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ABSTRACT

Song, Minhyup. Ph.D., Purdue University, December 2012. Microwave Photonic Filter
Design via Optical Frequency Comb Shaping. Major Professor: Andrew M. Weiner.

The field of microwave photonics (MWP), where the wideband and low-loss
capability in optics is utilized to enhance the performance of radio frequency (RF)
systems, has been significantly explored over the last decades. This perspective offers
benefits that are unattainable with conventional electronics solutions, such as ultra-broad
bandwidth, insensitivity to electromagnetic interference, transport through optical fiber
networks, easy tuning control, or programmability. One important application of
microwave photonics is the implementation of microwave filters for high carrier
frequency and wide bandwidth RF waveform. In this thesis, MWP filters based on an
optical frequency combs (OFCs) and a dispersive medium are presented. First, noise
evaluation of MWP filters based on OFCs is explored to show the potential of optical
frequency comb technology to operate over large distances in MWP filter links. Then,
amplitude and phase control complex coefficient taps MWP filters are presented. We
demonstrate reconfigurable and tunable flat-top MWP filters by applying positive and
negative weights across the comb lines and adding a phase ramp onto the tap weights.
Furthermore the application of this technique to phase filtering operation over an ultra-
wide bandwidth will be demonstrated through high-speed real-time measurement. We
present the implementation of matched filter to compress the chirped pulses to their
bandwidth limited duration. We also explore the group delay ripple (GDR) compensation
of chirped fiber Bragg grating (CFBG) which would reduce the delay of MWP filter links.



1. INTRODUCTION

1.1. Overview

Microwave photonic techniques have been developed to enhance the performance of
ultra-broadband radio-frequency system [1]. The use and advantages of microwave
photonics have been described in various references in the literature [1-4]. The idea of
photonic processing is based on optical processing of broadband analog RF signals in
optical domain [1]. Here, the RF input signal is modulated onto the optical source, and
the signal processing takes place in the optical domain. After optical-to-electrical (O/E)
conversion in a photodetector (PD), the optical source will be detected, resulting in
output RF signal. In the last few years, extensive efforts of microwave photonic
researches have been directed to the implementation of broad bandwidth microwave
signal processing especially to filter design [2]. Our research till date has focused on
development work on microwave photonic amplitude and phase control filter designs,
which are the main theme of this dissertation. In order to understand our original
approach for the process of microwave photonic filters, it is necessary to have an
understanding of optical frequency combs (OFCs) and pulse shaping.

Microwave photonic filters are mainly focused on a multi-tap geometry based on the
notions of finite impulse response digital filter design [5]. On the other hand, thanks to
their ultra-low phase-noise performance, optical frequency combs are becoming
ubiquitous tools in precise optical metrology applications like spectroscopy, etc. High-
repetition rate optical frequency combs which have discrete spectral lines with fixed
frequency positions are chosen as multi-wavelength optical source for microwave
photonic filters. To this effect, we will briefly talk about optical frequency combs in
section 1.2. In section 1.3 we will describe in detail the principles of spectral line-by-line

pulse shaping which enables the synthesis of complex coefficient taps by programming



amplitude and phase of each line, which is a topic that is gaining increasing attention. We
also will briefly describe the theoretical principle and configuration of multi tap
microwave photonic filters in section 1.4 so that any future reference to it will be clearer.

Section 1.5 provides a general organization of this dissertation.

1.2. Optical Frequency Combs (OFCs)

An optical frequency comb is a pulsed laser source producing periodic optical pulses
with a stabilized repetition rate [6,7]. The spectrum of such a pulse train is a discrete set
of frequencies spaced by a constant repetition rate (the inverse of the pulse train period).
This series of sharp spectral lines is called a frequency comb. Such combs have enabled
new signal processing application in microwave photonics [1], optical arbitrary
waveform generation [8], and optical communications [9].

Traditionally, optical frequency combs have been derived from mode-locked lasers
which emit a series of short pulses separated in time by the round trip time of the laser
cavity. Figure 1.1(a) shows an ideal comb: all lines are having the same amplitude and
phase with an infinite bandwidth. Mode locked laser combs have Gaussian envelope due
to the gain profile, as shown in Fig. 1.1(b), with all the lines in phase. Figure 1.1(c)
shows the corresponding time domain trace to the comb. In reality, comb lines are not
exact multiples of the repetition rate due to the difference between phase and group
velocities within the laser media, resulting in a frequency offset illustrated in Fig. 1.1(b).

The realistic comb lines are given by the equation [6]
fo=mf,+& (1.1)

where m f_ is multiples of the laser repetition rate and ¢ is known as the carrier

P
envelope offset frequency, whose value can undergo large fluctuation without
stabilization mechanisms.

However, the mode-locked frequency comb has limited tuning ability, complicated
feedback control, and frequency instability at relatively high repetition rates. Due to this
reason, there has been significant development of alternative frequency comb sources
[10-14]. Applying a strong sinusoidal phase modulation to a CW laser can generate

multiple sidebands, leading to generation of a frequency comb [10-12]. When an input



pulse is applied to a strong and quadratically varying temporal phase, it undergoes time-
to-frequency mapping, so that the shape of the spectrum becomes a scaled replica of the

temporal intensity profile of the input waveform.
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Fig. 1.1 (a) Ideal frequency comb, (b) Frequency comb from a mode locked laser with a
Gaussian envelope, (¢) Time domain pulse from a mode locked laser

]
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Figure 1.2 shows the process to generate flat optical frequency combs from a
continuous-wave laser. An intensity modulator driven with a sinusoid generates flat-
topped pulse, and it is subjected to a strong sinusoidal phase modulation by phase
modulator, which results in a flat comb due to the flat topped pulse input. Advantage of
this frequency combs include the ability to create high repetition rate (for e.g. 10s of GHz
corresponding to the interesting data rates regime in optical communication) combs with
stable optical center frequencies and convenient tuning of the repetition rate and optical
center frequency. In this dissertation, all the frequency comb sources which we use in our

work are obtained by phase modulating a continuous wave laser (PMCW).
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Fig. 1.2 Schematic of frequency combs generated by phase modulation using the
cascaded intensity modulator (IM) and phase modulator (PM) (adapted from [12])

1.3. Spectral Line-by-line Pulse Shaping

As we described in the previous section, an optical comb consists of an equally
spaced set of narrow-linewidth optical taps, in which both the frequency spacing and the
absolute frequencies remain approximately constant. By using an optical comb, we are
able to exploit pulse shaping to address the amplitudes and phase of comb lines. Current
pulse shaping can be divided into two approaches: Direct space-to-time (DST) pulse
shaping and Fourier transform (FT) pulse shaping. In DST pulse shaping [15,16], output
waveforms are directly scaled by applied spatial masks. In FT pulse shaping case, output
waveforms are Fourier transform of shaped optical spectra [17]. Figure 1.3(a) shows the
basic FT pulse shaping apparatus which consist of spectral dispersers (for e.g. diffraction
gratings), lenses, a mask, and a modulator array. The individual frequency components
are spread angularly by the first diffraction grating, and then focused at the back focal
plane of the first lens to spatially separate them in one dimension. Then the amplitude and
phase of the spatially dispersed frequency components are manipulated by the modulator
array. After the optical frequencies are recombined by the second lens and grating, the
shaped output pulse is obtained. The Fourier transform of the complex pattern transferred
by the masks onto the optical spectrum result in programmable user-defined waveforms.

To realize microwave photonic filters composed of complex coefficient taps,
independent amplitude and phase control of each taps in OFCs is required. However, due
to difficulty in building a pulse shaper capable of resolving each spectral line at <1 GHz
repetition rate of optical combs generated by mode-locked lasers, taps are manipulated as

groups of spectral lines. In achieving line-by-line control, pulse shaper design also needs



great care for spectral resolution improvement. Figure 1.3(b) schematically shows the
line by-line pulse shaping regime, which is experimentally demonstrated [18]. Potential
applications of line-by-line pulse shaping include microwave photonics as well as optical

arbitrary waveform generation (OAWG) [19].

(a) (b)

MODULATOR
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GRATING GRATING

LENS

LENS

Shaping: Individual lines

— | \4—‘%

frequency

Fig. 1.3 (a) FT pulse shaper based on diffraction gratings (adapted from [17]), (b) Pulse
shaping in line-by-line regime (adapted from [18])

1.4. Multi-tap Microwave Photonic (MWP) Filters

Microwave filter design has been conventionally focused on implementation of
electrical filters in communication and radar systems. Here we briefly review the current
microwave filter technology.

Most microwave filters are made up of one or more coupled resonators, and the high
suppression, sharp filters require high order filter which results in high loss. In order to
overcome high loss, the high temperature superconductors have applied to implement low
loss, highly selective filters [20]. The tunable microwave filters have been achieved by
applying Micro-Electro-Mechanical Systems (MEMS) technology. Since the mechanical
varactor shows higher quality factors than electrical varactor, highly selective, tunable
filters can be obtained with small number of poles through MEMS technique [21].

Although there have been significant advances, still there are desired filter properties
such as filter selectivity, tunability, programmability, and noise figure that can’t be

achieved simultaneously. Microwave photonic filters offer such properties over a large



bandwidth compared to conventional RF filters [3]. In contrast to recent work on
microwave photonic filters based on coherent optical filters [22,23], most microwave
photonic filters are based on a multi-tap delay line scheme. Tapped-delay-line microwave
photonic filters are based on the concept of discrete finite impulse response (FIR) filter
[5]. Conventionally, there are two possible approaches to making multi-tap delay lines:
those which a continuous wave (CW) laser source with a number of delay lines and those
which multiple different wavelength optical sources with a single dispersive delay line
[3]. Much of the early work used multiple physical delay lines, which is difficult to
control and program. As a result, there has been increasing interest in implementing
filters using the second approach. By equally spacing of the carriers in frequency, taps
with equal delay spacing will be obtained after a dispersive medium [24].

Fig. 1.4 shows the overall configuration of multi-tap microwave photonic (MWP)
filters based on second approach. The RF signal (red line) is modulated over an optical
source comprising multiple optical frequencies (blue line) and passed through a pulse
shaper to program amplitude and phase of each tap, which are proportional to the
corresponding carrier. Each optical carrier experiences a frequency dependent delay by
the medium dispersion, resulting in multiple optical delay lines. By applying equally
spaced carriers in frequency and a linear dispersion medium, taps with equal delay
spacing will be obtained. The output of the delay line is connected to a photodiode to
convert the optical signal to an electrical signal. According to FIR digital filter design
algorithm, a finite number of delay taps shows the periodic filter response in frequency

domain [5]. The resulting filter impulse response can be written as
N-1
ht)y=>a, s(t—nT) (1.2)
n=0

where a,’s are the taps complex coefficients, and T is the differential delay between taps,
determined by the group delay dispersion and the frequency spacing between optical
carriers. By Fourier transformation of the impulse response we obtain the frequency

response of the filter as

H(co)z%‘ian exp[—jna)T] (1.3)



From (1.3) the filter transfer function has a periodic spectral characteristic as shown

in Fig 1.5. The filter period known as free spectral range (FSR) is inversely proportional

to the tap delay spacing T and the filter bandpass shape governed by adjusting the taps’

weights. Figure 1.5 shows the approximately Gaussian shape passband derived by the

Fourier transform of the Gaussian shape impulse response shown in Fig. 1.4. The filter

sidelobe suppression (SLS) showing the filter rejection of nonadjacent channels is mainly

affected by the shape and fluctuation of taps. We will introduce various multi-tap

microwave photonic filters such as programmable tunable amplitude-control and phase-

control filters in chapter 3 and chapter 4 respectively.
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Fig. 1.5 A multi-tap microwave photonic filter transfer function. FSR: free spectral range,
SLS: sidelobe suppression



1.5. Thesis Outline

The dissertation is organized into the following chapters. In Chapter 2, we
experimentally investigate the noise characteristic of microwave photonic filter based on
OFCs. We compare microwave photonic filter links based on OFCs and amplified
spontaneous emission (ASE) sources within same structure to prove the great noise
properties of OFCs based MWP filters. In Chapter 3, we will demonstrate reconfigurable
and tunable flat-top microwave photonic filters based on an OFCs and a dispersive
medium. Complex taps allowing flexible and tunable filter characteristics are
implemented by programming the amplitude and phase of individual comb lines using an
optical pulse shaper. First, we implement a flat top filter by applying positive and
negative weights across the comb lines, then tune the filter center frequency by adding a
phase ramp onto the tap weights. In Chapter 4, programmable multi-tap microwave
photonic phase filters operating over an ultra-wide bandwidth are explored. Complex
programmability over dozens or hundreds of taps is achieved by optical line-by-line pulse
shaping on Gaussian shaped, flat, or ultra-broadband OFCs using an interferometric
scheme. Through high-speed real-time measurements using arbitrary waveform generator
(AWG) and real time scope, we show programmable chirp control. In Chapter 5, the
phase control of taps by a pulse shaper is utilized to compensate the group delay ripple
(GDR) of chirped fiber Bragg grating (CFBG) which can give many advantages (low loss,
small volumes, a small filter delay time, much shorter than dispersion compensating fiber
(DCF), etc.) to our microwave photonic filter configuration. Finally, in Chapter 6, we

summarize the thesis and suggest a few possible directions for future research.



