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ABSTRACT

Photonic generation of ultra-low phase noise and frequency-tunable microwave or millimeter-
wave (mm-wave) signals has been a topic of interest in the last few years. Advanced photonic
techniques, especially the recent advancement in photonic components, have enabled the
generation of microwave and mm-wave signals at high frequencies with a large tunable range
and ultra-low phase noise. In this thesis, techniques to generate microwave and mm-wave
signals in the optical domain are investigated, with an emphasis on system architectures to

achieve large frequency tunability and low phase noise.

The thesis consists of two parts. In the first part, techniques to generate microwave and mm-
wave signals based on microwave frequency multiplication are investigated. Microwave
frequency multiplication can be realized in the optical domain based on external modulation
using a Mach-Zehnder modulator (MZM), but with limited multiplication factor. Microwave
frequency multiplication based on external modulation using two cascaded MZMs to provide a
larger multiplication factor has been proposed, but no generalized approach has been
developed. In this thesis, a generalized approach to achieving microwave frequency
multiplication using two cascaded MZMs is presented. A theoretical analysis leading to the
operating conditions to achieve frequency quadrupling, sextupling or octupling is developed.
The system performance in terms of phase noise, tunability and stability is investigated. To
achieve microwave generation with a frequency multiplication factor (FMF) of 12, a technique
based on a joint operation of polarization modulation, four-wave mixing and stimulated-

Brillouin-scattering-assisted filtering is also proposed. The generation of a frequency-tunable

- 1ii -



mm-wave signal from 48 to 132 GHz is demonstrated. The proposed architecture can even

potentially boost the FMF up to 24.

In the second part, techniques to generate ultra-low phase noise and frequency-tunable
microwave and mm-wave signals based on an optoelectronic oscillator (OEO) are studied. The
key component in an OEO to achieve low phase noise and large frequency-tunable operation is
the microwave bandpass filter. In the thesis, we first develop a microwave photonic filter with
an ultra-narrow passband and large tunability based on a phase-shifted fiber Bragg grating (PS-
FBG). Then, an OEO incorporating such a microwave photonic filter is developed. The
performance including the tunable range and phase noise is evaluated. To further increase the
frequency tunable range, a technique to achieve microwave frequency multiplication in an
OEO is proposed. An mm-wave signal with a tunable range more than 40 GHz is

demonstrated.
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CHAPTER 1 INTRODUCTION

1.1. Background

Microwave and millimeter waves (mm-waves) are electromagnetic waves with wavelengths
ranging from as long as centimeters to as short as millimeters, or equivalently, with frequencies
between about 3 GHz and 300 GHz. Generation of a microwave or mm-wave signal can find
extensive applications, ranging from emerging wireless communications [1-3] including high-
speed, point-to-point wireless local area networks, nomadic broadband wireless systems, and
inter-satellite links, to high speed optical communications, such as radio-over-fiber networks
[4-6], from military radar systems [7, 8] to high resolution automotive radars in transportation
areas [9-11], from bio-imaging for identifying cancers [12, 13] to test instruments. Markets for
microwave and mm-wave equipment are growing rapidly, which is estimated a 63%
compound annual growth rate 2011 to 2016. The global microwave and mm-wave market is

forecast to total $5.6 billion in 2016 [14].

Irrespective of various applications, a microwave or mm-wave source provides the heartbeat of
a microwave or mm-wave system, and the characteristics of a microwave or mm-wave source
play a crucial role in determining the performance of the applications. The most important
characteristics include wide operation band, large frequency tunability and ultra-low phase
noise performance. For example, in an advanced frequency hopping spread spectrum
communication system [15,16], wide operation band and large frequency tunability can
enhance the anti-interference capabilities, the security and the communication capacity of the

system. For microwave measurement instruments, large operation band and frequency



tunability can undoubtedly enhance the measurement integrity. The ultra-low phase noise
performance is also indispensable for many applications. For instance, in a radar system, phase
noise at an offset frequency ranging from tens of Hz to tens of MHz is important. For a
Doppler radar which identifies a moving target by measuring very small frequency changes in
the reflected microwave signal, detections of targets are affected greatly by phase noise [17].
Specifically, if a hostile target is traveling head-on towards radars at about 500 km/h and a
pulse in the X-band (10 GHz) is transmitted to identify the target, a difference in frequency
from the transmitted and the reflected of approximately 10 kHz could be produced. Practically,
given the power of the received is very small compared to that of the original signal, and to be
able to detect the target requires that the phase noise of the original signal at the 10 kHz offset
frequency must be lower than the power of the received signal. Otherwise, the returned signal
could be hidden in the phase noise of the carrier, and the probability of detection could be low.
For an airborne radar system, a severe issue is the echo from the ground, referred as “clutter”
[17]. The ratio of the clutter to the reflected signal from the desired target could be as high as
80 dB; therefore, a high phase noise in either a microwave transmitter or receiver would
aggravate significantly the difficulty in separating the useful signal from the “clutter”. Phase
noise can also affect a microwave data communications system [18, 19]. Since phase noise
also appears in the time domain as an undesirable timing jitter, phase noise on clock and data
signals would lead to high bit error rates. Reducing phase noise over an offset frequency from
a few kHz to tens or hundreds of MHz is significant in high speed data systems to increase

communication capacity and data rates.

