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ABSTRACT

Wu, Rui. Ph.D. Purdue University, May 2013.  Comb-based radio frequency photonic
filtering: principles, applications and opportunities.  Major Professor:  Andrew M.
Weiner.

Photonic technologies have received tremendous attention for enhancement of radio-

frequency (RF) systems, including control of phased arrays, analog-to-digital conversion,

high-frequency analog signal transmission, and RF signal processing. Among the various

applications, implementation of tunable electrical filters over broad RF bandwidths has

been much discussed.  However, realization of programmable filters with highly selective

filter lineshapes, fast RF bandwidth reconfiguration and rapid passband frequency

tunability has faced significant challenges. Phase modulated continuous-wave laser

frequency combs have seen wide use in various applications such as wavelength division

multiplexing networks, optical arbitrary waveform generation, and agile arbitrary

millimeter wave generation. Using an optical frequency comb as a multiple carrier optical

source offers new potential for achieving complex and tunable RF photonic filters. In

this dissertation, I discuss about the generation and application of high-repetition-rate (10

GHz) electro-optic modulated optical frequency combs for our breakthroughs in

implementing programmable RF photonic filters with highly selective filter lineshapes

(>60 dB mainlobe-to-sidelobe suppression ratio), fast RF bandwidth reconfiguration (~20

ns reconfiguration speed) and rapid RF passband frequency tunability (~40 ns tuning

speed).
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1. INTRODUCTION

Radio-frequency (RF) photonics technology, in which RF signals are processed by

means of photonics have drawn dramatic interests for enhancement of RF systems,

including control of phased arrays, analog-to-digital conversion, high-frequency analog

signal transmission, and RF signal processing.  Among the various applications,

implementation of high quality RF tunable filters over broad bandwidth is of great

interest. However, realization of programmable RF filters with high selectivity, fast

bandwidth reconfiguration, and rapid passband frequency tenability has faced significant

challenges.  Optical frequency comb, a multi-wavelength laser source provides very high

degree of generation flexibility and overall comb shape reconfigurability, which offers

new potential for achieving complex and tunable RF photonic filters.  In this dissertation,

I will present our approach to generate 10 GHz very high quality flat-topped and

Gaussian shaped optical frequency comb based on electro-optic modulation schemes and

nonlinear broadening technique.  Based on the intentionally shaped optical frequency

comb, we demonstrate our recent advancement in RF photonic filters with very rare high

selectivity, fast bandwidth reconfiguration and rapid passband frequency tuning speed.

1.1. Optical frequency comb

In 2005, half Nobel physics prize was awarded to John Hall (University of Colorado

at Boulder) and Theodor Hansch (Max Plank Institute) who are pioneering in optical

frequency comb, a set of evenly spaced series of discrete spectral lines in frequency

domain [1].

Figure 1.1(b) is a cartoon example of optical frequency comb and Figure 1.1(a) is its

counterpart in time domain.  Two attributes of a comb are (i) repetition frequency r and

*Some of this chapter has been published in [41].
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(ii) carrier offset frequency 0 . Any frequency can be denoted as the following

expression:

0 rm   

where m is the order of comb line.

Two major approaches are heavily studied to generate optical frequency combs for

different applications. One kind of comb is generated via mode-locked laser, which have

enabled significantly advancement in precision optical frequency synthesis, optical clock,

and metrology [1-4].  The comb source from mode-locked lasers usually have very low

repetition rate like several hundreds MHz.  The other kind of comb is generated based on

electro-optic modulation of a continuous-wave laser with a series of intensity and phase

modulators.  This kind of comb usually has high repetition rate like 10 GHz.  It is

particularly desirable for applications [5], such as multi-wavelength coherent

communication [6-8], optical arbitrary waveform generation [9-11], generation of low-

phase noise [12], or agile ultrabraodband microwave [13], and RF signal processing

[6,14].   Throughout this dissertation, we are mainly interested in the second kind of

comb generated via electro-optic modulation at high repetition rate (10 GHz) for our RF

photonic filtering application.

1.2. RF filters and RF photonic filters

Figure 1.2 shows an example of periodic RF filtering response [17].   Three attributes of

an RF filter are (i) Free spectrum range (FSR), which is inversely proportional to the tap

delay T; (ii) Mainlobe-to-sidelobe suppression ratio (MSSR);  (iii) RF bandwidth. A high

quality tunable RF filters should at least have the following functions:

(a) tunable RF filtering passband within a large range.

(b) Large MSSR (at least >30 dB, great with 60 dB level).

(c) RF bandwidth reconfigurability.

Tremendous efforts have been made attempting to achieve such goals by means of

designing sophisticated RF circuits (or we call RF filters). In recent years, realizing such

goals by means of optics technology (we call it RF photonic filters) has received

(1.1)
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significant interests. In following sections, we will briefly overview and compare both RF

filtering and RF photonic filtering technologies.

1.2.1. RF filters

Dramatic efforts have been done to implement kinds of RF tunable filters.  For example,

the introduction of Micro-Electro-Mechanical Systems (MEMS) variable capacitor

approaches has led to recent advances in tunable RF filters [18-20].  The fundamental

tuning speed of RF MEMS devices is characterized in [18] as limited to approximately 1-

300 µs.  Filters based on solid-state diodes have fundamentally higher tuning speeds but

suffer from increased nonlinearity, loss, and power consumption [18]. Other filters under

extensive investigations include Yttrium Iron Garnet (YIG) filters [21], Barium

Strontium Titanate (BST) filters [22], tunable high temperature superconductor (HTS)

filters [23], tunable dielectric resonator filters [24], micromechanical tunable filters [25],

etc. However, for all above RF filtering technology,  achieving large RF frequency

tuning range with fast tuning speed (for example, for tens of nanosecond speed),

demonstrating rapid bandwidth reconfiguration (for example, for tens of nanosecond

speed), realizing very large mainlobe-to-sidelobe suppression ratio and stopband rejection

are still very challenging.

1.2.2. RF photonic filters

RF photonics has demonstrated great advantages over the conventional RF

technology such as RF signal (modulated on the optical signals) transmission over farther

distances due to the low loss property of optical fibers, immunity to electromagnetic

interference, higher operating RF frequency, and simpler reconfigurability [26-28].  By

means of photonic technology, many challenges in RF signal processing may be easier to

overcome when translated into optical domain due to normally huge optical operation

bandwidth.  For example, bandwidth reconfigurable RF filters are particularly useful for

application such as cognitive radio, in which the radio can be tuned adaptively for the

usage of free RF spectrum [29,30].  Although reconfiguring the RF bandwidth over a

large faction by means of RF filtering technology is difficult, it is much easier to handle it

after converted to the optical domain as we will discuss in Chapter 4.
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A heavily discussed approach for RF photonic filters has a tapped delay line structure

[26-28] as shown in Figure 1.3. Tapped delay lines yield finite impulse response (FIR)

filters characterized by the zeroes of the response function [33], which are very flexible

for configuring both phase and amplitude responses [34,35]. This scheme starts with

multiple CW lasers with different frequencies.  Controlling the power of each CW lasers

is needed in order to adjust the weight of each tap. After combination, the signal goes

through an MZM, with RF signal modulated on the optical carriers. Going through a

dispersive element, each optical carrier experiences a frequency dependent delay. Then

after the photodiode, the optical signal can be converted to electrical signal which is the

RF output after filtering.  One disadvantage of this scheme is that it is challenging to

reach a large number of RF taps by combining a lot of CW lasers. Also adjusting the

weight accurately of each taps by changing the optical power of each CW laser source is

very challenging [14].

For N-tap microwave photonic filtering, the RF impulse response h(t) and frequency

response H(ω) can be written as [14]:

 
1

2

0

( )
N

n
n

h t e t nT




  and
1

2

0

( )
N

jn T
n

n

H e e 








where en is the electric field amplitude of the nth tap, and T=2πfψ2 is the differential

delay between comb lines, determined by the group delay dispersion ψ2 and the

frequency spacing between comb lines f.  From (1.2) the RF filter has a periodic

frequency response with an FSR of T -1 and passband shape governed by the Fourier

transform of the input tap power intensity [14].

Instead of starting with multiple wavelength CW lasers, recent efforts have been

made to exploit broad light sources such as mode-locked lasers [36] or spliced

continuous-wave incoherent light [37] to scale the number of RF taps with a single light

source and a single dispersive element.  However, the tuning of passband frequency

tuning is challenging, which also suffers from reduced noise characteristics [38]

(comparing with exploiting coherent multi-wavelength source) and dispersion induced

distortion arose from the finite spectral width of sliced incoherent light source.

(1.2)
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1.3. Brief introduction of comb-based RF photonic filtering approach

Different from the regular delayed tap line scheme based on multiple CW lasers or

incoherent broadband source, in [14] our group demonstrated an approach for photonic

implementation of RF electrical filters based on electro-optically generated frequency

combs apodized using a programmable pulse shaper, which is capable of generating

arbitrary optical ultrafast waveforms or power spectra according to user specification

[39].  In [14]. a roughly flat optical frequency comb with repetition rate (comb line

spacing) f ~10 GHz is generated by periodic intensity and phase modulation of a

continuous wave (CW) laser via intensity and phase modulators [15-16]. A

programmable pulse shaper is used to apodize the comb to Gaussian shaped.  The

apodized Gaussian-shaped comb is then passed through a single sideband modulator

driven by the RF signal that we wish to filter.  This places an identical sideband onto each

of the optical comb lines.  Then the signal propagates through a dispersive fiber and is

then converted back to the RF domain using a photodetector.  The comb lines arrive at

the photodetector with different delays and hence function as independent taps in a

tapped delay line filter architecture.  The optical output signal, after being amplified by

an EDFA is detected by a 22 GHz bandwidth photodiode and measured by a vector

network analyzer over a span of 300 kHz – 20 GHz.  The FSR of the filter can be

adjusted with different length of DCF filter as dispersive element [14]. Our comb-based

RF photonic filters have center frequencies and FSRs in the GHz range and bandwidths

of hundreds of MHz, suitable for channelization of RF spectra at resolution matched to

electronic analog-to-digital converter technology.