2. NOISE EVALUATION OF MICROWAVE PHOTONIC FILTERS
BASED ON OPTICAL FREQUENCY COMBS

2.1. Preface

In this chapter we will demonstrate that a filtered microwave photonic link
implemented with an optical frequency comb as multi-tap optical source offers a
significant improvement in noise characteristics when compared to sliced incoherent light
sources. We provide a comparative study of the noise performance of microwave
photonic filtered links based on these two light sources (incoherent spectral slicing and
EO frequency comb generators). Specifically, we show that high-speed data can be
transmitted with minimum degradation through the EO frequency-comb based filtered
link, whereas the incoherent optical source needs to have a very broad spectrum to
transmit the same data with error-free performance. In section 2.2 we introduce the multi-
tap microwave photonic filters which have been achieved by different optical sources
especially sliced broadband incoherent sources and OFCs. The noise performance of
MWP filter links are studied in two different scenarios. In section 2.3 we first compare
the filtering characteristics when using a frequency comb and an amplified spontaneous
emission (ASE) source having identical bandwidths and tap delays. In section 2.4 we
consider an ASE source broader than the comb source while showing the same filter
transfer function. By measuring the eye diagram, bit-error-rate (BER), and single-
sideband (SSB) spectrum of a clock source transferred through a filtered MWP links, we
experimentally demonstrate that microwave photonic filters implemented with optical
frequency combs have a significantly better noise performance and effective wavelength
allocation when compared to ASE sources. The contents of Chapter 2 have been

presented in our publication [25].
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2.2. Introduction

As we discussed in section 1.4, in multi-tap microwave photonic filter scheme, the
optical source consists of an array of spectral lines or optical taps. After being modulated
by the microwave signal to filter, transmitted through a dispersive medium and
photodetected, each optical tap provides a delayed and weighted copy of the input
electrical signal. It is well known that this scheme must operate in the incoherent regime,
i.e., in order to establish a linear relation between the input and output electrical signals,
the optical tap summation must be performed in intensity. This can be achieved either by
using an optical source with a coherence time shorter than the tap delay or by separating
away the optical taps to avoid interference beats in the photodiode. The latter option has
been widely explored by several microwave photonic filtering schemes, with the optical
taps implemented by wavelength multiplexing a discrete array of narrow-linewidth
tunable lasers as shown in Fig. 2.1(a) [26]. Although being reconfigurable and flexible,
there is a clear limitation in terms of complexity, since the number of taps is given by the
number of available lasers. On the other hand, the former incoherence option shown in
Fig. 2.1(b) enables a cheaper solution, since the optical taps can be alternatively
generated by spectrally carving a broadband incoherent source [27-29] (so-called spectral
slicing techniques). When combined with an optical pulse shaper as optical filters, this
approach provides a great number of controllable optical taps [30]. However, the
stochastic nature of the optical source leads to degradation (i.e., the intensity and phase
noise) of the filter’s performance [31-33]. Intensity noise is the frequency domain
representation to show the effect of the fluctuation in the amplitude of the source, and
phase noise caused by time domain instabilities (timing jitter) is the noise power at a
given offset frequency from the carrier. Among them, since the phase noise
characteristics is important for many applications which require a careful control over
signal temporal characteristics, phase noise in optical links has been investigated, e.g.,
Chromatic dispersion effects on phase noise [34], the amplified spontaneous emission
(ASE) noise of an eribium-doped fiber amplifiers (EDFA) [35], or an external modulator

effects on phase noise [36]. Several efforts have been explored to mitigate this issue,
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including optimizing the bandwidth of the spectral slices [31] or using balanced
photodetection [37].

Recently, our group has explored the use of high-repetition-rate optical frequency
combs (shown in Fig. 2.1(c)) as multi-tap optical sources in delay-line MWP filters [38].
While being similar in concept to mode-locked lasers [39], the possibility of tuning in an
independent manner both the repetition rate and optical carrier frequency in optical
frequency combs provides greater flexibility in tuning the synthesized microwave band
pass, even at sub-microsecond speeds [40]. When combined with optical pulse shaping
techniques, this approach enables reconfigurable complex filtering with hundreds of
optical taps available [8] while using a single narrowband cw laser. In this contribution,
we show that microwave photonic filters implemented with optical frequency combs yet
have another desired attribute, namely, a significantly better noise performance when
compared to sliced spectrally incoherent sources. It is theoretically proved that a low-
coherence optical source will bring noticeable noise deterioration to the generated signal
[36]. The noise performance of MWP filter links are studied in two different scenarios. In
section 2.3, we first experimentally compare the filtering characteristics when using a
frequency comb and an ASE source having identical bandwidths and tap delays. In
section 2.4, we consider an ASE broader than the comb source while showing the same

filter transfer function.
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Fig. 2.1 Schemes to generate array of spectral lines, (a) Combination of different
wavelength of cw lasers, (b) Sliced broadband incoherent source by optical filters, (c)
Optical frequency combs

2.3. Optical Frequency Combs vs. Equivalently Sliced ASE Source

Figure 2.2 shows the schematic of our experiment setup, which is a typical positive-
only-tap MWP filter configuration [41]. After amplification through an EDFA (Erbium
Doped Fiber Amplifier), the optical source (either the OFCs or ASE) is modulated by the
electrical signal to be filtered using a dual-drive Mach-Zehnder modulator biased at
quadrature point (half power point). The two input RF ports have 90 degree phase
difference, featuring optical single-sideband (OSSB) modulation [42]. We use a 90
degree hybrid coupler with a bandwidth of 1 to 12.4 GHz and a maximum phase
imbalance of +7 degrees to apply the pair of RF signals to the modulator [42]. The
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modulated light is sent to a dispersive medium (a dispersion compensating module that
has -1259.54 ps/nm dispersion at 1550 nm with relative dispersion slope 0.00455/nm)
and subsequently detected by a 22 GHz bandwidth photodiode (PD). The filter transfer

function (S21 parameter) is measured by a network analyzer.

| i
| !
i Optical i
i Carriers PD 1

]
S .. S E—— | -
MWP Filter Input RF Signal Output RF Signal

Fig. 2.2 Experiment set up of multi-tap microwave photonic filters

Fig. 2.3(a) and (b) show the experimental configuration and optical spectrum
measured by optical spectrum analyzer (OSA) with 0.01 nm resolution for coherent and
incoherent multiple optical carriers. ASE an optical broadband source sliced with a
periodic optical filter having an interferometer with 100 psec relative delay. It has deep
nulls in its transmission response with 10 GHz periodicity as shown in Fig. 2.3(a), and
this device is commonly used for differential phase shift keying (DPSK) demodulation at
10 Gb/s. A tunable narrow bandwidth optical bandpass filter (0.3 nm 3dB bandwidth) is
applied to shape the envelope. The OFCs shown in Fig. 2.3(b) is composed by cascading
an intensity and phase modulator driven by a 10 GHz clock signal [13]. The bias point
and phase shift are adjusted to provide a pseudo-flat-top envelope, and the clock
frequency is selected to match the ASE spectral period. A 10 GHz repetition rate comb is
further apodized by optical pulse shaper (Finisar Waveshaper 1000s) to match the
envelope shape to Fig. 2.3(a) as shown in Fig. 2.3(b). As a result, identically apodized
>25 taps are achieved by coherent and incoherent optical sources. The standard deviation
between OFCs and ASE is 0.01 dB.

The extinction ratio of DPSK is >18 dB, but optical spectrum measured by OSA

shows 11 dB extinction ratio at peak as shown in Fig. 2.3(a) because it is blurred due to
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the limited resolution bandwidth (RBW). The optical power of DPSK demodulator is
given by

P(w) oc(g—l)cos(zAﬂa)jJr(ngl) @.1)

w

where € is the ratio of the nulls’ amplitude to the peaks’ amplitude of demodulator
interferometer in terms of power transmission, or in other words -10log;o € (dB) is the
degree of extinction with which the demodulator interferometer suppress the carriers. A
is the periodicity of DPSK demodulator, which is 0.08 nm (100 ps delay between arms).
Figure 2.4 shows he numerically calculated optical power spectrum of DPSK
demodulator. The ideal spectrum of DPSK is shown in blue when the extinction ratio is
18 dB. By applying RBW (for which we used 0.01lnm Gaussian window function) of
OSA, the extinction ratio is reduced to ~12 dB (red), which is close to the extinction ratio
of the measured optical spectrum.

Fig. 2.3 (c) shows the measured (solid) and simulated (dash) transfer functions of the
MWP filters achieved when using the spectrally sliced source (red) or the OFC (blue).
The dispersion compensating module (Dispersion compensating fiber (DCF)) with -
1259.54 ps/nm results in delay difference of 96 ps between adjacent 10 GHz taps. The
free spectral range (FSR) of the filter is 10.4 GHz, equal to the reciprocal of the 96 ps
delay increment. The measured filter responses closely match the predicted ones,
showing a bandwidth of ~620 MHz at 3 dB and > 30 dB sidelobe suppression in
baseband. The attenuation of the band-pass with the ASE source is likely due to a high-
frequency roll-off caused by the finite bandwidth of the spectral slices.

Despite the similarity in their transfer functions, the above filters have a radically
different behavior in noise performance. To illustrate this, we send 2°'-1 bit length of on-
off keyed non-return-to-zero (NRZ) modulated data at 1Gbps generated by a pattern
generator (Agilent Technologies N4901B SerialBERT) through the MWP filter link
implemented with either optical source. As can be seen from Fig. 2.5(a), after
amplification, eye diagrams are measured by digital serial analyzer (Tektronix DSA
8200). As can be observed from Fig. 2.5(b), after 4 GHz low-pass filtering and
amplification, the comb based MWP filter (left) shows the clearly open eyes with sharp
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rise-fall transitions, but the ASE based MWP filter (right) shows the closed eyes
corresponding to big signal distortion due to noise. The dramatic reduction in SNR with
the ASE is due to the thermal-like statistics of this light source. The above results have an
important consequence. The fact that the comb-based MWP filters keep the quality of the
input microwave signal implies that higher data rates can be transmitted through the link.
Nevertheless, as shall be explored in the next section, the SNR can be increased with
broader optical bandwidth ASE sources, which is well-known in WDM communication

systems working with spectrally sliced light sources [43].
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Fig. 2.3 Experimental configuration and optical spectrum measurement of shaped multi-
tap optical carriers based on (a) spectrally incoherent and (b) coherent light sources, (c)

Measured (solid) and simulated (dotted) filter transfer function of MWP filter based on
coherent (blue) and incoherent(red) optical carriers, respectively
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Fig. 2.5 (a) Noise performance measurement set up, (b) Measured eye diagrams of a
1Gbs NRZ signal at the output of the MWP link implemented with a frequency comb
(left) and spectrally sliced ASE (right)

2.4. Optical Frequency Combs vs. ASE Source Having Broader Bandwidth
The noise performance of microwave filter links is next studied with an optical
frequency comb and a broad linewidth of sliced ASE source devised to reduce noise in

spectrum slicing system. We now allocate 20x larger bandwidth to the ASE, so that it
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spans most of the C band. We have verified experimentally that when broader bandwidth
is allocated to the ASE, it can achieve better data transmission performance than when it
has the same bandwidth as the optical frequency comb generator. Figure 2.6(a) shows the
two Gaussian-shaped spectra apodized with the pulse shaper. The spectral slices of ASE
(left) are shaped as cosine square with 200 GHz spectral period in order to keep the same
number of taps as the comb (right), resulting in 25 nm bandwidth at 10 dB (i.e., 20 times
larger than the OFCs). Both, OFCs and ASE are apodized by a pulse shaper (Finisar
Waveshaper 1000S), so that both sources have the same Gaussian tap weights.

Fig. 2.6(b) shows the measured (solid) and simulated (dash) transfer functions of the
MWP filters achieved when using the spectrally sliced source (red) or the optical
frequency comb (blue), which is implemented with the setup in Fig. 2.2. For the OFCs,
the modulated light is passed through a dispersion compensating fiber (DCF) module
with -1259.54 ps/nm dispersion at 1550 nm, resulting in a tap delay of 96 ps between
adjacent spectral lines. For the ASE, the length of dispersion is reduced accordingly
(3.5km single-mode fiber) to match the tap delay of the comb. The measured filter
responses closely match the predicted ones, and the both measured filter shapes are
almost identical. They show bandwidths of ~410 MHz at 3 dB and > 24 dB sidelobe
suppression in baseband.

The eye diagrams measured by the set up in Fig. 2.5(a) are shown in Fig. 2.7 when
optical power at PD is -12 dBm. Figure 2.7(a) and (b) show the measured eye diagrams
when CW laser is applied with and without dispersion, respectively. Clearly open eyes in
Fig. 2.7(c) and (d) are when the comb-based MWP link is provided with and without
dispersion (i.e., with and without any RF filtering effect). Compared to Fig. 2.7(b), the
eye shape is changed by applying dispersion as shown in Fig. 2.7(d), since the shape is
affected by the filter passband shape. The ASE-based link also brings open eye diagrams,
as shown in Fig. 2.7(e) and (f), with an SNR slightly lower than the comb. However, in
order to get this SNR with incoherent light, the optical bandwidth had to be 20x larger.
This is likely due to the intensity noise, intersymbol interference, and the dispersion

induced amplitude noise of the ASE source [31].