Therefore, a microwave or mm-wave source with wide operation band, large frequency-

tunability and ultra-low phase noise is a key module in various microwave and mm-wave



systems. Conventionally, a microwave or mm-wave signal is generated using an electrical
oscillator [20, 21], consisting of an active gain device and a passive frequency-determining
resonant cavity. The active devices include a Gunn diode, an impact ionization avalanche
transit time (IMPATT) diode, a junction bipolar transistor, and a metal semiconductor field-
effect transistor (MSFET), providing sufficient gain in a oscillator loop and covering
frequencies up to 100 GHz or beyond. The high frequency limitation of these diodes is caused
by the relatively high junction capacitance, parasitic capacitance, and stray capacitance in
electrical circuits. Thus, the design and package of a high frequency diode become very
sophisticated and difficult. The passive resonant cavity is used to determine the oscillation
frequency. In a typical multiplied-up low-noise quartz oscillator, the resonant element is a
quartz crystal with a low resonant frequency of around 10 MHz. Thus, the oscillator’s
frequency must be multiplied by a factor of 1000 to operate at the X-band or the K-band. Such
a large multiplication factor unavoidably leads to a significant increase in the phase noise of
the generated signal [22]. Other resonators used in the microwave oscillators, like dielectric
resonators (DRs) [23], sapphire-loaded cavity resonators (SLCRs) [24], ceramic coaxial
resonators (CCRs) [20], surface acoustic waves (SAWs) [25], and bulk acoustic wave
resonators (BAWRs) [26]. Such oscillators can commonly enable the generation a microwave
signal with ultra-low phase noise. For example, microwave signals with the lowest phase noise
of -100 dBc/Hz at 1 Hz offset frequency ever reported have been achieved by a cryogenic
sapphire oscillator using high-Q whispering gallery mode sapphire resonators [27, 28];
however, to achieve ultra-low phase noise, complex laboratory-based equipment is required
and strict environmental conditions are also demanded. In addition, these oscillators have a
limited range of frequency tunability and usually generate a low-frequency signal. To enhance

the frequency tunability and the operation band, an yttrium-iron-garnet (Y1G) resonator whose
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resonant frequency in a uniform magnetic field is a linear function of the magnetic field
strength is employed in the cavity. By changing the magnetic field strength, YIG-tuned [29,
30] oscillators are capable of enabling wideband frequency tuning and low phase noise
simultaneously. To achieve ultra-high frequency mm-wave signals, frequency multipliers
could be cascaded with YIG-tuned oscillators. However, the drawbacks of a YIG-tuned
oscillator include low tuning speed, heavy weight, large footprint, high power consumption,
and relatively high cost [31]. To reduce power consumption, a permanent magnet is commonly
employed to boost magnetic field strength; however, such a permanent magnet bias could
narrow the tuning range of an oscillator. In addition, the relatively slow tuning response and

heavy weight could restrict the application of a YIG-tuned oscillator in certain practical areas.

Given the fact that it is difficult to fulfill the generation of ultra-low phase noise, wideband
frequency-tunable, and high-frequency microwave or mm-wave signals based on electrical
techniques, seeking photonic solutions has attracted a great attention in the past few years [32-
36]. Thanks to the unique advantages of high speed, ultra-broad bandwidth, low loss (the loss
in an optical fiber is in the order of 0.1 dB-km ', whereas in a coaxial cable the loss is almost 1
dB per 30 cm), low weight (optical fiber weighs only 2 kg-km ', whereas coaxial cable, in
contrast, weighs around 560 kg-km'.) and strong immunity to electromagnetic interference
offered by photonics [37], advanced photonic techniques have enabled the generation of
microwave and mm-wave signals at high frequencies with a large tunable range and ultra-low
phase noise. Various photonic approaches have been proposed to realize the generation of

microwave and mm-wave signals during the past a few years.



1.2. Photonic generation of microwave and millimeter wave signals

In the optical domain, a high frequency and wideband frequency-tunable microwave or mm-
wave signal can be generated by simply heterodyning two optical waves of different

wavelengths at a photodetector (PD), as shown in Fig. 1.1. Assume the two optical wave are

given by
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Fig. 1.1 Heterodyning of two optical waves of different wavelengths at a PD for the generation of a microwave

or mm-wave signal.