Figure 1.4 shows our scheme of an optical frequency comb based RF photonic filter.

Our RF photonic filters were constructed using a single sideband modulator, a length of

dispersion compensating fiber (DCF), and a 20-GHz bandwidth photodetector.  The DCF

fiber has specified dispersion of -1259.54 ps/nm at 1550 nm and relative dispersion slope

(the ratio of dispersion slope to dispersion at 1550 nm) of 0.00455/nm. RF connections

were made with conventional coax cables with specified 18 GHz bandwidth.  Single

sideband modulation is achieved using a dual drive lithium niobate Mach-Zehnder

modulator, which may be viewed as an interferometer with independent phase
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modulators in its two arms [40].  By driving the phase modulators with 90° RF phase

shift and biasing the interferometer at 90° optical phase shift, all but one of the

modulation sidebands can be canceled, leaving just a single sideband on each comb line.

Our dual drive modulator has a half-wave voltage of 4.5 V at 1 kHz and a 3-dB

bandwidth of 12.2 GHz.  The phase shift between the RF drive signals is provided by a

90° hybrid splitter with a bandwidth of 1–12.4 GHz and a maximum phase imbalance of

7°.

Obviously, the advantages of this technique are:

 It uses only one CW laser source.

 Employing an optical frequency comb leads to a large number of taps.

 Novel tuning scheme based on variable optical delay in an interferometric

structure.

The disadvantages of this technique are:

 A pulse shaper is needed so that the experimental setup is complex.

 The RF bandwidth of the filter is not reconfigurable.

 The resulting MSSR is limited to ~35 dB level due to the apodization accuracy of

the line-by-line pulse shaper (0.37 dB ripple in the apodized spectrum) [14].

 The tuning speed of RF filter frequency is low by replacing the fiber in the

interferometric structure

1.4. Dissertation outline

In the following chapters we will introduce several new concepts in comb-based RF

photonics that bring special advantages for filter shape and tunability. The potential to

implement highly selective filters which may be simply tuned in the nanosecond regime

with rapid bandwidth reconfiguration offers a combination which appears not to be

available from other approaches.

 Demonstration of high repetition rate flat-topped and Gaussian-shaped optical

frequency comb generation. (Chapter 2)
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 With directly generated Gaussian shaped comb based on electro-optical

modulation technique, our RF photonic filter has 40 dB MSSR. Without the need

for a pulse shaper, the experiment setup is greatly simplified. (Chapter 3)

 Demonstration of RF photonic filtering with 20 ns bandwidth reconfiguration.

(Chapter 4)

 Demonstration of RF photonic filtering with enhanced enhanced MSSR at very

rare 61 dB level. (Chapter 5)

 Demonstration of RF photonic filtering with 40 ns passband frequency tunability.

A highlight in our approach is that filter lineshape is in principle independent of

filter passband frequency tuning, which substantially eases control complexity.

(Chapter 6)

 A summary of the accomplished results with some suggestions on future research

directions. (Chapter 7)



8

Fig. 1.1 Cartoon example of an optical frequency comb. (a) time domain (b)
frequency domain (adapted from [1])
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Fig. 1.2. A periodic multitap RF photonic filtering response (adapted from [17])
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Fig. 1.3. A regular RF photonic filtering scheme based on multiple CW lasers (adapted
from [17])
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Fig. 1.4. Configuration of comb-based RF photonic filter (solid only: fixed filter
configuration; with dashed components: tunable filter configuration). (adapted from [14])
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2. HIGH REPETITION RATE PHASE MODULATED OPTICAL
FREQUENCY COMB GENERATION

Optical frequency combs with a high degree of coherence, excellent spectral flatness,

stability, as well as a broad bandwidth at high repetition rates are desirable for various

applications such as wavelength division multiplexing [8], optical arbitrary waveform

generation [9] and RF signal processing [41].  High repetition rate optical frequency

combs with flat-topped or Gaussian-shaped are particularly interesting for these

applications. Although tremendous efforts have been made to generate flat-topped optical

frequency combs, current combs show either limited flatness (e.g., 61 lines within 7.4 dB

variation [42]) or limited number of lines in the flat region (e.g., 11 lines within 1.1 dB

variation [43] or 11 lines within 1.9 dB variation [44]). Additionally, so far very little

work has been done to directly generate Gaussian-shaped optical combs.  Hisatake et al

demonstrated Gaussian-shaped comb generation based on spatial convolution of a slit and

a periodically moving optical spot in a system based on electro-optic deflectors [45].

Here using only intensity modulators (IM) and phase modulators (PM), we present a

novel 10-GHz dual-shape optical frequency comb generator without the need for a line-

by-line pulse shaper.  Our comb can be switched between extremely flat-topped (38 lines

within 1-dB variation) and Gaussian (37 lines well matched to a Gaussian over 20-dB

dynamic range), simply by turning on or off the RF amplifier to a single IM [16] [46]. To

further broaden the comb bandwidth, we launch the Gaussian pulse generated from

Gaussian comb into a length of highly nonlinear fiber (HNLF) with normal dispersion

and generate a 10-GHz ultra-broadband flat-topped optical frequency comb (> 3.64-THz

or 28 nm bandwidth with ~365 spectral lines within 3.5-dB power variation) covering the

entire C-band [47].

*Most of this chapter has been published in [16,46,47]. I acknowledge collaborations and
discussions with Dr. Christopher Long, Dr. V.R. Supradeepa, Dr. Victor Torres-Company, Dr.
Daniel Leaird, and Prof. Andrew Weiner.
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2.1. Flat-topped and Gaussian dual-shape optical frequency comb generator

2.1.1. Theoretical analysis

The shaped comb generation mechanism is based on time-to-frequency mapping

theory, where quadratic and periodic temporal phase causes the spectral envelope to

mimic the input intensity profile to the phase modulators [48-50]. In order to generate a

flat-topped or Gaussian-shaped comb, the following two requirements should be met:

(i)Apply a quadratic phase.

Applying a purely quadratic, periodic temporal phase is difficult, so here we apply a

“quasi-quadratic” phase by combining the first and second harmonic of the sinusoidal

drive signal with power ratio 24-dB and phase shift 180° selected to suppress the 4th order

term of the cosine expansion of the phase shown in eq. (2.1). This substantially improves

the approximation to the target quadratic phase profile.

(ii) Generate a flat-topped or Gaussian-shaped pulse.

We can use three intensity modulators (IM1, IM2, and IM3) to achieve this goal.

IM1 and IM2 are both biased at 0.5 Vπ with RF drive amplitude 0.5 Vπ. IM3 is biased

at 0 (maximum transmission) with RF drive amplitude Vπ in our simulation. We can get

a flat-topped pulse with a series combination of IM1 and IM2 and a very close

approximation to a Gaussian pulse with the series combination of all three IMs as shown

in Fig. 2.1(a-b). After applying the quasi-quadratic phase as described in (i), we expect to

obtain flat-topped and Gaussian combs as shown in Fig. 2.1(c-d), respectively.

2.1.2. Experimental setup

Fig. 2.2 shows the experimental setup of the 10-GHz Gaussian-shaped comb

generator, which consists of three intensity modulators (IMs) and two phase modulators

(PMs). We operate the RF oscillator at 10 GHz. At 10 GHz, the Vπ is ~9 V (~29 dBm)

for the IM’s and ~3 V for the PM’s. The RF voltages delivered to IM1 and IM2 are both

0.5 Vπ zero to peak (~23.5 dBm), and the RF voltage to IM3 is Vπ. We cascade two

2( )1 15
cos( ) cos(2 ) 0.75 0 ...

16 16 2!
m

m m

t
t t


      (2.1)
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phase modulators at their maximum RF input power (30 dBm) to double the total

modulation index seen by the pulse and increase the number of comb lines.

2.1.3. Experimental results

Fig. 2.2 (b-c) shows the experimental results. Without the black dashed module in

Fig. 2.2(a) (equivalent to turning off RF amplifier TA3), we see a 10 GHz flat-topped

comb spectrum with 38 lines within 1-dB variation [16] and 61 lines in total (Fig. 2.2(b)).

This is a substantial improvement compared to previous published results. Fig. 2.2(c)

shows the measured power spectrum of a Gaussian comb on a log scale. The standard

deviation of the comb line amplitudes from a best-fit Gaussian profile is 0.42 dB for the

central 37 lines and 0.26 dB for the central 35 lines, with an excellent match over 37

spectral lines across a -20 dB dynamic range [46].

2.1.4. Short pulse compression with flat comb

As a final demonstration of the quality of the generated comb, we compensate the

residual quadratic phase in order to generate a short temporal pulse using only SMF. This

scheme allows for excellent phase compensation with just a SMF link because the

frequency comb has a strong quadratic phase character in time [16]. Fig. 2.3 shows the

generated short pulse after compensating the chirp of the frequency comb with ~850 m of

SMF. We see an excellent agreement between the experimental short pulse intensity

autocorrelation and simulation. The autocorrelation FWHM of the obtained pulse is 2.8

ps, yielding a 2.1 ps FWHM assuming a sinc pulse shape, and a de-convolution factor of

0.75; the FWHM bandwidth of the comb spectrum is 391 GHz and the time-bandwidth

product is 0.82 indicating compression close to the ideal transform limit of 0.884 for a

sinc pulse shape.

2.1.5. Short pulse compression with Gaussian comb

Our Gaussian-shaped optical frequency comb is suitable for generation of trains of high

quality picosecond pulses. Figure 2.4(a) shows the Gaussian-shaped optical frequency

comb spectrum on a linear scale; again the shape agrees very well with the Gaussian fit.

Figure 2.4(b) shows the spectral phase of the comb (blue) measured using a linear optical
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implementation of spectral shearing interferometry [51]. The phase has a quadratic nature

(red), as expected.  This indicates pulse compression can be accomplished using the

appropriate length of single-mode fiber (SMF). In order to characterize the pulses, we

perform the autocorrelation measurement.  The procedural is as follows: we amplified the

pulses with an EDFA followed by a bandpass filter with 4 nm bandwidth programmed

with the Finisar waveshaper in order to reduce the amplified spontaneous emission (ASE)

noise. Then we launch the pulses to an autocorrelator for intensity autocorrelation

measurement. The blue solid curve in Fig. 2.4(c) shows on a linear scale the measured

intensity autocorrelation of the output pulse after passing the comb in Fig. 2.4(a) through

740 meter of SMF.  The theoretical intensity autocorrelation (red dashed curve) taking

into account the measured comb spectrum and assuming a flat phase is plotted as well.