(b)

Power (10dB/Div)

2
a)
~
o
©
o
=
o
3
o]
a
1530 1545 1560 1541.4 1542 1542.6
Wavelength(nm) Wavelength(nm)

—— Comb (Experiment)

18

—— ASE (Experiment)
= Comb (Simulation)
--------- ASE (Simulation)

|S,4] (10dB/Div)

0 2 4 6 8 10 12
Frequency(GHz)

14

Fig. 2.6 (a) Measured Gaussian shaped multi-tap optical carriers based on the combs
(right) and widely sliced incoherent light sources (left), (b) Measured (solid) and
simulated (dotted) filter response based on the OFCs (blue) and the ASE (red)
respectively



19

(b)

(d)

(f)

0 2 0 1
t (ns) t (ns)

Fig. 2.7 Measured eye diagrams of a 1Gbs NRZ signal with (right) and without (left)
dispersion in the MWP link implemented with (a) (b) CW, (c¢) (d) OFC, and (e) (f)
spectrally sliced ASE respectively

To check the difference of noise performance more specifically, we measured bit-
error-rates (BERs). Figure 2.8 shows measured BERs with corresponding linear fitting
lines (dotted) at 1Gbps when implemented with CW laser, OFC, or sliced ASE. Without
dispersion, the BER curve for the OFC is essentially identical compared to that with a
CW laser when BER is 10”. In contrast, the BER-curve for the sliced ASE without
dispersion shows 1.79 dB power penalty relative to the CW, which is caused by the

increased intensity noise of the ASE source. With the dispersive fiber the BER curve with
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the OFC shows 1.87 dB power penalty relative to CW, which is caused since the
resulting baseband RF filter is narrower than the RF modulation bandwidth. The ASE-
based filter now shows an additional 5.29 dB power penalty relative to CW (3.42 dB
relative to ASE without dispersion). This penalty is higher than expected assuming the
amplitude noise and filtering penalties were additive. This is likely due to the dispersion-

induced amplitude noise contributed by the spectral linewidth of the ASE taps [43].
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Fig. 2.8 Measured BER with corresponding linear fitting lines at 1 Gbps NRZ signal at
the output of the MWP link

Microwave photonic filter links are interesting for simultaneous transmission and
demultiplexing of multiple RF channels because the filter’s free spectral range changes
inversely proportional to the dispersion amount, which is controlled by the length of the
fiber links [44]. The OFCs achieve a better noise performance while using significantly
narrower optical bandwidth, which permits to achieve larger distances in the MWP filter
link to maintain the same tap delay. As in the previous case, the optical source will be
responsible for the noise characteristics in the bandpass response. In order to assess this,

we consider the Gaussian apodized sources in Fig. 2.6(a), and ~ 1.35 times larger
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dispersion is applied to both filters to shift the FSR to 8 GHz. The measured transfer
functions corresponding to the OFCs (solid) and ASE (dash) are shown in Fig. 2.9(a). We
then send an 8 GHz clock signal to the filters, and measure the single-sideband (SSB)
power spectral density at the output of the link. As can be seen from Fig. 2.9(b), the SSB
spectrum of the transmitted clock signal at 1 kHz offset is ~-96 dBc/Hz for the comb and
~-90dBc/Hz for the ASE source. The situation gets worse at higher frequencies, where
the differences approach ~20dB at 1 MHz offset.

In conclusion, we have performed a comparative study of the noise performance of
two microwave photonic filter links using two different multi-wavelength sources: a
spectrally coherent opto-electronic frequency comb and a spectrally sliced incoherent
ASE source. We precisely tailored both sources by applying a pulse shaper so that the
filter transfer function of the microwave link looks essentially identical. Even if they have
similar filter response, our experiment results (eye diagram, bit-error-rate (BER), and
single-sideband (SSB) spectrum) show that their noise characteristics are completely
different. Although the SNR of MWP filters links can be increased with broader
bandwidth ASE sources, this comes at the expense of an inefficient use of bandwidth and
a shortage in fiber-link reach due to dispersive effects. On the other hand, opto-electronic
frequency comb generators offer minimum penalty transmission with respect to a CW-
based MWP fiber link, make a better use of the available optical bandwidth, and allow to
transmit RF clock source with essentially no distortion in its single-sideband RF spectrum.
These results highlight the potential of opto-electronic frequency combs generators as
multi-wavelength  light sources for MWP applications in radio-over-fiber

communications.
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3. RECONFIGURABLE AND TUNABLE FLAT TOP MICROWAVE
PHOTONIC FILTERS UTILIZING OPTICAL FREQUENCY
COMB SOURCES

3.1. Preface

In this chapter we will demonstrate a new complex coefficient taps microwave
photonic filter configuration which utilizes an optical comb source, and a pulse shaper in
an interferometric configuration. This configuration enables us to achieve flat top
microwave photonic filters with reconfigurable bandwidth and tunable center frequency.
Specifically, we implement various bandwidths of flat top filters by applying positive and
negative weights across the comb lines, then tune the filter center frequency by adding a
phase ramp onto the tap weights. In section 3.2 we will discuss the concept of finite
impulse response (FIR) flat top filter designed by windowing method. Simulation results
for the flat top filter with different window function show that if the bandwidth, transition
band, and number of taps are assumed to be same, a sinc function impulse response
multiplied by a Kaiser window shows highest sidelobe suppression and minimum
passband ripple. In section 3.3 we will describe the experimental set up of programmable
and tunable microwave photonic filters based on an evenly spaced set of optical
frequency comb and a dispersive medium. We adopt line-by-line pulse shaping in an
interferometric configuration to realize amplitude and phase control of individual taps. In
sections 3.4 and 3.5 we will describe the experimental result to the programmable control
of both the flat top filter bandwidth and center frequency by using this scheme. 1.5 to 3
GHz 3 dB bandwidth of flat-topped filters with mostly greater than 27-dB stopband loss
are demonstrated using 32 taps with both positive and negative tap coefficients. We also
apply a linear phase to the comb using a pulse shaper to achieve filter tuning without

changing filter shape. By increasing the slope of linearly increasing phase, we
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demonstrate the filter passband shifts from 3.2 to 6.8 GHz. The work on the

reconfigurable and tunable MWP flat top filter has been presented in our publication [45].

3.2. Finite Impulse Response (FIR) Flat-top Filter Design

A filter having flat top passband bandwidth and fast rolloff on band edge is preferred
for signal fidelity and tolerance of signal frequency drift. Therefore, it is desirable to
design a filter with flat top spectral response. Ideal rectangular filters have infinite
impulse responses with sinc function envelopes consisting of both positive and negative
tap values. As is well known in digital filtering, a flat top filter which is similar to an
ideal rectangle filter can be obtained utilizing a finite number of taps by multiplying an
infinite sinc function with a window function [46]. Fig 3.1 shows a sinc function impulse
response multiplied by a window function and its filter transfer function obtained by
Fourier transform. The finite sinc function impulse response show the flat top filter which
is similar to ideal rectangular filter, but it includes passband and stopband ripples.

The desirable flat top filter should have small passband ripple, high sidelobe
suppression, and narrow transition band. According to our simulation, different window
functions show different filter properties as shown in Table 3.1. Table 3.1 shows the
well-known window examples and their window functions w(n) [46]; N represents the
width, in samples, of a discrete time window function, and n is an integer, which shows
the time shifted forms of the windows. In the Kaiser window function, I, is the zero-th
order modified Bessel function of the first kind, and coefficient a is usually 3. For
simulation, the number of taps sets as 64, and the bandwidth of rectangular filter set as
2.5GHz. The simulated sidelobe suppression and passband ripple of each window cases
are shown in Table 2.1. Here we use a Kaiser window for our experiment which offers
desirable filter properties such as highest sidelobe suppression and minimum passband
ripple. Figure 3.2(a) and (b) shows the simulated filter response obtained with the Kaiser
window, which shows 55 dB sidelobe suppression and 0.022 dB passband ripple when
implemented with 64 taps.
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Fig. 3.1 (a) Sinc function impulse response multiplied by a window function, its
corresponding filter response is shown in (b)

Table. 3.1 Window type examples and their window functions. Both simulated sidelobe
suppression and passband ripple of flat top passband are given in dB scale when the
number and the delay of taps, bandwidth of passband, and transition band are assumed as
64, 96 ps, 2.5 GHz, and 500 MHz, respectively.

Sidelobe Passband

Suppression ripple

' w(n 0<n<N -1
Window Type (n) (o<n ) (dB) (dB)

— ] o\
Kaiser f{a\jl—[ﬂ J /fo(a) 10<x)|+z[("i 2) ] 55 0.022
Bartlett -l 27 0.290
N +1
. 1 2rn

Hanning E[HCOSM +1} 44 0.071
Hamming 0.54+0.46 o5 T 52 0.035
Blackman 0.42+0.50052§Vﬁ:—’] +().08c:os;;v]rfl 31 0.255
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Fig. 3.2 (a) Simulated filter transfer function when a Kaiser window is applied, (b)
Zoom-in view of the passband of (a)

3.3. Complex Coefficient Taps Microwave Photonic Filters

As mentioned in chapter 2, tapped delay line microwave photonic filters are based on
the concept of discrete time finite impulse response filter [5]. However, based on digital
signal processing theory, a delay line filter with positive taps can only function as low-
pass filters [47]. There is also quite limitation in the range of transfer functions that can
be implemented with all-positive coefficients [47]. This results in a limitation on the
functionalities of the microwave photonic filters. To overcome this limitation, there have
been several implementations in the last few years to generate negative coefficients and
hence to achieve arbitrarily shaped flexible filters and bandpass filters [30, 47-50]. On the
other hand, it is also desirable that the photonic microwave filters are tunable. Various
techniques have been proposed for the implementation of tunable microwave photonic
filters, which are usually achieved by adjusting the time delay difference [51-54].
However, these schemes have been based on adjusting the time delay difference,
resulting in the changes of filter free spectral range (FSR). However, these schemes
would lead to the changes of bandpass shape by changing FSR. For many applications, it
is highly desirable to change only the center frequency of the passband while keeping the
shape of the frequency response unchanged. Some other techniques can achieve
tunability without bandpass shape changes. There have been implementations based on

stimulated Brillouin scattering [55], a phase spatial light modulator used in a cross-



27

polarized carrier-sideband geometry [56], a pulse shaper capable of resolving and
applying different phases to optical carriers and sidebands [57], and a phase shifted fiber
Bragg grating [58]. However, these techniques were demonstrated only for a small
number of taps.

Our work employs optical frequency combs, which can practically scale to much
larger number of taps compared to multiple lasers, while providing optical frequency
stability and coherence not available from amplified spontaneous emission (ASE) or
typical harmonically mode-locked laser sources. The attribute enables line-by-line pulse
shaping [18] in an interferometric configuration [38], which we adopt here to realize
amplitude and phase control of individual taps. Microwave photonic filters based on
optical frequency combs have recently been shown to produce low sidelobes when
implemented with a large number of taps [38]. However, the range of frequency
responses that can be implemented is limited if only positive taps are available. In section
3.4 and 3.5, we experimentally demonstrate the ability to program dozens of complex
taps to implement flat-top microwave photonic filters with reconfigurable bandwidth and

tunable center frequency, respectively.

3.4. Programmable Flat-top Microwave Photonic Filters

Fig 3.3 shows the suggested microwave photonic filter configuration to implement
large number of complex tap weights. We consider a configuration with a single sideband
modulator placed into one arm of an optical interferometer. The pulse shaper is arm #2
to give a programmable amplitude and phase difference between the two interferometer
arms. A comb with 10 GHz repetition rate and nearly flat power spectrum is divided into
two paths through a 3-dB optical splitter. After amplification through an EDFA, path 2
passes through a commercially available optical pulse shaper (Finisar WaveShaper
1000s) based on FT pulse shaping [17] in which we program the amplitude and phase of
comb lines to control the complex tap weights. In path 1, the individual comb lines are
single-sideband modulated with a dual drive Mach-Zehnder (MZ) modulator biased at a
quadrature point [42], and the modulator output is sent to a periodic optical filter
implemented by 10 Gb/s DPSK demodulator which has deep nulls in its transmission

response with 10 GHz periodicity. The nulls are tuned to remove the original comb lines
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by matching its frequency nulls to the comb carrier frequencies, leaving only sidebands.
The two paths are aligned in polarization by using a polarizer controller in one arm, and
combined in a 3-dB coupler, so that the shaped optical comb is mixed with a comb of
sidebands without altering the amplitudes and phases. The coupler output is passed
through a dispersion compensating fiber (DCF) that has -1259.54 ps/nm at 1550 nm,
resulting in delay difference of 96 ps between adjacent 10 GHz comb lines. The optical
signal is detected by a 22 GHz bandwidth photodiode (PD) and the transfer function
(S21) 1s measured by a network analyzer. The reason why we choose 3-dB splitter and
couplers is to maximize the power of filter response. The filter transfer function

generated at the PD is proportional to [38]

H(@pe) ocja(1-a) B (1-f) (.1

where a and B are the splitter and coupler coupling coefficients in terms of power. As we

can see in Eq. (3.1) the filter transfer function is maximized when o and B are chosen
equal to 0.5, in other words when we choose 3-dB splitter and couplers.

For this configuration, we can write the filter transfer function as

H (@) Z{\é Pin Pan exp[jnDAa)(a)RF +T/D)_ JCDn] (3.2)

where pi, and pa, are the powers of the n™ comb line in the two paths of interferometer, D
the fiber dispersion, A the repetition frequency of optical frequency comb, t the amount
of relative delay between two interferometer paths, and @, the additional phase applied to
the n™ comb line by the pulse shaper. Tuning of the frequency response can be achieved
either by varying the optical delay t of the delay stage or by programming the @, for a
linear phase function. By inverse Fourier transformation of the filter response of the filter,

we obtain the impulse response as
h(t)ocZ:ﬂ/pln P,, exp[ JnAwT — jCDn]5(t—nDAa)) (3.3)

The electrical signal generated after optoelectronic conversion is composed by a sum
of beating terms between each of the RF sidebands from path 1 and the nearest shaped

comb line from path 2. As a result, both amplitude and phase for each individual tap can
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be controlled in a user-defined fashion. As seen from (3.2), both apodized negative and

positive taps can be achieved by controlling tap amplitudes \/g and phases @ ,, via line-

by-line pulse shaper.

