 1.6 GHz, which is smaller than the bandwidth of the microwave bandpass
differentiator. The differentiated bandpass microwave signal is obtained at the output
of the PD. To compare the original baseband waveform and the differentiated
baseband waveform, a second microwave mixer is employed, to which the same
microwave carrier at 9.95 GHz is applied. The differentiated baseband waveform is

measured by an oscilloscope (Tektronix TDS7704B), which is shown in Fig. 5.6(b).

As a comparison, the waveform based on ideal differentiation is shown in Fig. 5.6(c).
In obtaining the waveform in Fig. 5.6(c), a bandpass filter with a 3-dB bandwidth of 2
GHz is employed to remove the high-frequency noise resulted from the differentiation
process. The NRMS error between the experimented and the simulated waveforms in

Fig. 5.6(b) and (c) is 12.11%.
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Fig. 5.6 Differentiation of a bandpass microwave signal based on the photonic microwave bandpass
differentiator. (a) Waveform of the microwave baseband signal. (b) Experimental differentiation result

of the input signal shown in (a). (c) Ideal differentiation result of the input signal shown in (a)

5.4 Discussion and conclusion

For the experimented differentiator, the power penalty function due to the chromatic
dispersion of the SMF has a 3-dB bandwidth of 13.72 GHz, which is greater than 9.95
GHz. Therefore, power fading due the chromatic dispersion of the fiber is small and
can be ignored. However, for the same chromatic dispersion, if the differentiator is
designed to operate at a much higher frequency, for example, if the 4™ channel of the
spectral response is used to perform the differentiation, the center frequency is 39.8

GHz, then the power fading effect must be taken into consideration. A simple solution
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to this problem is to use SSB modulation scheme [74] instead of the double-side band

(DSB) modulation scheme employed here.

In summary, a microwave bandpass differentiator implemented based on a FIR
photonic microwave delay-line filter with nonuniformly-spaced taps was proposed
and experimentally demonstrated. The key contribution of this work is that a
differentiator was designed and demonstrated using a photonic microwave delay-line
filter with all positive coefficients, which greatly simplified the implementation. The
negative coefficients were equivalently achieved by introducing additional time
delays, leading to a = phase shift to each of the negative taps. A microwave
bandpass differentiator based on a six-tap FIR microwave photonic delay-line filter
was designed, simulated and experimentally demonstrated. The reconfigurability of
the differentiator was experimentally investigated. The differentiation of a bandpass
microwave signal using the six-tap differentiator was also experimentally

demonstrated.

Other than the photonic microwave bandpass differentiator, many photonic
microwave signal processors can be implemented using non-uniformly spaced
photonic microwave filter. For example, a photonic microwave bandpass Hilbert

transformer can be achieved by carefully designed the tap coefficients.
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CHAPTER 6 CONCLUSION AND FUTURE WORK

6.1 Conclusion

All optical processing of microwave signals was investigated in this thesis. Two
techniques were developed. At first, implementation of a photonic-assisted
microwave pulse fractional Hilbert transformer with tunable fractional order based on
TPS was proposed and experimentally demonstrated. The fractional Hilbert transform
was realized by introducing a phase jump to the spectrum of the input pulse via phase
modulation and the tunability of the fractional order was achieved by changing the
amplitude of the step function applied to the PM. The key advantage of this technique
is its flexibility in changing the fractional order, which may find applications where a

Hilbert transform with a tunable order is needed.

Second, a microwave bandpass differentiator implemented based on a FIR photonic
microwave delay-line filter with nonuniformly-spaced taps was proposed and
experimentally demonstrated. The key contribution of this work is that a differentiator
was designed and demonstrated using a photonic microwave delay-line filter with all
positive coefficients, which greatly simplified the implementation. The negative
coefficients were equivalently achieved by introducing additional time delays, leading
toa m phase shift to each of the negative taps. A microwave bandpass differentiator
based on a six-tap FIR microwave photonic delay-line filter was designed, simulated

and experimentally demonstrated. The reconfigurability of the differentiator was
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experimentally investigated. The differentiation of a bandpass microwave signal using

the six-tap differentiator was also experimentally demonstrated.