The excellent agreement between the two curves indicates high-quality pulse

compression to the bandwidth-limit duration.  The measured autocorrelation trace has

4.35 ps FWHM, corresponding to a 3.1 ps pulse width assuming a Gaussian pulse shape.

Figure 2.4(d) shows the experimental intensity autocorrelation trace on a log scale.  The

autocorrelation trace shows a 22-dB dynamic range with respect to the background.

2.2. Supercontinuum-based flat-topped optical frequency comb generation

Prior investigations in spectral broadening of high-rep-rate temporal pulse trains from

actively mode-locked lasers [52-56] or electro-optic frequency comb generator [57]

showed a high degree of flatness with broad bandwidth when sech [53,54], parabolic

[54,55] or Gaussian [56,57] profile pulses are launched into an HNLF operating in the

normal dispersion regime.  However, achieving this kind of temporal pulse shapes

directly (i.e., without optical pre-shaping [39,58-59]) from an electro-optic frequency

comb generator has remained challenging.  Recently, we have shown the synthesis of a

Gaussian-shaped comb [46] using the concepts of time-to-frequency mapping [48-50].

Here, we show that the temporal profile emerging from this comb can be used as a seed

to achieve an ultra-broad optical spectrum (> 3.64-THz or 28-nm) with excellent flatness

(more than 365 lines within 3.5 dB power variation) and a high-degree of coherence.  To
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illustrate the high-degree of stability and coherence of the source, we demonstrate pulse

compression to the transform-limited duration.

2.2.1. System setup and results

Figure 2.5 shows the system setup to generate super-continuum flat-topped optical comb

and the application for high-quality short-pulse compression.  The whole setup is

composed of three subsystems as follows:

The first part of Figure 1 explains our Gaussian-shaped comb generation scheme [46]

as discussed earlier.

We note that to scale the scheme presented here to substantially beyond the current 10

GHz repetition rate raises practical challenges, both because of the need for the frequency

doubler circuit itself and because the phase modulators must have a bandwidth equal to

twice the repetition frequency.  Our group has recently demonstrated similar

improvements in the comb spectrum by exploiting four-wave-mixing in HNLFs and

achieved ultraflat [60] or Gaussian-like [41] optical frequency comb generators without

the use of a frequency doubler. These related schemes may be better suited for scaling to

higher repetition rates.  The 10 GHz repetition rate demonstrated here is already

sufficiently high for application to comb-based RF photonics amplitude [46] and phase

[61-62] filters.

Next, in order to perform spectral broadening, the transform-limited Gaussian pulse

was amplified with an Er-Yb-doped optical fiber amplifier (OFA) and fed into 150

meters of HNLF with dispersion -1.88 ps/nm/km (as specified by the manufacturer),

nonlinear coefficient of 10 (W·km)-1 and fiber attenuation of 0.22 dB/km as shown in the

second part of Figure 2.5.  Figure 2.6 shows our simulation results from solving the

nonlinear Schrödinger equation using the split-step Fourier method [63]. For a qualitative

study, we simulate the initial input pulse as a single perfect Gaussian-shaped profile with

3-ps FWHM as shown in black dotted trace of Fig. 2.6(a). The blue trace in Fig. 2.6(a)

shows the output broadened pulse.   Figure 2.6(b) shows the simulated output comb

spectrum envelope (blue) and phase (red) with quadratic fit (black).  The spectral phase

has a quadratic profile within the turning points of the shoulders of the comb spectrum.
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From a practical perspective, a specific length of SMF can be used to compensate for

most of the spectral phase.  Figure 2.7 shows the experimental output ultra-broadband

flat-topped optical frequency comb spectrum when we tune the power of the OFA to 1.7

Watt.  This comb shows excellent broadening and a flatness corresponding to 3.5 dB

variation over 3.64 THz (28 nm or 365 lines), similar to the simulation prediction in Fig.

3(b).  The characteristics of this comb source are promising for the realization of high-

performance microwave photonic filters [41], where the ultimate limit in the achievable

time-bandwidth product is directly proportional to the number of comb lines.  This

supercontinuum comb has already been demonstrated to be a promising source for such

applications, with excellent stability in spectral amplitude, a large number of comb lines,

and a broad bandwidth contributing to programmable microwave photonic phase filters

with record time-bandwidth product [62]. We note that regions of the simulated intensity

profile of Fig. 2.6(a) exhibit a nearly vertical rise or fall.  Furthermore, the simulated and

experimental spectra, Figs. 2.6(b) and 2.7, respectively, show clear spectral sidelobes on

either side of the flat-topped central region.  These observations are indicators that the

pulse has entered into the wave-breaking regime [63-65].   This nonlinear phenomenon

has been exploited as a route to achieve smooth and broad spectra with a high degree of

stability [64] when pumped with bell-shaped pulses, and is gaining increasing popularity

for applications requiring high-quality ultrashort-pulse compression [66].  Our

experiments indicate that this phenomenon can also take place in the high-repetition-rate

regime and is indeed suitable for applications involving electro-optic frequency comb

generators. We have also performed measurements – at a lower average power level

(0.75 W) – to test the stability of the comb.  Figure 2.8 (a) shows the simulated optical

spectrum (blue) with spectral phase (black) and quadratic fit (red) at 0.75 W average

power.   Comparing with the simulated comb spectrum at 1.7 W average power in Fig.

2.8(b), the comb bandwidth in Fig 2.8(a) is somewhat decreased due to the reduced pump

power.  We repeatedly measured the comb spectrum using an OSA set for 0.01 nm

spectral resolution, recording 14 spectra over a period of approximately 70 minutes.  The

output comb spectrum has 237 lines (18.6 nm or 2.36 THz) within 4.5 dB power variation

as shown in Fig 2.8(b).  Figure 2.8(c) provides data on the stability of each of the
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individual comb lines over this data set.  Most of the comb lines have variations with

standard deviation below 0.1 dB.  The average and median standard deviations of all the

comb line variations are 0.08 dB and 0.09 dB, respectively.  The largest fluctuations are

observed for the four lines closest to the input CW laser (1542 nm), with a standard

deviation ranging from 0.35 dB to 0.66 dB.  Overall, this indicates the stability of this

comb source can be very good.

2.2.2. Application for short pulse compression

Maintaining a high degree of coherence across the entire bandwidth of the

supercontinuum obtained by picosecond pump pulses is challenging [52].  According to a

previous study, the situation improves when the HNLF is designed to have a normal

dispersion profile [67], since the amplification of input noise due to modulation

instability is avoided.  Thus, apart from offering a smooth and broad spectrum, an HNLF

with normal dispersion should provide a supercontinuum with high degree of coherence

too.  In order to demonstrate the high quality of our broadened comb as well as the

spectral stability, I perform a pulse compression experiment.  The broad supercontinuum

was attenuated by 10-dB and sent to a commercial pulse shaper (FinisarWaveshaper

1000S), as indicated in Fig. 2.5. The output from the shaper was measured with an

autocorrelation apparatus. When the pulse shaper was programmed as an all-pass filter,

the autocorrelation trace has a roughly triangular shape, much broader than the initial

Gaussian pulse [black dotted trace in Fig. 2.9(a)] before the HNLF.  The approximately

triangular autocorrelation is roughly as expected for the flat-topped intensity profile

predicted in the nonlinear wave-breaking regime in Fig 2.6.  The slight narrowing of the

experimental autocorrelation trace (Fig. 2.9(a)) relative to the simulated one (Fig 2.6(a))

is attributed to the dispersion in the short SMF between HNLF and the pulse shaper.

From Fig. 2.6(b), one can conclude that the central part of the spectrum can be easily

compensated for by introducing the right amount of dispersion.  In order to compensate

for the comb phase, we first programmed the pulse shaper to apply the amount of

quadratic spectral phase that maximized the second-harmonic generation (SHG) at the

zero delay position of the autocorrelation setup.  Figure 2.9(b) shows the measured



19

autocorrelation trace (blue) with very large pedestal. Similar to what was observed in

[54], the measured trace does not match the calculated autocorrelation based on the input

comb spectrum assuming a flat phase.  An explanation is that the outer part of the

spectrum, as shown in the simulation of Fig. 2.6(b), deviates from quadratic phase. To

overcome this limitation, I programmed the pulse shaper to apply a spectral window [68]

that selects the central 20 nm of the supercontinuum comb as shown in Fig. 2.7.  In this

region the phase remains approximately quadratic and the spectrum maintains an

approximately rectangular profile.  Again we programmed the pulse shaper to apply the

amount of quadratic spectral phase that maximized the SHG at the zero delay position.

The autocorrelation now shows a high-quality pedestal-free trace as shown in the blue

curve of Figure 2.9(c), which has an excellent correspondence with the calculated one

taking into account the measured spectrum after windowing and assuming a flat spectral

phase.  The ability to achieve pulse compression to the transform-limit indicates a high

degree of coherence across the comb spectrum –i.e., the relative phase of the different

comb lines do not vary significantly in time [69].  The autocorrelation width is 533 fs

FWHM. To estimate the actual pulse width, we calculate the transform-limited intensity

profile and estimated its width to be 490 fs FWHM, as shown in Fig. 2.9(d).
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Fig. 2.1. Simulation results: (a) Solid: transmission function from IM1 or IM2; Dashed:
transmission function from IM3 (b) Solid blue: flat-topped pulse expected from series
combination of IM1 and IM2; Dashed blue: Gaussian pulse expected from the series
combination of IM1, IM2 and IM3; Dashed red: Gaussian fit (c) Simulated flat-topped
comb spectrum (d) Simulated Gaussian-shaped comb spectrum
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Fig. 2.2. Experiment (a) setup for flat-top and Gaussian dual-shape optical frequency
comb generator (b) Experimental result of flat-topped comb (c) Experimental result of
Gaussian shaped comb
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Figure 2.3. High quality short pulse generation with the flat comb
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Fig. 2.4. Experimental results: (a) Gaussian-shaped comb on a linear scale (blue) and
Gaussian fit (red); (b) Measured spectral phase (blue) and quadratic fit (red); (c) time
domain intensity autocorrelations of the output pulse obtained after comb propagates
through ~740 m of SMF (blue) and calculated autocorrelation trace taking the comb
spectrum (a) and assuming a flat spectral phase (red). An excellent agreement is seen
between the two; (d) Experimental intensity autocorrelation on a log scale which shows
22 dB dynamic range.
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Fig. 2.5.  Experimental scheme to generate supercontinuum flat-topped comb and the
application for high quality temporal pulse compression. CW: continuous wave; IM:
intensity modulator; PM: phase modulator; PS: phase shifter; AMP: RF amplifier; SMF:
single-mode fibers; PC: polarization controller; OFA: Er-Yb-doped optical fiber
amplifier; HNLF: highly nonlinear fiber; AC: autocorrelator.