>| EDEA Pulse
Shaper DCF
2 @
Comb 1 - Dual-drive DPSK v PD
Source 7| EDFA MZM Demodulator 7
3
90 degree < Network |
Hybrid Analyzer

Fig. 3.3 Suggested microwave photonic filter architecture to implement complex tap
weights, EDFA : Erbium doped fiber amplifier, MZM : Mach-Zehnder modulator,
DPSK : Difterential phase shift keying, DCF : Dispersion compensating fiber, PD :

Photodiode

Fig. 3.4(a) shows an optical comb measured using an optical spectrum analyzer,
which has been shaped to match a sinc function impulse response (for a 3-dB bandwidth
of 2.5 GHz) apodized by a Kaiser window. There are 32 taps composed of 16 positive
and 16 negative taps as shown on the top of Fig 3.4(a). Using the pulse shaper, phase of 0
was applied for the positive taps, and a phase of m for the negative taps. The system
shows weak coupling between the amplitude and phase. To get desired amplitude and
phase, we perform experimental adjustments for both amplitude and phase (we iteratively
adjust both values in experiment). By checking the interference between neighboring
spectral lines in time domain, we could confirm that the desired phase was applied to the
corresponding tap. The red plot in Fig. 3.4(a) is our flat comb before shaping, and the
blue plot is the shaped comb according to a Kaiser window. The measured peaks deviate
from the ideal peaks (not shown) by 0.28 dB in terms of the standard deviation. Fig.
3.4(b) shows the measured and simulated RF filter transfer functions corresponding to

Fig. 3.4(a). The passband is centered at 7 GHz, and the FSR (free spectral range, not
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shown) is 10.4 GHz, which is equal to the inverse of the 96 ps tap delay. The black and
red plots in Fig. 3.4(b) shows the simulated filter transfer function using the ideal (not
shown) and measured (in Figs. 3.4(a)) optical comb profiles and equation (3.2). The
simulated response based on the measured comb closely matches the predicted response
based on the ideal comb with regards to the transition band (530 MHz), sidelode
suppression (33 dB), 3dB passband bandwidth (2.5 GHz), and passband ripple (0.4 dB),
but differ in the shape of the sidelobes. The slight difference can be attributed to the small
errors in the tap weights. The measured filter transfer function is shown in blue in Fig.
3.4(b). As we can see there is a close agreement between simulated and measured filter
transfer function. The measured filter shows 27 dB sidelobe suppression and 3 dB
passband ripple. Although the passband ripple is larger than simulation, the stop-band
attenuation and the transition band of measured plot are close to simulation.

As a comparison we also show an example of a finite impulse response filter
obtained through the equiripple filter design method [59]. For the equiripple filter
function method, the ripple of passband and stopband of a filter will be minimized when
they have same amount of ripples [59]. To find this equiripple filter solution, Parks
Mcclellan filter function uses the polynomial interpolation method [60]. Figure 3.4(c) and
(d) show the shaped comb and its corresponding measured and simulated filter responses
for tap amplitudes chosen according to an equiripple filter design algorithm, respectively.
The passband is centered at 7.9 GHz, and the deviation between the measured optical
spectrum and the ideal apodization (not shown) is 0.35 dB. The simulated response based
on the measured comb closely matches the predicted response with regards to the
transition band (530MHz), 3dB passband bandwidth (2.5 GHz), and passband ripple
(1.5dB), but shows ~ 16 dB degradation in sidelode suppression (30 and 46 dB SLS with
measured (red) and ideal (black) comb respectively). The measured filter shows 22 dB
sidelobe suppression and 3.2 dB passband ripple.
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Fig. 3.4 (a) Measured optical spectra from an OSA of the two spectral profiles
interfering: the single sideband, suppressed carrier at arm 1 having a flat spectral shape
(red), and the 2™ arm spectrum shaped in amplitude to get the flat top profile according

to a Kaiser window (blue) of which phases shown on the top are used in obtaining
negative taps, (b) corresponding RF filter responses measured (blue) and simulated using
ideal (black) and measured (red) combs respectively, (c¢) The 2™ arm spectrum shaped to
get the flat top profile chosen according to an equiripple filter design algorithm, and its
corresponding filter response is shown in (d)

This technique can be used to easily change the bandwidth of flat top passband by
programming amplitude and phase of the optical combs via pulse shaping. Fig. 3.5(a)
shows an optical comb (left) shaped for a 3-dB bandwidth of 1.5 GHz when ¢ ,=[000 =
et 00000000000000nrnnnnn OO0 0], as well as the measured and
simulated filter responses (right). The amplitude and the phase are shaped to match an
impulse response with a sinc function envelope for 1.5 GHz ideal rectangular filter but

apodized by a Kaiser window to limit the number of tabs to 32. The simulated filter
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transfer function (dash line), obtained from Eq. (3.2) using the ideal impulse response,
shows 31.5 dB sidelode suppression and 0.3 dB passband ripple. The measured response
closely matches the predicted response with regards to 27.2 dB sidelode suppression and
0.45 dB passband ripple. Figs. 3.5(b), (¢), and (c) also show the apodized spectra and
corresponding filter transfer functions when 3dB bandwidths of flat-top filters are 2 GHz,
2.5 GHz, and 3 GHz, respectively. The comb of Fig. 3.5(b) is composed of 20 positive
and 12 negative taps, and its measured filter response shows 27 dB sidelode suppression
and 1.2 dB passband ripple. For Fig. 3.5(c), the measured filter transfer function shows
27.4 dB sidelode suppression and 1.7 dB passband ripple. Fig. 3.5(d) includes 18 positive
and 14 negative taps and the measured filter transfer function shows 22.8 dB sidelode
suppression and 1.6 dB passband ripple. The measured and the simulated passband
shapes are in relatively close agreement in all four cases, although the experimental

sidelobe levels are increased. Details of this will be discussed in chapter 3.6.
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Fig. 3.5 Measured optical spectra (left) and corresponding filter responses measured
(solid) and simulated (dash) (right) with 3dB bandwidths of flat-top filter equal to (a)
1.5GHz, (b) 2GHz, (c) 2.5GHz, and (d) 3GHz, respectively
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3.5. Tunable Flat-top Microwave Photonic Filters

In this section we will demonstrate tunable flat top microwave photonic filter using a
pulse shaper. Although tunable RF filters have been implemented in microwave
engineering with a large tunble range and a reasonable loss, their orders usually do not
exceed few poles and as a result the filter passband can not be configured to a great
extent [21,61-63]. According to Eq. (3.2), tuning of the frequency response can be
achieved by linear phase shifts given by Awt n or an optical delay stage given by t [38].
We add 0 or m phase (generally, complex) to generate flat-top passband shape on the
linear phase, in other words we applied additional 0 or  phase to the tap weights of the

filter of which center frequency shifted by the time delay t. More interesting and distinct

method to obtain similar frequency tuning is to control ¢, to increase linearly as n
increase.
The RF frequency shift is given by

Af=——F

— 34
= (3.4)

where v is the fiber dispersion, and 7t the relative delay between two paths. Because the
comb light source is coherent (each frequency has a narrow linewidth, and the spacing
between frequencies is rigidly fixed), it is not expected to suffer any phase noise
degradations with such small delay detunings. This is what allows us to use delay
variation as a means to tune the filter. The coherence property of the comb has been
proven in our group’s previous optical interferometry experiments, where we are able to
use such a source to directly measure fiber dispersion by embedding the fiber under test
in one arm of an interferometer [64].

Fig. 3.6 shows the programmable control of center frequency by controlling relative
delay. The 2.5 GHz 3 dB bandwidth of flat top filter (red) occurs at 2.9 GHz which
corresponds to a relative delay of m.100-28 ps, where m is an integer. The filter bandpass
shifts by 4.2 GHz to higher frequency by reducing the delay in the delay path by 40 ps,
resulting in the filter (blue) centered at 7.1 GHz without passband shape change.
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Fig. 3.6 The filter passband center shifts using delay stage. Measured filter transfer
function for m.100-28 ps and m.100-68 ps relative delay in red and blue lines
respectively. Other comb parameters are fixed to have a 2.5 GHz 3 dB bandwidth flat top
filter

However, it is not easy to tune the filter by changing delay path. Here we apply a
linear phase to the comb using a pulse shaper to achieve filter tuning. Fig. 3.7 shows the
measured filter transfer functions. When no additional phase is applied, the passband is
located at 3.2 GHz (corresponding to 30.7 ps). Then we program the pulse shaper to
apply a linearly increasing phase (modulo 27) in steps Ag = n/4, n/2, and 3n/4 per tap,
respectively. The filter passband shifts to higher frequencies by 1.2, 2.3, and 3.6 GHz,
which are close to the theoretical values of FSR/(2n/Ag)=1.3, 2.6, and 3.9 GHz,
respectively . The measured filter transfer functions, which show ~24.3 dB sidelobe
suppression and ~1.3 dB passband ripple, remain approximately constant with relatively
close agreement to the simulation result shown in Fig 3.5(b). These results verify that we
can achieve tunable microwave photonic filters, with selectable passband profile and
essentially without changing filter shape, via line-by-line pulse shaping.

In conclusion, we have demonstrated the implementation of programmable and
tunable flat top microwave photonic filters based on optical frequency comb shaping. The

amplitude and the phase of each comb lines are programmed by line-by-line pulse shaper.
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We were able to vary filter bandwidths by changing the apodization function and to tune
the filter center frequency by applying phase ramps across the comb lines. In the current
experiment, we did an experiment using 32 flat comb lines but we believe that the
extension of the number of comb line is possible, and it will be helpful to design better
properties of arbitrary passband profile filters. For example, for flat top filters, we can
achieve lower passband ripple, narrower transition band and stronger sidelobe

suppression of flat top microwave photonic filters by increasing number of comb lines.
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Fig. 3.7 The filter passband center shifts as the phase increases linearly at steps of 0 (not
changed), n/4, n/2, and 3n/4 per tap. Other comb parameters are fixed to have a 2 GHz
3dB bandwidth flat-top filter

3.6. Sidelobe Suppression (SLS)

Finally, we do note that sidelobe suppression in the experiments is consistently
several dB smaller than in simulation. This may be attributed to several practical issues.
First, limited spectral resolution (comparable to the comb spacing) may introduce

apodization and phase errors in pulse shaper control of the taps. Second, unwanted small
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reflections in the interferometer structure are known to give rise to low amplitude replicas
of the filter passband, which are shifted in frequency according to the delay of the
reflection [38]. Finally, imperfect SSB modulation due to amplitude and phase
imbalances of the modulator and the 90 degree hybrid coupler results in a small double
sideband (DSB) modulation component, which is also known to cause a small, frequency
shifted, passband replica [65]. Achieving improved sidelobe suppression will require
attention to all of these factors.

The simulation results to show the importance of apodization accuracy are shown in
Fig. 3.8. Although the combs in Fig. 3.4 and 3.5 have been apodized for the target
profiles, the actual profiles have small deviations compared to the target apodization. The
simulated filter transfer function obtained from Eq. (3.2) using the measured optical
comb profiles shows the same passband shape and lower sidelobe suppression than the
ideal sinc function impulse response apodized by Kaiser window is used for the
simulation. This indicates that the sidelobes are more sensitive to the fluctuation of comb
amplitude. Fig. 3.8 shows the simulated optical combs (left) when ¢, =[100000 T
tt0000000000nxnnrrwmOO0O0O0O ] and the corresponding simulated filter
transfer functions (right) when 3 dB bandwidth of passband is 2 GHz. According to our
simulation, the extents of the comb fluctuations decide the limitation to the sidelobe
suppression of filter responses. The ideal fit to our comb spectrum shown in dashed line
would exhibit sidelobe suppression of more than 37 dB where the filter transfer function
is shown in dashed line on the right. In Fig. 3.8(a), when 0.5 dB range random fluctuation
shown in small bar is added to the comb, the filter response shows ~30 dB sidelobe
suppression. The examples of the filter response with the random fluctuated combs are
shown on the right (solid line). Figs. 3.8(b) and (c) also show the fluctuation range bar in
spectra and corresponding filter transfer functions when fluctuation degrees are 1 and 2
dB. The filter responses of Fig. 3.8(b) and (c) show ~25 and ~20 dB SLS, respectively.
This shows that exact filter shapes to the targets are possible via our technique, but very
accurate apodization is essential for achieving the high quality filters with very low

sidelobes.
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Fig. 3.8 Simulated optical spectra (left) and corresponding simulated filter responses
(right) with random fluctuation of optical frequency combs equal to (a) 0.5 dB, (b) 1 dB,

and (c) 2 dB, respectively. Ideal combs (dashed) are fixed to have a 2 GHz 3dB

bandwidth flat-top passband as shown on the right (dashed). The small bars show the
random fluctuation range of the combs, and the examples of the filter response with the
random fluctuated combs are shown on the right (solid)
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4. PROGRAMMABLE MULTI TAP MICROWAVE PHOTONIC PHASE
FILTERS VIA OPTICAL FREQUENCY COMB SHAPING

4.1. Preface

In this chapter we demonstrate a fiber-optic coherent signal processing scheme to
achieve a programmable multi-tap microwave photonic phase filter operating over an
ultra-wide bandwidth. Complex programmability of tens or hundreds of taps is achieved
by line-by-line pulse shaping on electro-optic frequency comb using an interferometric
scheme shown in chapter 3. Through high-speed real-time measurement, we show
programmable time domain chirp control of GHz-bandwidth microwave signals. In
section 4.2 we will introduce the concept and applications of microwave photonic phase
filter. In section 4.3 we will describe the experimental result to the amplitude and phase
control in filter response contributed by optical phase control. In section 4.4 and 4.5, we
will demonstrate the programmable multi-tap microwave photonic phase filters based on
Gaussian shaped and flat optical frequency combs, respectively. We illustrate the
potential of these MWP phase filters by performing a microwave-chirped-pulse
generation experiment. In section 4.5, we will also show the compression of chirp
waveform by applying programmable phase using microwave photonic phase filter. In
section 4.6, we present the ultra-broadband optical frequency combs based on external
non-linear broadening in a highly nonlinear fiber. The filter’s achievable time-bandwidth
product is related to the number of comb lines that can be individually manipulated. We
show that this optical source can be used to achieve a programmable microwave photonic
filter with large time-bandwidth product and long temporal aperture. The work relating to
section 4.4 has been published in [66], the work in section 4.5 in [67] and the work in
section 4.6 in [68].
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4.2. Introduction

The implementation of MWP filters with complex coefficients would enable new
signal processing applications in radar, ultra-wideband communications, and arbitrary
waveform generation [69,70]. Several amplitude and phase filters, such as tunable and
multiple passband complex filters and all-pass phase filters, can be easily designed by
this approach. However, most of the research efforts in the literature to implement
microwave photonic filters are focused on modifying the amplitude response without
exploiting the phase characteristics with an exception of linear spectral phase [71-73].
The filters with non-constant group delay play a crucial role in applications which require
a careful control over signal temporal characteristics. The realization of programmable
arbitrary radio-frequency phase control is a more challenging task, yet with promising
implications in modern radar systems [74] or compensation of antenna distortions [75].
One of the most promising applications of microwave photonics is the synthesis of
broadband filters with programmable phase response [76]. Arbitrary ultra-broadband RF
waveform can be generated by this technique [77]. This also enables processing based on
phase-only matched filtering, where the filter cancels the nonlinear spectral phase
components of the signal of interest [69,70].