6.2 Future work

Temporal pulse shaping has been widely investigated in the past few years due to its
important applications in the areas such as frequency analysis [26] and arbitrary
waveform generation [27]-[30]. In Chapter 4, the implementation of a
photonic-assisted microwave pulse fractional Hilbert transformer with tunable
fractional order based on TPS was proposed and experimentally demonstrated. The
spectrum of the input pulse can be directly filtered in the temporal domain via the
electrical arbitrary waveform generator and the electro-optic modulator. In the
experiment for demonstration, since the output signal of the Hilbert transformer is an
ultra high speed optical pulse, it cannot be directly detected by the PD. To monitor the
output pulse, another 6.74-km SMF (SMF2) with a value of dispersion of -890 ps?
was used to stretch the output pulse, to make it wide enough to be detected by the PD.
The experimental result is confirmed with the simulated result. The experimental
results may need to be further confirmed using other method such as employing an

autocorrelator to detect the ultra short pulse [75].

In Chapter 5, a photonic microwave bandpass differentiator was proposed and
experimentally demonstrated. Other than the photonic microwave bandpass
differentiator, many photonic microwave signal processors can be implemented using
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a nonuniformly spaced photonic microwave filter. For example, a photonic
microwave bandpass Hilbert transformer can be achieved by carefully designing the
tap coefficients. Based on a nonuniformly-spaced photonic microwave filter, many
signal processing functions can be implemented. The performance of other signal

processors based on nonuniformly-spaced can be investigated in the future.

For the experimented differentiator, a photonic microwave bandpass differentiator
with a relative bandwidth of 0.2 is designed. Based on our experimental conditions, a
differentiator with a center frequency of 9.95 GHz and a bandwidth of 2 GHz was
realized. A larger bandwidth passband can be achieved when a higher center
frequency is used. The performance of the microwave photonic differentiator with a

higher center frequency and larger bandwidth will be investigated.

In this thesis, the implementation of a Hilbert transformer and a differentiator was
experimentally demonstrated. The experimental systems were realized using discrete
optical devices, such as lasers, electro-optic modulator, optical couplers and PDs. The
systems were bulky and costly, which limits the potential for practical applications. A
promising solution to this problem is to use photonic integrated circuits (PICs). It was
demonstrated recently [76], a PIC consisting of a hybrid laser source, a modulator and
passive components can be integrated into a single chip. The integration technology
can be employed to implement the proposed signal processing systems, to increase the

system performance.
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LIST OF ACRONYMS

A
AWG

ASE

DE

DLP
DSB
DSB-SC

DST

E/O

EOM

FBG
FIR
FSR
FT

FWHM

Arbitrary waveform generation

Amplified spontaneous emission

Dispersive element

Discrete layer peeling

Double-side band

Double-sideband suppressed-carrier

Direct space to time

Electrical-to-optical conversion

Electro-optic modulator

Fiber Bragg grating
Finite impulse response
Free spectral range
Fourier transform

Full-width at half-maximum
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GVD

LC-FBG

LC-SLM

LTI

MLL

MZM

NRMSE

O/E

Group velocity dispersion

Intensity modulator

Linearly-chirped FBG
Liquid crystal SLM

Linear, time-invariant

Mode-locked laser

Mach-Zehnder modulator

Normalized root mean square error

Electrical-to-optical conversion
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PC

PD

PS-FBG

PIC

PM

PM-IM

RF

SBS

SLM

SNR

SOA

SSB

TOD

TPS

Polarization controller
Photodetector

Phase shift fiber Bragg grating
Photonic integrated circuit
Phase modulator

Phase-modulation to intensity-modulation

Radio frequency

Stimulated Brillouin scattering
Spatial light modulator
Signal-to-noise ratio
Semiconductor optical amplifier

Single-sideband modulation

Third order dispersion

Temporal pulse shaping
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UwB Ultra wide band

X
XGM Cross-gain modulation
XPolM Cross-polarization modulation
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