25

Fig. 2.6.  Simulation results (a) Propagating Gaussian pulse in 150 m HNLF with 1.7 W
average power. Initial pulse with 3-ps FWHM (black), output pulse (blue) and
corresponding autocorrelation trace (red); (b) Output optical spectrum envelope (blue)
and phase (black) with quadratic fit (red).
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Fig. 2.7.  Experimental optical power spectrum after propagation in 150-m HNLF with
1.7-W pulse average power before HNLF measured with 0.01nm OSA resolution.  A
spectral window, equivalent to a bandpass filter, keeps the center spectrum with linear
chirp.
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Fig. 2.8. Stability analysis: (a) Simulated optical spectrum (blue) with spectral phase
(black) and quadratic fit (red) at 0.75 W average power. (b) Optical spectrum measured
with 0.01nm OSA resolution. (c) Stability analysis which shows spectral amplitude
standard deviation of each comb line versus the number of comb line and wavelength
after approximately 70 minutes of measurements.
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Fig. 2.9.  Application of the flat-topped super-continuum comb for short pulse
compression.  Measured autocorrelation traces of the initial Gaussian pulse, after
compression, at the output of the first box in Fig. 1 shown as black traces in (a)-(c)); (a)
Blue trace: measured autocorrelation trace of pulse with the whole spectrum of super-
continuum comb without phase compensation; (b) blue trace: measured autocorrelation
trace of pulses with the whole spectrum of super-continuum comb after quadratic phase
compensation; red trace: calculated autocorrelation trace with the input super-continuum
comb assuming a flat phase; (c) blue trace: measured autocorrelation trace of pulse with
the truncated spectrum of super-continuum comb after quadratic phase compensation; red
trace: calculated autocorrelation trace with the truncated super-continuum comb
assuming a flat phase. An excellent agreement between the experimental and simulated
autocorrelation traces indicates accurate spectral phase compensation.  Inset is the zoom-
in of measured pulse autocorrelation trace.  The corresponding pulse shape is calculated
in (d).
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3. RF PHOTONIC FILTERING WITH DIRECTLY GENERATED
SHAPED OPTICAL FREQUENCY COMB

Using an optical frequency comb as a multiple carrier optical source offers new potential

for achieving complex and tunable RF photonic filters. For applications in RF photonic

filtering, a carefully apodized Gaussian comb is preferred in order to achieve clean

passband shapes with large sidelobe suppression. Reference [14] used line-by-line pulse

shaping to manipulate the amplitudes of individual spectral lines to obtain a carefully

apodized Gaussian shape for achieving clean passband shape with 35 dB sidelobe

suppression, and also demonstrated a novel mechanism that allows tuning of the filter

largely independent of passband shape. Starting with a comb designed to have a

Gaussian-shape resulting directly from the generation process is another interesting

choice. Here by employing the Gaussian-shaped comb discussed in the previous chapter,

we implement filters with 40 dB MSSR suppression. The results are improved over that

reported in [14] (~35 dB).

3.1. The effect of comb shape on the final filter shape

Before we introduce our scheme, let us make a brief discussion and analyze the

effect of comb shape on the final filter shape based on the theoretical transfer function eq.

(1.2).

We assume the comb source spacing equals to 10 GHz with a total of 50 lines.  We

choose the length of dispersion compensation fiber such that we can obtain 100 ps delay

spacing between adjacent taps and the center frequency of the filter response is 10 GHz.

If we start a flat-top comb as plotted in figure 3.1(a), the resulting filter has a shape

of sinc function with only about 13.3 dB MSSR in figure 3.1(d) as plotted in blue.  If we

apodize the comb source by a Gaussian profile with 190 GHz 3-dB bandwidth as plotted

in figure 3.1(b), the resulting filter has a shape of Gaussian with about 58 dB MSSR in

*Most of this chapter has been published in [41,46]. I acknowledge the discussions with Prof.
Andrew Weiner.
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figure 3.1(d) as plotted in black.  If we future narrow the Gaussian comb into one with

130 GHz 3-dB bandwidth as plotted in figure 3.1(c), the resulting filter MSSR is

increased significantly to about 115 dB in figure 3.1(d) as plotted in red.  From this

simulation study, we observe have two observations:

(1) Filter shape depends on the comb shape. Gaussian comb is desirable for achieving

high contrast filter.

(2) Starting with narrow bandwidth Gaussian shaped comb (truncated to zero level) helps

to achieve high contrast filter shape.

3.2. RF photonic filtering with directly generated Gaussian shaped comb

For experimental demonstrations, we generate 10 GHz flat-topped and Gaussian-

shaped optical frequency comb based on setup shown in Figure 2.2. First, we turn off

TA3 (in Fig. 2.2). Fig. 3.2(a) shows a 50-line 10-GHz flat-topped optical frequency comb

spectrum measured at the photodiode (in fixed filter setup of Fig. 1.4). After turning on

TA3, Fig. 3.2(b) shows a 41-line 10-GHz Gaussian-shaped optical frequency comb

spectrum measured at the photodiode; the EDFA is adjusted to set the average power at

the photodiode to 4.3 dBm, as used with the flat-topped comb. The standard deviation of

the comb line amplitudes from a best-fit Gaussian profile is 0.42 dB for the central 37

lines and 0.26 dB for the central 35 lines, with an excellent match over 37 spectral lines

across a 20-dB dynamic range. Comb spectra were measured using a monochromator-

based optical spectrum analyzer (OSA) with 0.01 nm resolution.

After applying the comb to our filter setup, we measured the filter transfer function

with a vector network analyzer, usually set for 10 Hz resolution bandwidth. We compare

our experimental results, adjusted an RF calibration factor which accounts for high

frequency roll-off due to cable loss and modulator and photodiode frequency response,

with simulation. The RF calibration data can be obtained by measuring the link

frequency response without the dispersion compensating fiber [4]. This takes out RF

frequency dependences due to cable loss and high frequency component roll-off, thereby

focusing on the RF response intrinsically related to our photonic processing scheme [14].

Fig. 3.2(c) shows the measured (blue, after calibration) and simulated (red) filter transfer

functions using the flat-topped comb. At baseband, the filter has a 3-dB bandwidth of 116
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MHz, with 16.2 dB MSSR. The passband at 10.4 GHz has a 3-dB bandwidth of 255 MHz

with 14.2 dB MSSR. Modeling (based on the measured optical power spectrum) indicates

the filter has a 3-dB bandwidth of 130 MHz and 262 MHz with 15.8 dB MSSR at both

baseband and passband, in very close agreements with our experiment. Fig. 3.2(d) shows

the measured (blue) and simulated (red) filter transfer functions using the above

Gaussian-shaped comb. At the baseband, the filter has a 3-dB bandwidth of 186 MHz,

with 40 dB MSSR. The 10.4 GHz passband has a 3-dB bandwidth of 355 MHz with 33.7

dB MSSR. Modeling indicates the filter has a 3-dB bandwidth of 210 MHz and 420 MHz

with 36.6 dB MSSR at both baseband and passband, in very close agreements with our

experiment. The filter FSR is determined by the length of DCF fiber. By adding or

decreasing the length of DCF we can change FSR, and vary the filter pass band center

frequency accordingly.

Because of the periodic nature of discrete-time filters, unwanted higher-order mixing

terms may also be generated by this filter.  For instance, an optical sideband may mix

with a neighboring comb line to produce a signal that is located in a higher frequency

band.  As discussed in detail elsewhere [14], a variety of tones at frequencies mΔf and

mΔf ± fRF may be present at the output, where fRF is the frequency of a single RF input

tone, Δf is the comb spacing, and m is an integer. In order to avoid aliasing related to such

effects, sampling theory restricts operation of digital filters to an upper frequency of one

half of the sampling frequency.  In the case of an optical comb-based RF photonic filter,

this sampling rate corresponds to the comb repetition rate Δf. Note that in a network

analyzer measurement, which is based on coherent mixing with a reference tone, only a

signal with frequency equal to that transmitted from the network analyzer is acquired;

other output tones are not detected.  Nevertheless, in order to avoid spurious output tones,

the frequency span should be restricted to fall within a single “Nyquist zone,” where the

various Nyquist zones run from pΔf/2 through (p+1)Δf/2, where p is a nonnegative

integer.  For figures in which the filter response is plotted over a range exceeding Δf/2,

the boundaries between Nyquist zones are depicted as dashed vertical lines, similar to

[14].   The free spectral range (FSR) of our filters may be adjusted though choice of the

fiber dispersion.  For the data of Figs. 3.2 (c) and (d), due the length of available fiber,
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the filter FSRs fall close to 10 GHz, which is the boundary between second and third

Nyquist zones [41].
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Fig. 3.1. Simulation (a) Flat comb (b) Gaussian apodized comb with 3-dB bandwidth of

190 GHz. (c) Gaussian apodized comb with 3-dB bandwidth of 130 GHz. (d) Simulated

filter transfer functions for combs of (a, blue), (b, black) and (c, red) respectively.
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Fig. 3.2. Experimental results: (a) Flat-topped comb on a log scale; (b) Gaussian-shaped
comb on a log scale; (c) Measured (blue) and simulated (red, after calibration) RF
photonic filter transfer functions with flat-topped comb in (a); (d) Measured (blue, after
calibration) and simulated (red) RF photonic filter functions with Gaussian-shaped comb
in (b).
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4. RF PHOTONIC FILTERING WITH 20 NS BANDWIDTH
RECONFIGURATION

Rapid bandwidth reconfiguration of the RF photonic filter is of great interest.  Although many

efforts are made toward implementation bandwidth reconfigurable filters based on RF circuits

[70-77], the relevant research focuses on improving filter parameters such as decreasing insertion

loss, shrinking the size of the device, increasing the range of bandwidth reconfigurations, etc. For

example, [70] demonstrates bandwidth reconfiguration of up to 33% for the filters with less than

3 dB insersion loss with a commercially available low Q varactors (Q < 30). However, rapid RF

bandwidth reconfiguration (for example, at the level of tens of nanosecond), to the best of our

knowledge has not been demonstrated. Here we demonstrate rapidly changing the bandwidth of

an optical frequency comb through the use of an electronically programmable RF variable

attenuator;  RF bandwidth reconfiguration of the filter has been demonstrated with 20-ns

reconfiguration speed while keeping the mainlobe-to-sidelobe suppression ratio (MSSR) larger

than 30-dB. The reconfiguration speed is determined by the response time of the RF variable

attenuator.