Chirped filters typically present a flat magnitude with a certain coefficient of
quadratic phase characteristic corresponds to the linear dispersion within the passband
[78]. Here we apply multi-tap microwave photonic filter scheme to design programmable
chirped filters, which are valuable components in applications such as radar and ultra-
wideband communications [79,80]. As shown in Chapter 3, our group has demonstrated
tunable and reconfigurable microwave photonic filter synthesis over tens of complex
coefficient taps by implementing line-by-line pulse shaping in an interferometric scheme
[45]. Here we extend this concept to demonstrate programmable microwave photonic
filters with arbitrary phase response.

Figure 4.1 shows the programmable phase control microwave photonic filter
previously implemented by our group using hyperfine resolution optical pulse shaping in
an optical-to-electrical mapping configuration [76], which is proved through matched

filtering [69]. In Fig. 4.1(a), the phase filter shows programmable quadratic phase
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response (above) with flat passband shape (below) in filter response. The programmable
phase filter allows us to perform a phase-matched filtering experiment (below) using a
broadband chirped microwave signal (above) as show in Fig. 4.1(b). However, unlike
with multi-tap dispersive FIR filter schemes, the time aperture of the filter was limited to
<Ins as shown in Fig. 4.1(b) because of the finite spectral resolution of the pulse shaper.
The time aperture of multi-tap microwave photonic phase filter is governed by the
number of taps and the dispersion, and our scheme may be extended to a larger number
of comb lines [8] which may be able to achieve large time aperture of phase filter. Highly
chirped microwave photonic filters with bandwidth in excess of multi GHz have been
implemented by incoherent photonic schemes [81,82], but the chirp coefficients are hard

to be tuned 1n a continuous and convenient manner.
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Fig. 4.1 (a) Programmable Microwave photonic phase filters based on direct electro-
optical conversion of an optical filter into RF filter using hyperfine resolution optical
pulse shaping (adapted from [76]), (b) matched filtering through phase filters shown in
(a) (adapted from [69])
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4.3. Amplitude and Phase Control in Filter Response by Optical Phase Control

Here for the first time we demonstrate programmable microwave photonic phase
control filters based on multitap microwave photonic filter schemes with complex
coefficients. We extend the concept shown in Chapter 3 and demonstrate that by
implementing line-by-line pulse shaping in an interferometric scheme, we can synthesize
complex FIR microwave photonic phase filters in a tap-by-tap basis. We apply the multi-
tap complex-coefficient microwave photonic filter configuration introduced in Chapter 3
(Fig. 3.3), in which reconfigurable and tunable flat-top filter was implemented. However,
here we program only phase of taps through a pulse shaper to implement phase filters. By
engineering the phase of taps, both the amplitude and phase of the filter transfer function
can be tailored.

Equation (3.2) shows the filter transfer function of the configuration shown in Fig.
3.3. However, since we program only phase of taps to implement phase filters, the filter

transfer function for the MWP phase filters can be written as

H (e ) o Zer? exp[jnDAa)(a)RF +T/D)_ jCDn] (4.1)

where ¢ is the optical intensity of the "™ original comb line, and @, the additional phase

applied to the n™ comb line by the pulse shaper.

Here we investigate microwave photonic filters with programmable quadratic
spectral phase response over their passband. Fig. 4.2(a) shows our optical comb
generated based on [83] which approximately have a Gaussian profile. The 10-GHz
Gaussian-shaped optical frequency comb is implemented with the cascaded three
intensity modulators (IMs) and two phase modulators (PMs). To generate Gaussian shape,
the RF voltages of first 2 IMs are set to 0.5 V,, and the RF voltage to the last IM is V,
[83]. When we program the optical pulse shaper to apply a programmable quadratic
spectral phase to the Gaussian-shaped comb lines, we can write the filter transfer function

as [84]
H (g ) o< Z:exp[—om2 +jBn’ + jnDAw (@, +7/D)] (4.2)

where « and g define the tap coefficients with Gaussian amplitude determined by our
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comb generator and quadratic phase programmed by the pulse shaper, respectively. We

can approximate this summation as an integral corresponding to Fourier transform and

find the filter transfer function as [84]

D°Aa’ (a+ jf)
Ao + f7)

From this equation, it is clear that line-by-line optical phase control offers the complex

H (g ) oc exp[— (g + T/ D)z] (4.3)

coefficients in an RF FIR dispersive filter in a tap-by-tap basis. The filter passband has a
Gaussian spectral amplitude with programmable bandwidth and programmable quadratic
spectral phase by applying optical quadratic phase to Gaussian-shaped combs.

Fig. 4.2(c) shows the filter transfer function measured (solid) using the network
analyzer and simulated (dash) when quadratic phase such that £ equals to 0 (black), ©/98
(blue), and /49 (red) respectively. The corresponding quadratic phases applied to the
comb lines are shown in circles, triangles, and squares respectively in Fig. 4.2(b). By
fitting a quadratic polynomial to the peaks of the comb lines in Fig. 4.2 (a) we also

calculate o which equals to 0.0437.
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Fig. 4.2 (a) Measured optical spectra, (b) Applied quadratic spectral phases, (¢)
Corresponding filter responses measured (solid) and simulated (dash)

4.4. Programmable MWP Phase Filters based on Gaussian shaped OFCs
By applying optical quadratic phase (®_= Bn?), the Eq. (4.1) can be rewritten as

. ~ n
H (e ) < D e exp[jnDAw(a)RF _%a))] (4.4)

where Mgy (= s+ T/D) is offset from center of the filter passband, and S the quadratic

phase programmed by the pulse shaper. Here the relation between Mg and n can be

obtained as
O =——, 0 N=———7— 4.5
¥ DAw Vi (43)

The corresponding delay for tap n is simply expressed as [24]
r,=nDAw (4.6)

Hence
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~ 2
r(a")RF):nDAa):(%]DAw:(DATw)@RF (4.7)

As shown in Section 4.3, by applying optical quadratic phase (® = pn?), the filter

transfer function will also have a quadratic spectral phase response as

2
_ Y, W

v (og ) =arg[H (o) ] = >

(4.8)

The relation between frequency dependent delay 7(wrr) and RF spectral phase response

can be written as [24]

oy (w
T(0xe )= _V(;TRF):_‘//N)RF (4.9)
RF

From Eqgs. (4.7) and (4.9), . 1s obtained as

v (DAw)?

I (4.10)
B

As a result, the calculated dispersion in ns/GHz is

2 7(DAw)
27“//2:_72'(—0)) (4.11)

B

As we notice, the quadratic spectral phase response predicted to accompany the increased
bandwidths should allow us to impose programmable linear chirps onto bandwidth
limited input RF bursts, or conversely to compress frequency-modulated RF bursts. The

real-valuated coefficient i, establishes the amount of linear dispersion (in ns/GHz) over

the designed bandpass. To prove spectral phase response in the filter, we implement the
time domain measurements.

Here we first investigate the microwave photonic phase filter introducing a
programmable optical quadratic phase on a Gaussian comb, which is investigated in the
Section 4.3. We explore the phase characteristics of the synthesized electrical filter using
a time-domain technique. Figure 4.3 shows the experimental setup. A pulse whose
bandwidth lies within the band of the filter shape is synthesized with an arbitrary
waveform generator (Tektronix AWG 7122B). The AWG is capable of generating signals
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up to 1 volt peak-to-peak at a sampling rate of 12 GS/s. The microwave photonic phase
filter modifies the spectral amplitude and introduces the desired spectral phase on the
electrical pulse. Then, after amplification and filtering (4 GHz low-pass filter), the
received signal is measured with a real-time sampling scope (Tektronix DSA 72004B)
with 20 GHz analog bandwidth and 50 GS/s sampling rate. Average acquisition mode is

used to effectively reduce the additive noise in the received signal.

Arbitrary
Waveform
Generator

k.

Microwave
Photonic a‘ > 5| Lowpass 5| Real Time
Phase Filter Filter Oscope

RF Amp

Fig. 4.3 Experimental setup for the time domain measurement of multi-tap microwave
photonic phase filters

Figure 4.4(a) shows the 32-tap directly generated Gaussian shaped optical comb [83]
measured by an optical spectrum analyzer with 0.01 nm resolution. The envelope (blue)
is fit to a Gaussian curve (red), from which we obtained the coefficient & =0.023. The
maximum coefficient of RF quadratic phase can be obtained when the Gaussian
coefficient « is equal to the coefficient of the optical quadratic phase . It is derived by
differentiating the coefficient of RF quadratic phase shown in Eq. (4.3). Figure 4.4 (b)
shows the corresponding filter transfer function measured by a network analyzer when

the quadratic phase coefficient f=a is applied by the pulse shaper. The center

frequency of the band-pass is 2.75 GHz, which is carefully selected by adjusting the
relative delay between the two paths in the interferometer. As can be seen, the filter
amplitude shape shows 21.4 dB side-lobe suppression and 1.35 GHz bandwidth measured
at the 3-dB level.
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Figure 4.5 (a) shows the measured input pulse generated by the AWG whose
frequency response corresponds to the filter. The corresponding radio-frequency
spectrum, measured with an RF spectrum analyzer with 16.7 MHz resolution, is shown in

Fig. 4.5 (b). As can be seen, the pulse spectrum matches the center frequency of the filter

shown in Fig. 4.4(b).

(a)

0.4

(V)

2 0.2

Voltag
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Fig. 4.5 Characteristics of the synthesized input pulse, (a) Temporal profile, (b) Radio-
frequency spectrum
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Figure 4.6 (a)-(c) show the output pulse measured by the real-time sampling scope
and the corresponding numerically calculated spectrograms (for which we used a 0.4 ns
Gaussian gating function) [24] when the coefficients of the optical quadratic phases
implemented with the pulse shaper are =0, f=a, and f=-«, respectively. In Fig.
4.6 (a), the output pulse is broader than the input due to the filter’s spectral amplitude
modulation. We observe from Fig. 4.6 (b) a linearly down-chirped pulse with a measured
chirp coefficient ~ - 1.7 ns/GHz. When we reverse the sign of the applied optical phase,
we achieve a linearly up-chirped pulse with ~ 1.8 ns/GHz chirp, as is shown in Fig. 4.6
(c) and the corresponding angle change in the spectrogram. These results clearly show the

ability to reprogram the chirp coefficient of the present microwave photonic phase filter.



49

. =5
N
I
<19 (a) G
g4
E >
QJ c
@ 0 g3
£ o
0 =2
.10 =
2 e

-1 _ 0 1 0 1
Time (ns) delay(ns)

' N

S (0) 5

E 10 )

£
o

w0 z

= T

0 g

>_10 L]

1|
-2 -1 _ 0 1 2 -2 -1 0 1
Time (ns) delay(ns)
5

_10 )

> z

80 s

0 o

.10 &

-2 -1 0 1 2 ]12 -1 0 1 2
Time (ns) delay(ns)
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respectively

4.5. Programmable MWP Phase Filters Based on Flat OFCs

In Section 4.4, the Gaussian shaped passband derived by Gaussian apodized comb

shows the broader pulse at the output (Fig. 4.6 (a)) compared to the input pulse (Fig.
4.5(a)), which is due to the filter’s spectral amplitude modulation. The ideal phase filter’s

transfer function can be written as
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H (e ) =exp[ jy (g )] (4.12)
Hence, the ideal microwave phase filter’s amplitude should be constant in passband.
Since [H(wgs )| will introduce filtering noise, the flat-topped bandpass filter is desirable.
Here we investigate microwave photonic filters with programmable quadratic
spectral phase response over flat-top passband. When we program the optical pulse
shaper to apply a programmable quadratic spectral phase to the flat comb lines, we can
obtain broad bandwidth quasi-flat passband as shown in Fig. 4.7. Figure 4.7 shows the
simulated filter transfer functions obtained from Eq. (4.1) using the 21 taps ideal flat
comb profile when the amount of quadratic phase = 0 (black), #= 0.05 (blue), and =
0.1 (red) rad., respectively. The center frequency of the bandpass is set to ~3.1 GHz to
clearly show the passband shape changes. By increasing the coefficient of optical
quadratic phase, the bandwidth of passband will be increased, resulting in broadband

quasi-flat passband.
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Fig. 4.7 (a) Simulated filter responses with the applied coefficients of quadratic phase to
the comb equal to 0 (black), 0.05 (blue), and 0.1 (red), respectively

Figure 4.8(a) shows our optical comb which approximately has a flat profile, as well

as measured and simulated filter response in Fig. 4.8(b) when £ equals to 0.096. This
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value is chosen to maximize the y, parameter, according to a numerical analysis based on
Eq. (4.1). The simulated filter transfer functions (dash lines) obtained from Eq. (4.1)
using the measured comb profile are close to the measured filter transfer function (solid
lines). The filter gain is -45dB, and the center is selected at 3.4 GHz (corresponding to
7 = 32.6 ps tuned with the delay stage). The flat passband bandwidth is ~3.7 GHz in 3 dB
bandwidth from the filter passband peak.
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Fig. 4.8 (a) Measured optical spectra of the flat comb, (b) Corresponding filter response
measured (solid line) and simulated (dashed line) with the applied coefficients of
quadratic phase to the comb equal to 0.096 rad

As shown in Section 4.4, the quadratic spectral phase responses which accompany
the increased bandwidths should allow us to impose programmable linear chirps onto the
input RF signals. To verify this effect in the flat-topped bandpass filter, we explored the
phase characteristics of the synthesized electrical filter in time-domain using the set up
shown in Fig. 4.3.

Fig. 4.9(a) shows the applied transform-limited microwave pulse (i.e., a broad-
bandwidth pulse with constant spectral phase) generated by the AWG, and its
corresponding radio-frequency spectrum measured by an RF spectrum analyzer, which
shows 2.8 GHz flat passband at 3-dB level and the 3.4 GHz of center frequency which is

matched to the filter paasband center frequency. The input waveform repeats periodically
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every 11 ns, which is synthesized with an arbitrary waveform generator operating at 12
GS/s. From Fig. 4.3, the output waveform is amplified, filtered, and finally measured
with a real-time sampling scope with 20 GHz analog bandwidth and 50 GS/s sampling
rate. 200 traces are averaged together to enhance the signal-to-noise ratio (SNR). Figure
4.9(b) shows the measured (solid) and simulated (dash) output pulses (left) when g
equals to — 0.096 rad, and the corresponding calculated spectrogram with 0.4 ns Gaussian
gating function (right). Through Fourier analysis of the measured electrical signal, the
dispersion is calculated to be y, = +0.6 ns/GHz. As expected, a measured chirp

coefficient of the linearly up-chirped pulse is close to theoretical result calculated using
Eq. (4.1) (+0.61 ns/GHz). The slight linear deviation is attributed to small errors in the
programmed optical phase. When we reverse the sign of the applied optical phase (£ =
+0.096 rad), we achieve a linearly down-chirped pulse (left) with —0.56 ns/GHz
dispersion, as shown in Fig. 4.9(c). The corresponding angle change in the spectrogram
(right) also can be confirmed in Fig. 4.9(c). As expected, the measured pulses are close to
the simulated waveforms, and this result clearly shows the ability to reprogram the chirp

coefficient of the microwave photonic phase filter.
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Fig. 4.9 (a) Measured temporal profile (left) and RF spectrum of the synthesized in phase
input pulse. Measured (solid line) and simulated (dashed line) output temporal profile
(left) and corresponding calculated spectrogram (right) with a 0.4 ns Gaussian gating

function when £ equals to (b) -0.096 rad. and (c) 0.096 rad.

These programmable MWP phase filters constitute a convenient platform to

implement phase-only matched filtering over nanosecond temporal windows. Matched

filtering of electrical waveforms is one of the commonly used applications of spectral

phase filtering in communication system [85,86]. A matched filter is a linear time-

invariant filter whose impulse response is a time-reversed version of the specified signal,
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which corresponds to conjugate of the signal spectral phase. The operation of this filter
causes a linear spectral phase due to multiplication in frequency domain, resulting in the
compressed output waveform to its bandwidth limited duration [86].

Figures 4.10(a) and (c) show the applied linearly chirped input pulse generated by
the AWG with the same spectral amplitude characteristics as the one in Fig. 4.9(a) but
with a quadratic spectral phase corresponding to a dispersion of either -0.58ns/GHz and +
0.56ns/GHz, respectively. After sending either of these waveforms to the synthesized
microwave photonic phase filters corresponding to Figs. 4.9(c) and (d), respectively, we
compensate for the input dispersion and obtain at the output the transform-limited
waveforms illustrated in Figs. 4.10(b) and (d). The measured waveforms (solid) are very
close to the simulated results (dash) as shown Figs. 4.10(b) and (d), indicating exact
compression of input chirped waveforms to theirs bandwidth limited pulse duration. We
also show a typical single-shot waveform in the inset of Fig. 4.10(d). After 6 GHz low-
pass digital filtering, this waveform exhibits an SNR of ~20dB.

The variation in output pulse arises from the variation in the responses of the MWP
filter mainly caused by an interferometer. To check the fluctuations on a longer temporal
scale, we measured the variation of phase in compressed output pulse. Since pulses have
well defined maximum, the time corresponding the maximum voltage at each pulse can
be found and recorded easily. Fig. 3.10 (a) shows the phase variation performance for
filter output pulses (single-shot measurements of a sequence of ~9000 compressed pulses,
one every 11 ns, over a 100 us span), which shows less than 0.8 rad in 100 ps time range.

In conclusion, the flat-topped bandpass filter including optical quadratic phase can
be obtained with the flat OFCs and a pulse shaper in our interferometric scheme. It
enabled us to synthesize linear electrical chirps to ~ ns/GHz without filter’s spectral
amplitude modulation, and it is utilized to compress the linearly chirped broad
microwave pulses with nanosecond temporal apertures to their bandwidth-limited
duration. Longer temporal aperture could be achieved either by using higher repetition-
rate optical frequency combs, larger dispersion amounts, or more comb lines, which will

be introduced in Section 4.6.



55

“l (a)
20_1 E 40
% S—
go g 0]
=01 S
- 4 o_
>-40 - - - Simulated
-0.2 ] —— Measured
-2 -1 0 1 2 -2 -1 0 1 2
Time (ns) Time (ns)
l(e)
Soa S 40
gJD —
S 0 ‘% 0
5 =
=-0.1 .40
-0.2
- 1.0 1 2 2 -1 _ 0 2
Time (ns) Time (ns)

Fig. 4.10 (a) (c) Applied linearly chirped input pulses (temporal profile) with — 0.58
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same x and y axis scale as (d)
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Fig. 4.11 The phase fluctuation measurement of compressed pulse in time range of 100 us
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4.6. Programmable MWP Phase Filters Based on Ultra-Broadband OFCs

The flat-topped bandpass MWP phase filter has been implemented as shown in
Section 4.5. However, practical filters must have a large time-bandwidth product
(TBWP) and operate over long temporal apertures. In other words, it must manipulate the
spectral components over the bandwidth of interest with very fine resolution. In [76], a
programmable phase filter based on a hyperfine resolution optical pulse shaper was
reported with a ~30 TBWP and 20 GHz bandwidth. Although such large TBWP was
unprecedented, the temporal aperture of the filter is limited by the resolution of the pulse
shaper, resulting in the sub-nanosecond range [80]. To achieve programmable phase
control over longer temporal apertures, different configurations that make use of optical
dispersion have been recently reported [81,87]. In [81], a chirped single-bandpass
microwave photonic reconfigurable filter is presented. This type of structure can achieve
large quadratic spectral phase factors over high-frequency carriers, but it lacks the
programmability necessary to implement different than quadratic spectral phase profiles,
as required by phase-matched filtering. Another interesting configuration is presented in
[87], which uses a commercially available optical pulse shaper (Finisar WaveShaper
4000s) to apodize a multi-wavelength laser light source with ~40 taps. This configuration
allows for matched filtering operation over a pre-defined band. However, the setup
presents an unwanted baseband and it lacks band-pass tuning capabilities.

Preliminary results shown in Section 4.5 demonstrated programmable phase control
with ~20 complex-coefficient taps using a simple 10 GHz opto-electronic frequency
comb generator. In this contribution, we use such a microwave photonic filter scheme
with a ultra-broad band flat-topped optical frequency comb based on seeding a highly
nonlinear fiber with transform-limited Gaussian-shaped pulse directly generated by
Gaussian-shaped comb generator [88]. It enables to overcome the limitation of TBWP
and temporal aperture fundamentally caused by the limited number of available optical

taps.

4.6.1. Ultra-broadband Optical Frequency Comb Generation
Few tens of taps at high repetition rate have been implemented by optical frequency

combs generated by strong phase modulation while being fed by a single CW laser [13].
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More taps (i.e. >100 taps) can be achieved by either more cascaded phase modulators or
nonlinear spectral broadening [89]. Among them, the nonlinear spectral broadening
technique is a relatively simple solution due to the broad range of highly nonlinear
platforms and the availability of high-power optical amplifiers. The 10 GHz flat-topped
frequency comb generator with 38 taps in 1 dB power variation have implemented in our
group [11]. However, the ultra-broadband frequency comb generators based on nonlinear
broadening is difficult to simultaneously achieve the degree of flatness and power
stability as required by the particular application. In [90], it was theoretically
demonstrated that by pumping a highly nonlinear fiber (HNLF) in the normal dispersion
regime a flat, relatively broad and stable supercontinuum can be generated, but the seed
pump pulse must be close to a Gaussian-shaped pulse.

Figure 4.12 shows the experimental scheme to generate supercontinuum flat-toped
comb, and the first part in the figure is to generate Gaussian pulse based on directly
generated Gaussian-shaped comb [91]. Recently, a directly generated Gaussian-shaped
opto-electronic frequency comb generator based on the notions of time-to-frequency
mapping theory [12] was implemented in our group [91]. As shown in Fig. 4.12, the
Gaussian shaped comb is achieved by placing 3 intensity modulators (IMs) and two
phase modulators (PMs). The 10 GHz RF signal is transmitted into the IM’s (Vi =~9 V)
and the PM’s (V= ~3 V). IM1 and IM2 are both biased at 0.5 V&, and IM3 is biased at
0 (maximum transmission) to generate Gaussian-shaped pulse. The two cascaded PMs
driven at their maximum allowed RF power (30 dBm) enable to be used as time-to-
frequency mapping stage, where the generated periodic quasi-quadratic phase by two
PMs causes the spectral envelope to mimic the input Gaussian intensity profile.

Figure 4.13(a) shows the optical spectrum of the output directly generated Gaussian
comb from the first part in Fig. 4.12, which has 40 lines close agreement to simulated
Gaussian fit. Figure 4.13(b) shows the spectral phase of the comb (blue) measured using
a linear optical implementation of spectral shearing interferometry [92], and it agrees
very well with the quadratic fit (red). The quadratic phase in the combs can be
compensated by the appropriate length of SMF. The measured intensity autocorrelation

trace after passing the comb in Fig. 4.13(a) through 740 meter of SMF is shown in Fig.
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4.13(c) (blue), which is correspond to the simulated autocorrelation trace (red) taking into
account the measured comb spectrum and assuming a flat phase (bandwidth limited
duration). The measured autocorrelation trace has 4.35 ps FWHM, corresponding to a 3.1
psec Gaussian pulse.

The phase compensated Gaussian shaped optical frequency comb is used as seed to
achieve an ultra-broad flat frequency comb generation in an external highly nonlinear
fiber. After amplification with an EDFA to 1.7 W, the Gaussian pulse is transmitted into
150 meter of highly nonlinear fiber with nominal dispersion -1.88 ps/nm/km. As shown
in Fig. 4.13(d), we can achieve an ultra-broadband flat-topped optical frequency comb
spectrum with 3.64 THz (28 nm or 365 lines) within 3.5 dB power variation region at 10

GHz repetition rate.

IM1 IM2 IM3 PM1 —{PM2

SMF740 m
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Fig. 4.12 Experimental scheme to generate 10 GHz supercontinuum flat-topped optical
frequency combs. PS: phase shifter, SMF: single-mode fibers, X2: frequency doubler
circuit, PC: polarization controller, HPA: high power amplifier, HNLF: highly nonlinear
fiber
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4.6.2. MWP Phase Filter with Large TBWP and Long Time Aperture

Figure 4.14 shows the microwave photonic phase filter configuration based on ultra-
broadband OFCs, a line-by-line pulse shaper, and single-sideband carrier-suppressed
modulation in an interferometric scheme. To provide a smooth spectrum, we use an
optical band-pass filter (8nm at 10 dB) at the input of the interferometer, which also helps
to suppress part of the ASE from the high-power optical amplifier. Besides the
smoothing, the filter truncates the optical bandwidth to ~80 optical taps as shown in Fig.
4.15 (a). As introduced in Fig. 3.3, the interferometric scheme enables us to program the
phase of the individual comb lines via optical pulse shaper. The corresponding measured

amplitude and phase microwave filter response when an optical quadratic phase

corresponding to 3 =-0.032 is programmed in a line-by-line manner with the shaper
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are shown in Fig. 4.15(b) and (c), respectively. In Fig. 4.15(b), the center frequency of
the band-pass is 2.75 GHz (corresponding to = 26.4 ps tuned with the delay stage), and
the achieved bandwidth is ~2.5 GHz at -3 dB. Figure 4.15(c) shows the measured group
delay in passband (solid) obtained by differentiating the measured phase response by
VNA and its fitting line (dotted line). As expected, it shows linear dispersion in passband,
and the chirp rate is 1.7 ns/GHz, as obtained by the fitting line. Both, the number of comb
lines and achieved dispersion coefficient are ~4x larger than previously demonstrated in

Section 4.5.
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Fig. 4.14 Experimental setup for the complex coefficient taps MWP phase filters based
on supercontinuum flat-topped optical frequency comb sources
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Fig. 4.15 (a) Gaussian shaped comb; (b) Corresponding measured amplitude filter
transfer function of MWP filter on dB scale; (¢c) Measured (solid line) group delay of the
filter and its linear fitting line (dotted line)

The large TBWP of the above programmable phase filter constitute a convenient
platform to implement a phase-matched filtering experiment using a broadband chirped
microwave signal with temporal duration spanning several nanoseconds. We investigate
the phase characteristics of the synthesized electrical filter by using the experimental
setup in Fig. 4.3. Figure 4.16(a) shows the measured linearly down-chirped input pulse
generated by the AWG and its frequency response measured by RF spectrum analyzer,
which has a chirp coefficient ~-1.7ns/GHz and ~8 ns temporal aperture. After sending the
waveforms to the synthesized MWP phase filters corresponding to Figs. 4.15, we
compensate for the input dispersion and obtain at the output the transform-limited
waveforms shown in Fig. 4.16(b). The measured waveform (left) very close to simulated
result and the corresponding spectrogram (for which we used a 0.4 ns Gaussian gating
function) (right) indicate high fidelity spectral phase control. We also show a typical

single-shot waveform in the inset of Fig. 4.16(b), which exhibits a signal to background



62

ratio of ~15 dB. To clearly show the ability to reprogram the chirp coefficient of the
microwave photonic phase filter, the linearly chirped input waveform with a chirp
coefficient ~+1.7 ns/GHz is applied as shown in Fig. 4.16(c), which has almost same time
aperture and frequency response as Fig. 4.16(a). It is exactly compressed to its bandwidth
limited duration as shown in Fig. 4.16(d) when coefficient of quadratic phase = 0.038 .
The single-shot waveform in the inset of Fig. 4.16 (d) shows a signal to background ratio
of ~20 dB.