4.1. Experimental setup

Figure 4.1 shows the experimental setup for the RF bandwidth reconfigurable filters. The

dotted part is the bandwidth tunable optical frequency comb generator, which is a sequence of

lithium niobate electro-optic intensity and phase modulators.  The modulator sequence is

designed to generate an approximately Gaussian-shaped optical comb spectrum [41,46] based on

time-to-frequency mapping theory [48-50].  We fix the RF power on one phase modulator to 30

dBm, while the RF power on the other phase modulator is also 30 dBm when the variable

attenuator is turned off.  The variable attenuator provides approximately 23 dB attenuation when

switched “ON”.  The comb bandwidth is proportional to the modulation index on the phase

modulators [16].   So the comb optical bandwidth is expected to reconfigure accordingly to the

*I acknowledge the discussions with Dr. Daniel Leaird, and Prof. Andrew Weiner.
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RF power change on the phase modulator through the control of the RF variable attenuator. For

filtering applications, the generated comb is modulated according to a single-sideband

modulation. Then the signal passes through a dispersion-compensating fiber (DCF) and is

detected by a photodetector.  Each line of the optical frequency comb acts as a distinct filter tap,

with tap delay set by the comb spacing and the dispersion.

Eq. (1.2) indicates that the RF bandwidth varies inversely proportional with the bandwidth of

the optical frequency comb, which is in turn proportional to the modulation index to the phase

modulators.

4.2. Simulation studies

Figure 4.2 shows an example of simulation results.  Figure 4.2(a) and (b) show Gaussian

apodized combs with 20 lines (102 GHz 3-dB bandwidth) and 36 lines (182 GHz 3-dB

bandwidth), respectively.  Since total optical power is not changed with phase modulation depth,

the peak power of the comb in Figure 4.2(b) is reduced compared to the comb in Figure 4.2(a).

Figure 4.2(c) shows the filter transfer functions in blue (corresponding to the comb in Figure

4.2(a)) and in red (corresponding to the comb in Figure 4.2(b)), respectively.  Simulation

indicates the filter peaks have the same heights for both cases. The 7.9 GHz passband has a 3-dB

bandwidth of 513 MHz (blue) and 285 MHz (red), respectively.  From blue to red, the RF

bandwidth decreases by 44.4%.

4.3. Experimental demonstration

Figure 4.3 shows our measured optical spectrum (a,b) with optical spectrum analyzer (OSA),

and RF filter transfer function (c) with vector network analyzer (VNA).  By switching the

variable attenuator from “ON” to “OFF”, the optical 3-dB bandwidth increases from 0.82 nm to

1.62 nm as shown in Figure 4.3(a) and (b).  The resulting filter transfer function shown in Fig.

4.3(c) reveals a decrease in 3-dB bandwidth of the RF filter passband from 518 MHz to 272

MHz.  The RF bandwidth decreases by 47.5% similar to that estimated in Figure 4.2(c).

We now demonstrate RF bandwidth reconfiguration of the filter by injecting two RF tones at

7.9 GHz and 8.4 GHz, at which frequency (marked in vertical lines in Fig. 4.3(c)) our filter

exhibits different frequency response when switching the programmable attenuator. We

intentionally set the power of 8.4 GHz RF input signal 8 dB larger than that of 7.9 GHz
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waveform in order to equalize the RF output powers of both frequency tones when the attenuator

is switched on as shown in Figure 4.4(a). The RF spectrum is measured using an RF spectrum

analyzer. Figure 4.4(b) shows the corresponding oscilloscope trace of the filtered RF output when

the attenuator is switched on, measured with a 50Gsample/s real-time oscilloscope.  With similar

power at both frequency tones. the RF waveform in Figure 4.4(b) exhibit periodic and oval-

shaped envelope.  Similarly when the attenuator is off, the output RF frequency tones with >10

dB power difference are shown in Fig. 4.4(c). Fig. 4.4(d) shows the corresponding oscilloscope

trace of the filtered RF output.  Since the RF power at 7.9 GHz dominates over that at 8.4 GHz,

the periodic and oval-shaped envelopes of RF waveforms in Fig. 4.4(c) cannot be observed in

Fig. 4.4(d). The contrasting RF spectra and waveforms when the attenuator is switched on and off

clearly indicate the RF bandwidth reconfiguration of the filter.

Figure 4.5 demonstrates rapid RF bandwidth tuning by applying a rapidly varying ON/OFF

control signal at 625 KHz modulation rate (1.6 µs period) to the variable attenuator.  The

oscilloscope trace of the filtered RF output is shown in Fig. 4.5(a). Close-up waveforms at

different time sections are shown in Fig. 4.5(b) when the attenuator is switched off (same as Fig.

4.4(c)), and Fig. 4.5(c) when the attenuator is switched on (same as Fig. 4.4(a)).  The contrasting

character is clearly preserved.  Figure 5(d) shows a spectrogram of the oscilloscope data in Figure

4.5(a) calculated using a sliding fast fourier transform hamming window of 41 ns duration,

providing an intuitive visual representation of the filtering.  Examination of the rapid transition at

the rising and falling edges of the frequency bands at 8.4 GHz as shown in inset (e) and (f) reveals

that the filter is able to switch within 20 ns, limited by the response time of the RF variable

attenuator.
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Fig.4.1. Experimental scheme to implement bandwidth reconfigurable RF photonics
filtering based on optical bandwidth tunable optical frequency combs. CW: continuous
wave, IM: intensity modulator, PM: phase modulator, PS: phase shifter, VA: RF variable
attenuator, SSB: single sideband modulator, DCF: dispersion compensating fiber, AMP:
optical amplifier, RF AMP: RF amplifier, PD: photodetector.
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Fig. 4.2. Simulation results of bandwidth reconfigurable filter. (a) Optical frequency comb
spectrum with 20 comb lines. (b) Optical frequency comb spectrum with 36 comb lines. (c)
Calculated filter transfer functions with comb a and b respectively.
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Fig. 4.3. Experimental results of the bandwidth reconfigurable RF photonic filtering through the
use of a programmable RF variable attenuator.  (a) Optical frequency comb spectrum with the
variable attenuator switched “ON”. (b) Optical frequency comb spectrum with the variable
attenuator switched “OFF”. (c) Measured RF filter transfer functions with comb a (attenuator
switched “ON”) and comb b (attenuator switched “OFF”).
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Fig. 4.4. Experimental RF output characterization of bandwidth reconfiguration in both time and
frequency domain by switching the attenuator “ON” and “OFF”.  Switched “ON”: (a) Output RF
spectrum showing the two RF frequency tones at 7.9 GHz and 8.4 GHz have approximately
equal power.  (b) Output RF waveform measured with real-time scope.  Switched “OFF”: (c)
Output RF spectrum showing the two RF frequency tones at 7.9 GHz and 8.4 GHz have >10 dB
power difference. (d) Output RF waveform measured with real-time scope.
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Fig. 4.5. Experimental results showing rapid RF bandwidth reconfigurability of the RF filter. a.
Measured oscilloscope signal. b. Close-up of a first waveform part of the signal (attenuator
“OFF”). c. Close-up of a second waveform part of the signal (attenuator “ON”). d. Spectrogram
representation of the output filtered signal, highlighting rapid RF bandwidth reconfiguration. e.
Close-up of the first spectrogram part at the rising edge. f. Close-up of the second spectrogram
part at the falling edge.
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5. RF PHOTONIC FILTERING WITH >60 DB MAINLOBE TO
SIDELOBE SUPPRESSION RATIO

We now focus on enhancing the selectivity of the RF photonic filter, manifested through

high MSSR and stopband attenuation. In the area of RF photonic filtering, the regular

MSSR limits to 35 dB level [14,17,32,36].  Further increasing MSSR to >35 dB level has

been very challenging. Recently, the use of a recirculating frequency shifter as a tapped

delay line yielded filters with passbands centered in the 100-200 MHz range, free spectral

range (FSR) of ~35 MHz, main-to-sidelobe suppression ratio (MSSR) of 52 dB, and

stopband attenuation of >70 dB [78]. In another example, apparently based on a cascade

of five coupled optical microresonators, a fifth-order filter with 70 dB stopband

suppression [79] was reported.

The key to high selectivity in our scheme is to achieve an extremely smooth and

specifically shaped comb spectrum with minimal line-to-line variations.  Direct electro-

optic generation of an approximately Gaussian comb, described above, is a first step, but

substantial improvement in spectral shaping is still required. Here we introduce a dual-

laser driven comb generator plus nonlinear fiber optics approach that simultaneously

broadens and smoothes the comb spectrum to achieve selective filters with greatly

enhanced MSSR and stopband attenuation.  High efficiency conversion through four-

wave mixing has been previously utilized for a variety of tasks in optical communications

[80-81].  Here we utilize cascaded four-wave mixing as a phase modulation amplifier and

spectral smoother. The resulting filtering response has MSSR of ~61 dB and stopband

attenuation of >70 dB, comparable to the results mentioned above.