In conclusion, we have demonstrated MWP phase filters using an ultra-broadband
optical frequency comb as the light source. With this platform, we have shown
compression of linearly chirped broad microwave pulses with ~ 8 ns temporal apertures
and ~ 3.5 GHz bandwidth at 10 dB to their bandwidth-limited duration. There have been
several researches about microwave photonic phase filters as shown in Table 4.1, and our
phase shows outstanding temporal aperture and time bandwidth product compared to
other results. This work opens a new route for ultra-broad RF phase filtering in large
TBWP and long temporal apertures, compatible with the strong demands of modern

wireless communication systems.

Table. 4.1 Comparison of a time aperture, a time-bandwidth product, and a chirp rate of
our MWP phase filter to the other implementations.

Time aperture ATB Chirp rate
E. Hamidi et af, J.Lightw.Tech., (2008) 0.7 ns 10.5 0.05 ns/GHz
M. Bolea et al, Opt. Exp., (2011) 0.4 ns 2.3 17.2 ns/GHz
M. Li et al, MWP, (2011) 3.3ns 3.9 1 ns/GHz
M. Song et al, Opt. Lett., (2012) 2 ns 7 0.6 ns/GHz
M. Song et al, MWP, (2012) 8 ns 28 1.7 ns/GHz
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Fig. 4.16 (a) (c) Input linear chirp pulses (left) and corresponding RF spectra of
synthesized input pulses (right) with -1.7 ns/GHz and +1.7 ns/GHz chirp respectively,
and (b) (d) corresponding measured compressed pulses (left) and their spectrogram
(right) after the matched filter is Inset of (b) and (d), single-shot waveforms with same x
and y axis scale as (b) and (d) respectively
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5. GROUP DELAY RIPPLE (GDR) COMPENSATION OF CHIRPED
FIBER BRAGG GRATING (CFBG) VIA PULSE SHAPING

5.1. Preface

In this chapter we will demonstrate a group delay ripple (GDR) compensation of
linearly chirped fiber Bragg grating (CFBGQG) through a phase modulation implemented by
pulse shaping. The MWP filter employs a dispersive fiber of order 10 km in length,
which leads to a delay or latency of order 50 psec, which may be too long for certain
applications. Our photonic filter may be tuned or scanned in frequency on time scale of 1
psec or below [40], but this very rapid filter frequency agility will be useful only if the
filter delay can be reduced accordingly. One possibility is to substitute a chirped FBG for
the long dispersive fiber. Since chirped FBGs offer large accumulated chromatic
dispersion in small volumes with low loss, it has used in long haul, high bit rate
communication systems as a dispersive medium. However, due to the fabrication error of
fiber Bragg grating (FBG), it causes GDR resulting in a substantial degradation in
communication systems. We implement the GDR compensation by applying pulse shaper
to modulate the phase (i.e. the delay), and we prove it in MWP filter. In section 5.2 we
will introduce a principle of CFBG and a GDR of the CFBG mainly caused by stitching
error during fabrication. Simulation results for the GDR compensation via phase
programming show that the pulse shaping techniques enables us to reduce GDR from the
CFBG. In section 5.3 we first introduce a method to measure dispersion of a dispersive
medium. We describe the experimental set up of dispersion measurement based on an
automated program to conduct the measurement, and we show the experimental result to
the group delay and GDR of the CFBG. In section 5.4 we will describe the experimental
result to the GDR compensation through phase control via pulse shaping. GDR degrades
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filter properties especially for sidelobe suppression, and GDR compensation is proved by

improving sidelobe suppression in filter response.

5.2. Introduction

Over the last decades, fiber Bragg gratings (FBGs) constructed in a short optical
fiber that reflects particular wavelengths of light and transmits all others have been
investigated [93,94]. Therefore, FBGs type of distributed Bragg reflector can be used as
an optical filter to block or transmit certain wavelengths. Among them, a chirped fiber
Bragg grating (CFBG) has been considered as a promising candidate of a dispersion
compensator to replace dispersion compensating fiber (DCF) in optical communication
systems [95,96]. It also found use in many applications which require a large dispersive
element with an accurate linear relationship between frequency and time delay such as
optical pulse shaping [97], optical frequency-domain reflectometry [98,99], and arbitrary
electrical waveform generation [100,101].

Fig. 5.1 shows the linearly chirped FBG structure with reflective index profile. The
periodic variation of refractive index into the core is written by an intense ultraviolet
(UV) source such as a UV laser [95], resulting in the reflection depending on wavelength
(i.e. a wavelength specific dielectric mirror). A chirped FBG can provide a total

dispersive delay of 10 nsec in approximately 1 meter of grating length.
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Fig. 5.1 A linear chirped fiber Bragg grating (CFBG) structure with reflective index
profile
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CFBGs offer substantial advantages compared to a long optical fiber as highly
dispersive medium [95]. They can provide large accumulated chromatic dispersion in
significantly compact forms with small insertion loss. They also can be designed to have
independently customized dispersion and bandwidth in a convenient manner [102,103]. It
allows scaling the technique for operation throughout over the C-band [104]. As another
advantage, linearly CFBGs provide linear chirp without the third and higher phase
distortions which cause serious degradation in transmission system. The conventional
dispersive mediums have significant higher order terms which can be only compensated
by post-processing [105,106], and the representative technological solution is a CFBG to
set all higher order terms to zero.

However, it is well known that CFBGs typically have significant group delay ripple
(GDR) which gives rise to substantial degradation to CFBG-based all-fiber applications
[107]. A primary cause of such group delay ripple is random and systematic errors as
well as imperfection introduced during fiber grating fabrication, and it is defined as a
deviation of the group delay from the target (usually linear) behavior. Fig. 5.2 shows an
example of group delay ripple and its corresponding group delay ripple of a CFBG
(Proximion 1200 ps/nm DCM-PC over 6nm) [108]. The measured group delay (GD)
(blue) shows close agreement to the ideal linear plot (red) whose slope is 1200 ps/nm. By
subtracting ideal linear slope to the measured group delay, group delay ripple which is
deviation of group delay from the target will be given as shown in Fig. 5.2 (right)

indicating ~45 picoseconds peak-to-peak ripple over 6 nm.
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Fig. 5.2 An example of group delay (left) and the corresponding group delay ripple of a
chirped fiber Bragg grating (right) [108] provided by Proximion.

The mitigation of GDR in fiber Bragg gratings have been implemented modification
of the fiber grating fabrication process [109-111]. Although these works allow for
significant reduction of GDR, they did not deal with random errors introduced in fiber
grating fabrication. Several research groups also have reported methods to correct the
GDR such as dispersion balanced out pairs [112], a digital post-processing routine [113],
optical finite and infinite impulse response equalizer structures [114], and a generically
initialized transversal filter [115]. However, these techniques typically translate into
complicated configurations and relatively long processing time. Here we introduce the
simple and powerful method to correct random GDR by using optical spectral phase
shaping to equalize the Bragg grating GDR characteristic. Synthesis of a spectral phase
equalizer based on a programmable pulse shaper has been reported using such an
approach [105,106]. We extend this concept to compensate the GDR of CFBGs through
arbitrary spectral phase control. Even if the GDR compensation method based on pulse
shaping was recently demonstrated [116], it only covers the fixed systematic errors. Here
we show the method to correct the phase ripple (i.e. group delay ripple) including all the
flexible random and systematic errors by applying directly and automatically measured
GDR. The GDR correction by a pulse shaper is proved by a microwave photonic filter

sidelobe suppression improvement.
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The phase errors caused by GDR can be obtained by integrating the GDR. The

resulting phase characteristic can be written as
51//(@):—J.5r(a))da) (5.1)

where 8t is group delay ripple and OV is the phase error caused by GDR. By applying

opposite sign of phase error using a pulse shaper, phase error can be compensated,
resulting in correcting GDR. Even if a high resolution pulse shaper can resolve and
control phase error precisely, it requires a spectral disperser with enough resolution to
resolve and a spectral mask that can manipulate [18]. Figure 5.3 shows the simulation
correction results of group delay ripple shown in Fig. 5.2 using a phase control pulse
shaper when its spectral resolution is either 5 GHz or 10 GHz. The peak-to-peak of phase
error by GDR is ~4.3 radians over 6nm bandwidth (not shown), and it can be reduced by
> 0.2 and > 0.3 radians by applying the 5 GHz and 10 GHz spectral resolution of pulse
shaper respectively as shown in Fig. 5.3. They also show 0.04 and 0.06 radians of root-
mean-square (RMS) respectively.

According to our simulations, GDR will degrade filter properties especially for

sidelobe suppression. The filter transfer function with GDR can be written as

H(a)RF)OCZan exp[ J(NDA®w + 6y) e | (5.2)

where a, is the powers of the n™ comb line, D the fiber dispersion, Aw the repetition
frequency of optical frequency comb. Figure 5.4 shows the simulated filter responses
with 30 taps of Gaussian apodized combs to see the effects of GDR. Ideal filter without
GDR is shown in black, and the red line shows the filter response when the GDR shown
in Fig. 5.2 is applied to the filter. It shows about 21 dB sidelobe suppression. However,
by correcting GDR through a 10 GHz resolution pulse shaper, the sidelobe suppression
approached to its ideal filter response as shown in blue. It shows ~50 dB sidelobe
suppression when a 10 GHz spectral resolution pulse shaper is used to correct GDR.

In section 5.3, we first present experiment results for the simple and automatic
measurement of the group delay (including group delay ripple) of CFBG by applying

tunable laser and arbitrary waveform generator (AWG). In section 5.4, we compensate
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the GDR of CFBGs by applying a pulse shaper, and it is demonstrated by sidelobe

suppression improvement in MWP filters.
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Fig. 5.3 Group delay ripple correction using a phase control pulse shaper with spectral
resolution of pulse shaper equal to (a) 5 GHz and (b) 10 GHz, respectively
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Fig. 5.4 Simulated filter responses with Gaussian apodized combs when there is no
group delay ripple (black), and when group delay ripple shown in Fig. 5.2 is applied to
the filters (red), and when it is corrected by a 10 GHz spectral resolution pulse shaper

(blue)
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5.3. Group Delay and Group Delay Ripple Measurement

It is obvious that the precise characteristic of GDR in CFBGs is a critical task to
compensate it. Methods for measuring the group delay (including GDR) characteristics of
dispersive components include, among others: Frequency-to—time mapping interferomery
[117], Phase reconstruction using optical ultrafast differentiation [118], and scanning
interferometric techniques: low-coherence interferometric methods [119], phase-shift
techniques [120], and swept-wavelength interferometry (SWI) [121,122].

We present monitoring of the group delay ripple of a 10 m long linearly CFBG with
dispersion of 1200 ps/nm over 6 nm bandwidth through wavelength sweep scheme
based on the use of a wavelength-tunable laser [121] with an arbitrary waveform
generator. By running a Matlab program to make the tunable laser moves wavelength
steps after a certain time interval, and taking a trace from the sampling scope at each
wavelength after the short pulse generated by AWG is passed through CFBGs, we can
easily and automatically measure and analyze the delay of the output pulse (i.e. group
delay and GDR).