5.1. The effect of multiplicative noise on the filter MSSR

The key for achieving large MSSR is to employ an extremely smooth and specifically

shaped comb spectrum with minimal line-to-line variation.  Reference [14] tried to use a

*Most of this chapter has been published in [41].  I acknowledge collaborations and discussions
with Dr. V.R. Supradeepa, and Prof. Andrew Weiner.
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line-by-line pulse shaper to manipulate the amplitudes of individual spectral lines to

obtain a Gaussian shape for this purpose.  However, the MSSR was limited to the 35 dB

level primarily by the precision with which the optical comb spectrum was apodized.

With directly generated Gaussian-shaped comb, we increase the MSSR to 40 dB level.

Here, we significantly improve the smoothness of the comb by combining nonlinear

optics and electro-optic modulation comb generation schemes, which boosts the MSSR to

>61 dB level. In this section, I will present a simulation study which highlights the effect

of the smoothness of the comb spectrum on the MSSR of the resulting radio-frequency

photonic filters.

Let us start with 50 comb lines (50 taps) perfectly shaped as a Gaussian with a full-

width at half-maximum (FWHM) bandwidth equal to 13 times the comb spacing (e.g.,

130 GHz optical bandwidth for 10 GHz comb spacing).  We then assume the comb lines

are subject to multiplicative noise following a normal distribution.   Figure 5.1(a) shows

both a perfect Gaussian comb (red) and an example of a comb subject to multiplicative

noise with 0.2% standard deviation (blue). Figure 5.1(b) shows a perfect Gaussian comb

(red) and an example of a comb subject to multiplicative noise with 5% standard

deviation (black). This level of variation is roughly similar to that reported in [14], where

the smoothness of the comb was limited both by spectral variations and drift arising from

a less advanced electro-optic comb generation geometry and by pulse shaping precision.

Figure 5.1(c) shows the RF photonic filtering responses predicted for the above comb

spectra in a fixed filter geometry. Starting with a perfectly apodized Gaussian comb, we

expect to get a filter with 115 dB MSSR (red), limited only by truncation of the Gaussian

due to finite number of taps. With 0.2% standard deviation multiplicative noise, the

MSSR decreases significantly to 60 dB (blue), similar to the experimental results shown

later in red in Fig. 5.1(c). With 5% standard deviation multiplicative noise, the MSSR is

reduced to 34 dB (black), similar to the experimental results reported in [14].

Clearly, a smooth comb spectrum is essential for achieving high contrast RF photonics

filtering.  In Fig. 5.1(d), we overlay 100 simulation results for each level of multiplicative

noise (standard deviations of 0.2% and 5%, respectively).  The overlaid simulation traces

exhibit mainlobe-to-sidelobe suppression ratios similar to those shown in Fig. 5.1(c).
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So an extremely smooth optical frequency comb is essential to achieve a comb-based

RF photonic filter with a large MSSR.  For a 50-tap Gaussian comb with 10 GHz comb

spacing and 130 GHz FWHM bandwidth, we estimate multiplicative variations of the

comb spectrum must remain below approximately 0.2% standard deviation to achieve a

mainlobe-to-sidelobe suppression ratio of >60 dB

5.2. Experimental setup

Figure 5.2(a) shows the experimental setup for the quasi-Gaussian shaped comb

generator inspired by [60]. As in Fig. 5.2(a), EO intensity and phase modulators produce

a quasi-Gaussian spectrum on a CW laser centered at 1542 nm.  A second CW laser

(1532 nm) is combined without intensity modulation and passes through the same phase

modulator.  For reasons that will become clear, one comb is delayed with respect to the

other by one half the modulation period (50 ps at 10 GHz).  This is followed by an

amplifier and zero dispersion, low dispersion slope highly nonlinear fiber (HNLF).

Cascaded four wave mixing (FWM) in the HNLF leads to amplification of the phase

modulation and substantial spectral broadening and smoothing.  Figure 5.2(b) shows a

schematic of the comb generation process. The initial two combs are narrow bandwidth

and have poor spectral quality.  As we look at successive FWM terms, the combs

bandwidth scales while the spectral shape becomes more Gaussian.

To understand this process more quantitatively, let 1 1a = a ( ) exp(j ( ))t t be the

complex amplitude of laser 1 (centered at f1) which undergoes intensity and phase

modulation.  The intensity envelope
2

1a ( )t is shaped to look roughly Gaussian, and the

temporal phase ( )t is sinusoidal.  Laser 2 (centered at f2) is only phase modulated, and

its complex amplitude can be written as 2a =exp(j ( ))t .  After transmitting through a

length of SMF which delays laser 2 by half a modulation period with respect to laser 1,

the complex amplitude of laser 2 can be written as 2a =exp(-j ( ))t .  In the HNLF these

waveforms mix to give a cascade of FWM terms.  In the limit of negligible HNLF

dispersion, the first FWM term centered at (2f1-f2) will be primarily composed of

22
1 2 1a a *= a ( ) exp(j3 ( ))t t (5.1)
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Similarly, the 2nd order FWM will go as

33 2
1 2 1a a *= a ( ) exp(j5 ( ))t t (5.2)

Equations (5.1) and (5.2) correspond to scaling of the bandwidth by three times and

five times, respectively.  Furthermore, since the temporal intensity profile becomes

increasingly localized as it is raised to progressively higher powers, the temporal phase is

increasingly well approximated as quadratic.  This results in higher fidelity time-to-

frequency mapping and increasingly smooth combs.

In the comb source of Fig. 5.2(a), the two CW lasers are spaced 10 nm apart.  We

operate the RF oscillator at 10 GHz, for which the Vπ is ~9 V for the IM’s and ~3 V for

the PM’s.  IM1 is biased at quadrature with the RF amplitude of 0.5 Vπ zero to peak.

IM2 is biased at the maximum transmission point with the RF amplitude of Vπ.  The

transmission function is 1a =0.5[1+exp(-j0.5 )exp(j0.5 cos( t))]RF   for IM1, and

2a =0.5[1+exp(j cos( t))]RF  for IM2.  The phase modulation ( )t is from the single phase

modulator, driven at its maximum RF input power (30 dBm) to maximize the modulation

index seen by the gated pulses after IM2.  The SMF used to delay one frequency with

respect to the other by half a modulation period is ~300m.  This is followed by a 1.5-W

optical amplifier and a 100 m length of highly nonlinear fiber, with near zero dispersion

and low dispersion slope, to create a cascade of four-wave mixing (FWM) terms.  By use

of a bandpass filter, we select the FWM term centered at 1562 nm.

5.3. Experimental results

Figures 5.3(a) and 5.3(b) show the comb spectrum of laser 1 right after the

modulators and of the 2nd order FWM term, respectively.  Both bandwidth enhancement

and spectral smoothing are clearly seen.  Figure 5.3(c) shows the corresponding filter

transfer function measured using the network analyzer.  The two measured filter

functions have different FSRs due to the 20 nm red shift of the 2nd order FWM signal and

the dispersion slope of the DCF module.  The filter response (blue dashed line) for the

comb shown in Fig. 5.3(a) has a peak at baseband with 3-dB bandwidth of 350 MHz,

while at 10.4 GHz there is a passband with 800 MHz 3-dB bandwidth. The filter response

(red solid line) for the comb shown in Fig. 5.3(b) has a peak at baseband with 3-dB
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bandwidth of 210 MHz, while at 9.38 GHz (corresponding to 107.5-ps tap delay) there is

a passband with 440 MHz 3-dB bandwidth.  The roughly two-fold reduction in passband

width is attributed to the increased comb bandwidth.  Most importantly, the MSSR and

stopband suppression are increased to 61 dB and >70 dB, respectively, the latter limited

by the VNA noise floor.  Simulations in 5.1 suggest that to reach these levels of

performance, random variations of the comb spectrum must have standard deviation

below ~0.2% (9×10-3 dB).  Such variations are ~40 times smaller compared to previous

results in which apodization of a comb is performed using a pulse shaper [14], leading to

improvements in MSSR and stopband attenuation by >25 dB.  The level of sidelobe

suppression and stopband attenuation demonstrated here is extremely rare in RF

photonics; to our knowledge comparable levels are reported only in [78] and [79].
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Fig. 5.1. Simulations illustrating the effect that random spectral variations of a Gaussian-
apodized frequency comb have on resulting microwave photonics filters.   Random
spectral variations are modeled as multiplicative noise, and a delay of 100 ps per tap is
assumed.
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Fig. 5.2. Direct, high accuracy generation of Gaussian apodized broadband combs. a,
Experimental scheme to directly generate broadband, apodized combs using cascaded
four-wave mixing in highly nonlinear fiber.  SMF – single mode fiber, HNLF – Highly
nonlinear fiber. b, Depiction of the cascaded four-wave mixing process.  Successive
terms scale in bandwidth and correspond increasingly accurately to a smooth Gaussian
apodization.
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Fig. 5.3. Achieving high stop-band attenuation RF filters. a, Spectrum from laser CW1
measured directly after the modulators, b, Measured spectrum of the 2nd order cascaded
FWM term used in our experiment. c, Measured RF filter transfer function using the 2nd

order FWM term, Fig. 5.3(b), demonstrating extremely high main lobe to sidelobe
suppression ratio (61 dB) and stop-band attenuation (>70 dB). Also shown is the
measured transfer function using only the comb after the modulators, Fig. 5.3(a).
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6. AGILE RF PHOTONIC FILTER WITH 40 NS TUNING SPEED

Although the passband frequency may be tuned by changing the amount of dispersion,

this is inconvenient and not rapidly adjustable.  Recently, our group proposed a new

approach to achieve filter tuning with fixed dispersion [14], shown schematically in Fig.