Figure 5.5 shows the schematic of our experiment setup to measure the group delay
and group delay ripple profile of a CFBG. After adjusting the polarization of carriers
before modulation by a polarization controller (PC), the tunable laser source (Agilent
8163) is modulated by a short input pulse generated by synthesized with an arbitrary
waveform generator (Tektronix AWG 7122B) through a dual-drive Mach-Zehnder
modulator biased at quadrature point. The AWG is capable of generating signals up to 1
volt peak-to-peak at a sampling rate of 24 GS/s. After amplification through an EDFA
(Erbium Doped Fiber Amplifier), the modulated light is sent to a dispersive medium (a
CFBG that has 1200 ps/nm dispersion at 1550 nm with 6 nm bandwidth) and
subsequently detected by a 22 GHz bandwidth photodiode (PD). The changing output
pulse delay is measured using the 60-GHz sampling oscilloscope (Tektronix DSA 8200),
and the wavelength sweep of the tunable laser is monitored by optical spectrum analyzer
with 0.01 nm resolution. The sampling oscilloscope is triggered by the AWG’s digital
output sent by a RF cable. It is synchronized with the waveform generated by AWG, and

its timing jitter is below 30 ps.
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Fig. 5.5 Schematic of the experiment setup for measuring the group delay and the group
delay ripple profile of a CFBG

The group delay and group delay ripple of a fiber link under test (i.e. a CFBQG) is
measured by sweeping the tunable laser (from 1538.72 nm to 1544.80 nm with 0.04 nm
steps) and measuring the changing pulse delay using the sampling oscilloscope. Fig.
5.6(a) and (b) show the optical spectrums measured by optical spectrum analyzer (OSA)
and the output pulses measured by sampling oscilloscope when the wavelengths of a CW
laser are 1540 nm (blue), 1542 nm (red), and 1544 nm (black), respectively. When a 40
sec time interval is taken between measurements in order to allow the oscilloscope to
average (here 100 traces are averaged), the output waveforms show clear voltage peaks
by applying short input pulse using AWG. Since waveforms have well defined
maximum, the time corresponding the maximum voltage at each wavelength can be
found and recorded easily, resulting in delay vs. wavelength vector. Figure 5.6(c) shows
the analyzed GDR (red) when the laser is scanned from 1538.72 nm to 1544.80 nm with
0.04 nm steps, and the measurement is repeated 10 times to prove the stability and
precision of our proposed measurement setup. The standard deviation as low as ~4 ps (a

maximum standard deviation of 6 ps) is shown in vertical bars of the plot.



72

—
Q
'
o

)
o

Power(dBm)
IS
o

o)
o

Fig. 5.6 (a) Measured tunable CW laser sources and (b) corresponding output waveforms

(b) o012

o
[y
[y

Amplitude (V)

o
=

1540 1542 1544 -3 -2

Wavelength(nm)

(c)

N
o
.La"-
&
=
el %
=g
_i—'— -
=
2=

Group Delay Ripple (psec
S =)
5

1540 1542
Wavelength (nm)

1544

when the wavelengths equal to 1540 nm (blue), 1542 nm (red), and 1544 nm (black),
respectively, (¢c) GDR of the tested CFBG

5.4. Group Delay Ripple Compensation

Here we demonstrate a method to correct random GDR by applying optical spectral

phase shaping. Figure 5.7 shows the MWP filter configuration to prove the GDR

compensation of a CFBG. A 10 GHz repetition rate comb composed by cascading an

intensity and phase modulator driven by a 10 GHz clock signal is amplified and polarized

by an EDFA and a PC, respectively. The comb is then modulated by the electrical signal

given by a network analyzer through a dual-drive Mach-Zehnder modulator. The two

input RF ports have 90 degree phase difference, featuring optical single-sideband (OSSB)
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modulation [42]. The modulated light is sent to a tested CFBG and the spectrum is then
phase modulated and further Gaussian apodized in the optical pulse shaper (Finisar
Waveshaper, Model 1000s) to remove the GDR and get a Gaussian shaped passband in
the filter [38] to clearly show the sidelobe suppression improvement through GDR
compensation. The filter transfer function (S21 parameter) is measured by a network

analyzer after photodetection from a 22 GHz bandwidth photodiode (PD).

| Pulse Shaper [—> 2§

PD

Network Analyzer (—I

Dual-drive
MZM

Dispersive Medium

90 degree €
Hybrid Coupler

Fig. 5.7 Experimental setup for group delay ripple correction using a amplitude and phase
control pulse shaper

As shown in Fig. 5.4, GDR degrades the sidelobe suppression in microwave
photonic filters. First, we demonstrate the degradation through a comparative study of the
sidelobe suppression in two microwave photonic filter links based on a dispersion
compensating fiber (DCF) and a CFBG.

Figure 5.8(a) shows Gaussian shaped combs which have 21 taps with ~ 40 dB of
extinction ratio. Figure 5.8(b) shows the corresponding measured (solid) and simulated
(dashed) filter responses when the filter is implemented with a CFBG (red) and a DCF
(black), respectively. As observed from Fig. 5.8(b), microwave photonic filters
implemented with a CFBG have significantly worse sidelobe suppressions when
compared to a DCF based filter links. The measured responses closely match the
predicted filter transfer functions obtained from Eq. (4.1) using the measured optical
comb profiles (in Fig. 5.8(a)) and the GDR (in Fig. 5.6(c)), and the filters based on a
CFBG and a DCF show similar passband shapes, but differ in the sidelobe suppression (~
17.5 dB). By applying a pulse shaper to generate the phase that is opposite to the phase
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error induced by GDR of the CFBG, the sidelobe suppression is improved by ~ 10 dB
(blue) than the filter without GDR correction (red). The simulated filter response (blue
dashed) is obtained by applying simulated residual phase caused by the limited resolution
of pulse shaper (10 GHz spectral resolution) with the measured comb, which is relatively
close agreement to the measured response. The experiment sidelobe levels in blue are
several dB larger than simulation, and it may be attributed by phase errors and worse

spectral resolution than simulation in pulse shaper.
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Fig. 5.8 (a) Measured optical spectra of the Gaussian shaped combs, (b) Corresponding
filter response measured (solid) and simulated (dashed) when DCF (black) or CFBG (red)
is applied as dispersive medium without phase programming, and when GDR of the
CFBG is corrected by pulse shaper (blue)

In summary, we have demonstrated a simple and powerful method to measure and
correct random GDR through optical spectral phase shaping by a pulse shaper. By
running a program to make the tunable laser moves certain wavelength steps, and taking
a trace from the sampling scope at each wavelength when the short pulse is passed
through CFBGs, we can easily and automatically measure the delay of the output (i.e.
group delay and GDR). The measured GDR is integrated and applied to a pulse shaper to

compensate the GDR, and the GDR correction is proved by sidelobe suppression
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improvement in microwave photonic filters. We have performed a comparative study of
the sidelobe suppression of two microwave photonic filter links based on a CFBG and a
DCF. The CFBG based filter link including GDR effect shows worse sidelobe
suppression than the DCF based filter link. However, by correcting the GDR using a
pulse shaper, it shows clear improvement in sidelobe suppression. These results highlight
the potential of this technique as a higher order dispersion and/or phase error monitor and
compensator in radio-over-fiber communications. Without GDR, the unique features of
CFBGs will be attractive for several applications where high acquisition speeds and large

accumulated chromatic dispersion are required.
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6. SUMMARY AND FUTURE WORK

In this thesis, we presented comprehensive theoretical, simulational, and

experimental studies for microwave photonic filters based on optical frequency combs

shaping. The main accomplishments of this thesis are the following:

1)

2)

In Chapter 2, we experimentally investigated noise characteristic of two MWP
filter links using two different multi-wavelength sources: a spectrally coherent
opto-electronic frequency comb and a spectrally sliced incoherent ASE source.
Although both multi-wavelength sources can be precisely tailored to generate
identical MWP filter transfer functions, our experimental results (eye diagram,
bit-error-rate (BER), and single-sideband (SSB) spectrum) show that their noise
characteristics are completely different. When compared to alternative spectral
slicing techniques, MWP filter links based on optical frequency combs support
the transmission of wideband microwave signals with a sufficiently high SNR.
Although the SNR of MWP filters links can be increased with broader bandwidth
ASE sources, this comes at the expense of an inefficient use of bandwidth to
keep a sufficiently high SNR. These results show the potential of optical
frequency combs as multi-wavelength light sources for MWP applications in
radio-over-fiber communications.

In Chapter 3, we demonstrated the implementation of reconfigurable tunable flat
top microwave photonic filters based on an optical frequency comb shaping. The
amplitude and the phase of each comb lines were programmed by line-by-line
pulse shaper in interferometric configuration to implement complex tap weights.
The versatility of the comb source and the pulse shaper allowed successful
demonstration of arbitrary bandpass profile and tunable filters. Arbitrary

bandpass (3 dB bandwidth from 1.5 to 3 GHz) of flat-topped filters are
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demonstrated by applying 32 positive or negative taps. We also apply a linear
phase to the comb using a pulse shaper to achieve filter tuning without changing
filter shape. We can further achieve lower passband ripple, narrower transition
band and stronger sidelobe suppression of flat top microwave photonic filters
with the extension of the number of comb line and the further precise
programming of amplitude and phase in pulse shaping.

3) In Chapter 4, we implemented microwave photonic phase filters with complex
coefficient taps using an optical frequency comb as the light source in an
interferometric configuration. Optical quadratic phase programmed by a pulse
shaper has enabled us to synthesize programmable linear electrical chirps in the ~
ns/GHz range, and it is utilized to compress the linearly chirped pulse to its
bandwidth limited pulse. Higher chirping rates and large time aperture could be
easily achieved by using higher repetition-rate optical frequency combs, larger
dispersion amounts, or more comb lines. By applying an ultra-broadband optical
frequency comb as the light source, we have shown compression of linearly
chirped broad microwave pulses with ~ 8 ns temporal apertures and ~ 4 GHz
bandwidth at 10 dB to their bandwidth-limited duration. This work opens a new
route for ultra-broad RF phase filtering in large TBWP and long time apertures,
compatible with the strong demands of modern wireless communication systems.

4) In Chapter 5, we investigated a GDR compensation of linear CFBG through a
phase modulation by a pulse shaper. GD and GDR of a linearly CFBG with
dispersion of 1200 ps/nm over 6 nm bandwidth were measured by automated
wavelength sweep scheme based on the use of a wavelength-tunable laser.
The measured GDR was compensated by phase control via pulse shaping, and
the GDR compensation is proved by sidelobe suppression improvement in MWP
filters and auto correlation trace. CFBGs without GDR will be attractive for

several applications as large accumulated dispersive medium.

There are some possible future improvements and/or directions to extend the work

shown from this dissertation.
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1) In Chapter 3 and 4 we discussed the construction of complex coefficient taps
MWP filters based on a pulse shaper and a DPSK demodulator in an optical
interferometer. However, regular pulse shapers based on diffraction grating have
resolution typically limited to ~10 GHz, and an interferometric configuration
with couplers and a DPSK demodulator increases the filter loss and noise. These
limitations can be overcome by using hyperfine 2D pulse shaper based on a
VIPA and a 2D LCOS (liquid crystal on silicon) display spatial light modulator.
A Fourier transform pulse shaper in a 2D configuration was previously devised
by combining a VIPA [123] and a grating in a cross dispersion configuration
[124]. Because the fixed mask used in [124] is an amplitude only mask, it causes
limitations of programmability and spectral phase control. This limitation was
overcome by using a 2D LCOS spatial light modulator [125]. The programmable
phase and amplitude modulation using a phase only spatial liquid modulator was
implemented by creating super-pixels which are much larger in size to the
focused spot size to control the amount of light diffracted, therefore allowing us
to modulate also amplitude of the light beam [126]. This novel 2D shaping
configuration incorporating a programmable 2D LCOS can be utilized to achieve
high resolution complex coefficient taps microwave photonic filters. Instead of
using a 1D line-by-line pulse shaper, an optical filter (DPSK demodulator), and
an interferometer to generate the complex taps, a 2D line-by-line pulse shaper is
only used to implement complex coefficient taps [57]. Apodization and phase
errors in pulse shaper caused by limited spectral resolution will be reduced by
applying the VIPA spectral disperser. A 2D line-by-line pulse shaper may be also
employed for MWP filter channelizer. A single row of SLM pixels in the pulse
shaper can generate a complex coefficient taps MWP filter, and ~1000 rows of
the shaper enable the generation of complex coefficient taps MWP filter bank.
Multichannel RF arbitrary waveform generation based on 2D pulse shaper was
implemented in our group [127], and the versatility of 2D shaper will be able to

be applied to the generation of RF filter channelizer systems.
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3)

79

In Chapter 2 we showed the one path MWP filter scheme, and in Chapter 3 and 4
the two paths MWP filter configuration was introduced to generate complex
coefficient taps. According to our measurement, these two MWP filter scheme
shows >20dB and >30dB filter insertion loss respectively. The insertion loss of
the filter links cause the poor noise figure leading to the degradation of SNR.
There are some possible methods to reduce the insertion loss. First, it can be
improved by decreasing the half wave voltage of the electro-optic modulator.
The link gain is inversely proportional to the square of the half wave voltage,
which enables the realization of a lossless modulator (or further increasing the
link of the gain) link when it is <I volt [128,129]. The insertion loss is also can
be improved by increasing the power of optical sources. As the optical source
power limited by the power handling of the modulator is increased, the optical
link can be implemented with low optical link loss, low noise figure, and high
spurious-free dynamic range (SFDR) [130]. We also can achieve high power RF
output resulting in decrease of the RF photonic link loss [131] by applying the
high-current photodetectors with high linearity and large bandwidth. Finally, in
Chapter 5, we introduced CFBGs as a highly dispersive medium in optical links.
By applying a CFBG which provide large amount of dispersion while having
low loss (e.g. CFBG (Proximion): ~1.3dB vs. DCF (OFS): ~4dB of insertion loss
over ~£1200 ps/nm dispersion), the insertion loss will be able to be decreased in
the optical links.

The MWP filter configurations shown in this dissertation were composed of
several expensive bulk optical components such as a CW laser source, an optical
frequency comb generator, a pulse shaper, optical amplifiers, an electro-optic
modulator, and a photodetector. In order to be compatible with microwave filters
in cost, loss, size, and so on, the photonic devices should be realized in on-chip
level. There have been a lot of challenges to achieve such integrated devices on
silicon wafer, which is referred as silicon photonics [132]. The photonic
devices such as lasers, modulators, beam splitter, (de)multiplexers, photo-

detectors, etc. have been integrated onto small-size chips [133-137]. Our group
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also has adopted a silicon photonic scheme to design integrated optical devices
such as a microresonator frequency comb generator and an optical diode
[138,139]. Although the design, fabrication, and the integration of the different
units in one single platform is still a challenge, they provide the building blocks

to potentially enable to fully integrate these techniques into silicon photonics.
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