1.4.  This method utilizes an interferometric configuration in which one sample of the

comb is single sideband modulated with the carrier suppressed, while a second sample of

the comb remains unmodulated but experiences a tunable optical delay.  The frequency

response of the RF filter obtained after the two samples of the comb are combined, sent

down a dispersive line, and detected can be written as [14]:

where e1n and e2n are the complex electric field amplitudes of the nth comb line in the two

arms of the interferometer and  is the relative delay between the two optical paths. If e1n

and e2n are from the same comb, their phases will cancel, again leading to tap amplitudes

given by |en|
2, i.e., by the comb spectrum.  Equation (6.1) shows that the center frequency

of the filter can be controlled by the relative delay.  This was demonstrated for the first

time in [14], which used a mechanical delay line to achieve quasi-static tuning.

Rapid tuning of the RF filter response by tuning the laser frequency relative to the

optical filter has been proposed [80].  However, rapidly (e.g., submicrosecond)

controllable tuning of a CW laser over a range of a few GHz is itself a difficult challenge,

and to the best of our knowledge, the use of this technique to realize rapid RF filter

tuning has not been demonstrated. Achieving rapid tuning of the laser wavelength while

maintaining the required wavelength control and coherence is the major challenge to this

approach.

(6.1)

*Most of this chapter has been published in [41].  I acknowledge collaborations and discussions
with Dr. Christopher Long, Dr. Fahmida Ferdous, Dr. Daniel Leaird, and Prof. Andrew Weiner.
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Here we introduce a new scheme that exploits dual electro-optically generated

frequency combs to achieve radically enhanced tuning speed. For our scheme, our tuning

is based on optical delay, in principle independent of filter lineshape control.

6.1. Experimental setup

Fig. 6.1(a) shows our experimental setup for the rapid tuning filter.  A single CW laser is

split and directed into two nominally identical comb generators, each following the

approach of Fig. 6.1(b). In each comb generation, three cascaded lithium niobate intensity

modulators generate a train of 10-GHz pulses that are approximately Gaussian in time, to

which we then apply a strong sinusoidal phase modulation.  For pulsed signals centered

at extrema of the sinusoid, the temporal phase is approximately quadratic, which results

in time-to-frequency mapping, with the temporal intensity of the waveform mapped onto

its power spectrum [48-50].  This time-to-frequency mapping enables direct generation of

an approximately Gaussian frequency comb. Figure 6.1(c) shows the generated spectrum

in this scheme.  Our filter tuning experiments utilize a pair of nominally identical comb

generators designed for approximately Gaussian spectra. From Eq. (6.1), the filter

response is sensitive to the difference in the frequency dependent optical phase of the

combs.  Minimum filter bandwidth is obtained if the combs are identical so that their

spectral phases cancel.  Although simulations indicate that the filter shape is robust

against minor differences in the drive conditions of the two comb generators,

nevertheless, we attempt to generate two combs that are as close to identical as possible.

The modulation indices on the phase modulators are matched by monitoring and

comparing the individual optical spectra, and the indices of individual intensity

modulators are set by monitoring their outputs on an RF spectrum analyzer as the bias

conditions are changed.  Next the RF phase (delay) between modulators is set by

observing the comb with both RF and optical spectrum analyzers.  By watching for

certain key signatures (e.g., a minimized comb line or harmonic), it is possible to very

accurately set the proper bias and delay conditions and make the two combs very similar

in terms of amplitudes and phases.
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Fig. 6.1(d) shows the frequency response of the RF photonic filter, measured using a

vector network analyzer (VNA), and overlaid with a simulation based on Eq. (1.2) and

the measured comb spectrum.  As expected, we see two Gaussian-like passbands

separated by the filter FSR.  Fiber dispersion produces a tap delay of T = 96 ps and a

corresponding FSR of 10.4 GHz.  The passband centered at 10.4 GHz has a 3-dB

bandwidth of 750 MHz, with stopband attenuation of over 28 dB. Overall the measured

filter function is close to the simulated response based on the comb spectrum, with

confirms the predicted Fourier transform relationship.

As above, one of the combs is single-sideband modulated (but now with suppressed

carrier), while the other remains unmodulated but is provisioned with controllable delay.

A key observation is that since the two comb generators are driven at the same RF

frequency, the relative delay of the generated optical trains is governed by the relative

phase shift of the respective RF drive signals.  Analog RF phase shifters are available that

can vary phase over a 2π range with >50 MHz modulation bandwidth.  By utilizing such

a phase shifter, the delay of the generated comb can be electronically tuned over a full

comb period in tens of nanoseconds.

6.2. Experimental results

Figure 6.1(e) demonstrates rapid tuning of the optical delay between combs.  The

experiment is set up so that initially the two comb signals are overlapped in time (top

panel).  A step input to the control port of the RF phase shifter induces a change in the

relative delay.  As seen from the bottom panel, one of the optical pulse trains is shifted in

this example by 20 ps (corresponding to ~20% of the comb repetition period) in < 30ns.

This permits tuning of the RF filter response within a comparable time span, substantially

faster than conventional RF tunable filter technologies with potential for high selectivity.

Figure 6.1(f) shows quasi-static tuning of the filter.  By changing the control voltage

into the phase shifter by only 0.75 V, the filter passband is shifted 3 GHz.  The varying

gain is attributed to the periodic optical filter used for carrier suppression in the SSB-SC

block that also attenuates RF sideband signals that are close to the carrier.  Important

points are (a) the passband shape, bandwidth, and stopband attenuation (~30 dB) are

similar to the filter response of Fig. 6.1(d), and (b) these quantities remain largely
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unchanged when the filter is tuned.  In accord with the predictions of eq. (6.1), the filter

frequency may be tuned independently of the passband shape; this greatly simplifies

high-speed tuning of such filters.  This property has been demonstrated previously using

a microwave delay-line filter with complex coefficients [81,82], but implementation

complexity limited these filters to 2 taps, and fast tuning was not reported.

The novel blend of electronic technologies and optics in our setup enables tuning

simultaneously at high speed and over broad bandwidth.  To view the response of such

rapidly time varying filters, a time domain measurement technique (as opposed to

pervasive frequency domain methods based on network analyzers) is absolutely required.

Here we present two fast filtering demonstrations.

In the first demonstration, an RF test waveform in which a 3.7 GHz tone and a 1.8

GHz carrier subject to a 600 Mb/s binary phase shift keying modulation are

superimposed and input into the SSB-SC modulator, and a high speed control signal is

connected to the control port of the phase shifter. Figure 6.2(a) shows a high level view

of the RF signal at the output of the photodiode and of the control signal to the RF phase

shifter (shifted to account for the filter latency).  The control signal comprises three

different voltage levels that tune the filter to three different center frequencies.  Zoomed-

in sections of oscilloscope traces of the filter output, corresponding to high and mid level

control voltages for which 3.7 and 1.8 GHz input signals are individually selected, are

shown in Figs. 6.2(b) and 6.2(c), respectively.  The low control voltage tunes the filter to

a frequency band not present on the input signal, and the filter output goes low.  Figure

6.2(d) shows a spectrogram of the data set, which provides an intuitive visual

representation of the time-frequency character of the filtered signal. The spectrogram of

the oscilloscope data was computed using a sliding FFT window of 20.4 ns duration, with

contour lines drawn at 5-dB intervals down to 20 dB.

The different frequency components superimposed at the input are now separated in

time, and the presence of modulation on the 1.8 GHz signal is clearly evident as an

increased bandwidth.  Examination of the rapid transitions between output frequency

components reveals that the filter is able to switch within 40 ns, limited by the response

time of the RF phase shifter.  Such rapid filter tuning is unprecedented in RF photonics
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and is substantially beyond the demonstrated capabilities of any known high selectivity

filter technology.

In the second demonstration, an RF test waveform in which a 2.5 GHz tone and a 4

GHz tone are superimposed and input into the SSSB-SC modulator and a high speed

control signal is connected to the control part of phase shifter. Similarly to (1), Fig. 6.3(a)

shows the oscilloscope signal. Fig. 6.3(b) is the close up of the 2.5 GHz signal part and

Fig. 6.3(c) is the close up of the 4 GHz signal part. Fig. 6.3(d) shows the spectrogram

which indicates the filter switching speed is 40 ns.
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V

Fig. 6.1. Achieving rapid electronic frequency tunability of the RF filter using a dual-
comb approach.  a, Method to achieve rapid tunability using a dual comb scheme, b,
Experimental scheme to directly generate a quasi-Gaussian shaped optical frequency
comb. c, Experimentally measured optical spectrum of the frequency comb generated
from b, and d, Measured (blue) and simulated (red) RF filter response using this comb.
The vertical dashed lines depict individual Nyquist zones, where p is the zone number,
explained under Methods. e, Experimental results showing the programmable rapid delay
tuning between the two combs by applying a rapid step to the RF phase shifter, f, Tuning
the center frequency of the RF filter by changing the voltage to the phase shifter (quasi-
static case)



57

400 600 800 1000 1200 1400 1600

Si
gn

al
(1

V/
D

iv
) Control to phase shifter

605 610 615
-2

0

2

Si
gn

al
(V

)

805 810 815
-2

0

2

Time (ns) Time (ns)

Time (ns)

-15 -10 -5 0

0
1
2
3
4
5

Fr
eq

ue
nc

y
(G

H
z)

400 600 800 1000 1200 1400 1600
Time (ns)

<-20

Normalized Power (dB)

(a)

(b) (c)

(d)

Fig. 6.2. Rapid frequency tunability of the RF filter.  a, Measured oscilloscope signal
demonstrating rapid switching between different frequency bands. Also shown is the
control signal input to the phase shifter. b, Close up of a first waveform part of the signal
- a 3.7 GHz RF tone c, Close up of a second waveform section – a 1.8 GHz RF tone
undergoing binary phase shift keying at 600 Mb/s. d, Spectrogram representation of the
filtered signal, highlighting  rapid switching between different frequency bands.
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Fig. 6.3. Rapid frequency tunability of the RF filter (two-tone switching).  a, Measured
oscilloscope signal demonstrating rapid switching between different frequency bands.
Also shown is the control signal input to the phase shifter. b, Close up of a first waveform
part of the signal - a 2.5 GHz RF tone c, Close up of a second waveform section – a 4
GHz RF tone. d, Spectrogram representation of the filtered signal, highlighting  rapid
switching between different frequency bands.
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7. SUMMARY AND DISCUSSION

In summary, we have demonstrated high quality 10 GHz flat-topped and Gaussian

optical frequency combs with a series of intensity and phase modulators. Launching the

Gaussian pulse from Gaussian-shaped comb into a length of HNLF with normal

dispersion in the optical wave-breaking regime, we generate flat-topped optical frequency

comb with ultrabroad bandwidth (>3.64 THz or 365 lines within 3.5 dB power variation),

which covers the whole C-band. Exploiting the flexible electro-optically generated

optical frequency combs, we have demonstrated several new principles for RF photonic

filters.  A novel nonlinear optics approach enhances both the bandwidth and shape of

combs, leading to >60 dB MSSR and >70 dB RF stopband attenuation in a fixed filter

geometry.  Switching of optical delay under electronic control leads to extremely rapid

(~40 ns) tuning of the filter response.  We have also demonstrated 20 ns bandwidth

reconfiguration of the RF photonic filter.

Some possible future improvements to extend the work in this dissertation are listed

as follows:

1. Employing 10 GHz optical frequency comb limits the frequency span of our RF

photonic filter that is free from Nyquist spurs to 5 Ghz, half of our 10-GHz comb

repetition frequency [14]. We expect to increase the spur-free range of our RF

photonic filters by employing higher frequency optical modulators.

2. Our filters exhibit approximately 40 dB RF insertion loss at 0.5 mA photodetector

current, which is not good enough for practical applications [41].  However,

increasing the photodetector current can decrease the RF insertion loss

accordingly.  Some possible solutions are using special low Vπ modulators, high

current handling detectors and low noise optical amplifier.
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3. Although we have demonstrated new principles of RF photonic filters, the huge

size of the filters prevents it from being in the commercial stage. However,

photonic integration circuit (PIC) technology is mature, enabling integrating

intensity modulators, phase modulators, optical amplifier, and many other

components in our comb-based filter setup on a single chip possible in order to

shrink the size.

4. We have demonstrated 20 ns RF bandwidth reconfiguration of our filter. The key

enabling point is employing an electronically programmable RF variable

attenuator with rapid switching speed.  Using an alternative RF variable attenuator

with faster switching speed will help achieve RF photonic filtering with <20 ns

RF bandwidth reconfiguration.

5. We have demonstrate 40 ns RF passband frequency tuning of our filter. Similar to

4, using an alternative phase shifter with faster switching speed will help achieve

RF photonic filtering with <40 ns passband frequency tuning speed.

6. We have achieved microwave photonic filtering with > 61 dB MSSR.  Further

enhancing the MSSR, for example >100 dB MSSR is very challenging.

Simulation indicates three strategies are helpful to enhance the MSSR.

 Increase the number of taps, equivalent to apply more phase modulation.

 Narrow the pulse in time domain, equivalent to apply more intensity

modulation.

 Improve the phase profile for time to frequency mapping, equivalent to apply

quasi-quadratic phase instead of sinusoidal phase.

Based on these three strategies, we starts with the scheme in section 5.2 and try to

figure out schemes for higher MSSR with some minor modifications. For convenience,

we use IMa to represent the intensity modulator biased at half Vπ driven with half Vπ RF

amplitude. We use IMb to represent the intensity modulator biased at maximum

transmission driven with Vπ RF amplitude.

(1) 1 IMa + 1 IMb + 1PM

Figure 7.1. shows the simulation results based on the scheme shown in Figure 5.2(a).

Details about this scheme has been discussed in section 5.2. Figure 7.1.(a) shows the
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comb spectrum driven by sinusoidal phase, the same as in chapter 5.  Figure 7.1(b) shows

the comb spectrum with the phase we correct to quasi-quadratic profile for a good time-

to-frequency mapping. The comb spectrum is very obviously narrowed.  Fig. 7.1(c)

shows the RF filtering transfer function with comb 7.1(a) and comb 7.1(b) respectively.

With comb 7.1(a), the expected filter response has a MSSR of 75 dB, 14 dB larger than

our experimental result plotted in Fig. 4.3(c), due to the practically imperfect control of

DC bias on IMs and power handling on both IMs and PMs. However based on

simulation, we expect after improving the phase profile from sinusoidal to quasi-

quadratic for comb 7.1(b), the MSSR of filtering response is improved by 10 dB.

(2) 2 IMa+1 IMb+ 1PM

Now based on the original scheme (1), let us add one IMa to narrow the pulse in time

domain and see how the filter works.  Figure 7.2(a) shows the comb spectrum driven by

sinusoidal phase.  Figure 7.2(b) shows the comb spectrum with quasi-quadratic phase

profile. The combs do not look much different from those in Fig. 7.1.  Fig. 7.2(c) shows

the RF filtering transfer function with comb 7.2(a) and comb 7.2(b) respectively. With

comb 7.2(a), the filter response has a MSSR of 115 dB, 40 dB larger than the one with

single IMa.  After improving the phase profile from sinusoidal to quasi-quadratic for

comb 7.2(b), the MSSR of filtering response is increased to 130 dB!

(3) 2 IMa+1 IMb+ 2 PM

Now let us add one more phase modulator based on scheme (2). Fig. 7.3 (a) shows

the comb spectrum driven by sinusoidal phase.  Figure 7.3 (b) shows the comb spectrum

with quasi-quadratic phase profile. With either sinusoidal phase or quasi-quadratic phase,

the number of taps is significantly increased. Fig. 7.1.3 (c) shows the RF filtering

transfer function with comb 7.3(a) and comb 7.3(b) respectively. With comb 7.3(a), the

filter response has a MSSR of 122 dB. After improving the phase profile from sinusoidal

to quasi-quadratic for comb 7.3(b), the MSSR of filtering response is increased to 145 dB!

This scheme is very promising. The system setup is shown in Fig. 7.4 (a).

A key note here is we should be careful of the ratio between the first and second

harmonics signals for quasi-quadratic phase generation.  In chapter 2, the power of
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second harmonic signal is 24 dB lower than the power of first harmonic signal for

generating quasi-quadratic phase.  However, since nonlinear process is involved in this

scheme, for applying quasi-quadratic phase on the second cascaded FWM term, the

power difference in the comb generator is not 24 dB any more.

We set the phase shifter in the red dashed module in Fig. 7.4(a) so that the phases to

both combs from f1 (: 1 ) and f2 (: 2 ) before the single-mode fibers are proportional to:

1 2 cos(2 ) cos( )t t      

Since we choose the length of SMF so that one pulse is delayed half period with

respect to the other. Then after the SMF, we can regard 1 reminds the same, but

2 cos(2 ) cos( )t t    

After the nonlinear process in the HNLF, we select the second cascaded FWM comb

term whose phase is proportional to

1 23 2 cos(2 ) 5 cos( )t t        

which is quasi-quadratic phase.     (7.3)

So α = 3.2. Then the power difference is 20*log10(3.2)= 10.1 dB. This means for

maximum modulation index, we put the power of first harmonic signal on each phase

modulator to 30 dBm. The power of second harmonics signal on each phase modulator

should be about 20 dBm.  Then the results in Fig. 7.3. would be expected.

Now we investigate how if we change the power ratio between the first and second

harmonic signals.  After a large amount of simulations, we find that we can get larger

MSSR through optimizing the ratio between the first and second harmonic signals to 0.8,

which means the power difference is -1.9 dB as shown in Figure 7.4(b-d).  Figure 7.4 (b)

shows the comb spectrum with quasi-quadratic phase profile (α=3.2).  Figure 7.4 (c)

shows the comb spectrum with α=0.8. The number of taps is decreased.  Fig. 7.4 (d)

shows the RF filtering transfer function with comb 7.4(b) and comb 7.4(c) respectively.

With comb 7.4(b), the filter response has a MSSR of 145 dB.  With comb 7.5(c), the

MSSR of filtering response is increased to 245 dB! This change is significant.

However we should notice largest modulation index should be applied to phase

modulators for optimal result.  In this case, if we put 30 dBm of first harmonic signal on

(7.1)

(7.2)

(7.3)
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one phase modulator, we should put about 32 dBm of second harmonic signal on the

phase modulator signal. Practically with our components, it is very difficult to put 32

dBm power of second harmonic signal on both phase modulators. So we propose to use

one phase modulator instead of two phase modulators in the setup in Figure 7.5.

Figure 7.5 (a) shows a proposed setup. Figure 7.5 (b) and (c) show the comb

spectrum with α=3.2, and α=0.8, respectively. Fig. 7.5 (d) shows the RF filtering transfer

function with comb 7.5(b) and comb 7.5(c) respectively. With comb 7.5(b), the filter

response has a MSSR of 130 dB.  With comb 7.5(c), the MSSR of filtering response is

increased to 200 dB.

Implementing these ideas is challenging experimentally. Low loss electro-optic

intensity and phase modulators should be used in order to make sure the optical power at

the Er-Yb doped high power amplifier before HNLF to >1mw level in order to make the

signal amplified. Specially designed dispersion flattened highly nonlinear fiber should

help for optimum performance [83].
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Fig. 7.1. Simulation results of RF photonic filtering with 1 IMa + 1 IMb + 1 PM (scheme
in chapter 4). (a) Comb spectrum driven by sinusoidal phase, (b) Comb spectrum driven
by quasi-quadratic phase, (c) RF filter transfer function. Blue: with comb (a), red: with
comb (b).
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Fig. 7.2. Simulation results of RF photonic filtering with 2 IMa + 1 IMb + 1 PM. (a)
Comb spectrum driven by sinusoidal phase, (b) Comb spectrum driven by quasi-quadratic
phase, (c) RF filter transfer function. Blue: with comb (a), red: with comb (b).
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Fig. 7.3. Simulation results of RF photonic filtering with 2 IMa + 1 IMb + 2 PM.  (a)
Comb spectrum driven by sinusoidal phase, (b) Comb spectrum driven by quasi-quadratic
phase, (c) RF filter transfer function. Blue: with comb (a), red: with comb (b).
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