E (t)=E, cos(mt+¢), (1-1)
and
E,(t)=E,cos(mt+¢,), (1-2)

where E, and E, are the amplitude terms, @, and @, are the angular frequencies, ¢, and ¢,
are the phase terms of the two optical waves. The signal at the output of the PD can be written

as



1(t)=R[E () =RIE, (1)+ B, (1)

(1-3)
=RE +NRP, +2R Plecos[(co1 —w,)t+(4 —¢2)],

where R is the responsivity of the PD, B, and P, are the average power of the two optical

waves given the bandwidth of the PD is limited. Thus, the current at the output of the PD can

be expressed as
1, (t)=2RRP, cos[ (&, —,)t +(4 ;) | (1-4)

As can be seen from (1-4), a microwave or mm-wave signal with a frequency |co1 —a)2| is

generated. Thanks to the availability of laser diodes covering a wide wavelength range, a signal
with a frequency up to the THz band can be generated at the output of the PD. By tuning the
wavelength/frequency difference between two laser diodes, the frequency of the generated
signal is also changed. Given that the wavelengths of the laser diodes are at the 1550-nm
window, 1 nm in wavelength difference corresponds approximately to a frequency difference
of 125 GHz. Thus to generate a 10 GHz microwave signal, a wavelength spacing of 0.08 nm is

needed.

However, due to fact that the phase terms of the two optical waves from two independent free-
running laser sources are not correlated, the generated microwave or mm-wave signal would
have high phase noise since the heterodyning process will transfer the relative phase
fluctuations between the two optical waves to the generated microwave or mm-wave signal. To
improve the quality of the generated signal, the relative optical phase fluctuations must be
eliminated by making the phase terms of two laser sources or two wavelengths correlated.

Numerous photonic techniques to generate microwave or mm-wave signals with low phase



noise have been proposed in the last few years. All these techniques can be classified into four
categories [35]: 1) Optical injection locking (OIL), 2) Optical phase-lock loop (OPLL), 3)
Microwave generation using external modulation, 4) Dual-wavelength single-longitudinal-
mode (SLM) lasers. In addition, an ultra-low phase noise microwave signal can also be

generated using an optoelectronic oscillator (OEO).

1.2.1. Optical injection locking

To obtain a high-quality microwave or mm-wave signal based on optical heterodyning, the
phase terms of the two optical waves must be highly correlated which can be achieved through
phase locking. An approach to locking the two phase terms of the two independent free-
running lasers is optical injection locking (OIL) [38-42]. An OIL system typically includes a
master laser, two slaver lasers, an EO modulator, a reference RF source and a PD. Fig. 1.2

shows the schematic of an OIL system.
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Fig. 1.2 Schematic of an optical injection locking system.



As can be seen, the light wave from a CW laser source is sent to an electro-optic (EO)
modulator and is modulated by a RF signal applied to the modulator. Due to the nonlinearity of
the modulation, the signal at the output the EO modulator has several pairs of optical
sidebands. The signal from the EO modulator is then split into two paths, and the light wave of
each path is then sent into a slave laser. If the lasing mode (the laser sources are usually single
longitudinal mode lasers) of each of the free-running slave lasers is close to a certain sideband,
the lasing wavelength of the slave laser is then locked to that sideband, and the two slave lasers
are injection locked. For an OIL system, there are two important parameters which determine
the performance of the injection locking: the frequency detuning and the injection ratio. The
frequency detuning is the frequency difference between the frequencies of the injection
sideband and the free-running slave laser. The larger the frequency detuning is, the more
difficult the wavelength can be locked. The injection ratio is defined as a ratio between the
injected power from the master laser and that of the free-running slave laser. A higher injection

ratio would ensure a more stable injection locking.

1.2.2. Optical phase-lock loop

Another photonic technique for correlating the phase terms of the two free-running laser
sources is to use a phase lock loop [43-51]. Fig. 1.3 shows a scheme to achieve optical phase
locking of two free-running lasers. The system of the optical phase-lock loop includes two

lasers, a PD, a mixer, a reference RF source, and a low-pass filter.
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Fig. 1.3 Setup of a typical OPLL system.

As can be seen from Fig. 1.3, two optical waves are sent to the PD. At the output of the PD, a
beat note with a frequency equal to the frequency difference of the two lasers is generated. The
generated microwave signal is then mixed with a reference signal from the RF source and
filtered by the lowpass filter. The output of the filter, which is proportional to the phase
difference between the generated microwave signal and the reference signal, is then send to
one of two lasers to control its injection current for cancelling the relative phase fluctuation

between the two lasers.

Therefore, the phase terms of the two lasers are phase-locked and the beat note at the output of
the PD is phase-locked to the RF signal. To obtain effective phase locking, the feedback loop
should be short so that the feedback signal is capable of tracking the fast phase changes.
Otherwise, the rapid relative phase fluctuations between the two lasers would not be cancelled
and high phase noise at high offset frequency range would appear. In addition, the linewidth of
the two lasers should be narrow; otherwise the high frequency components in the relative

phase fluctuation of the two lasers would not be suppressed given a certain length of the loop.



Similar to the OIL scheme, the optical signal can be distributed over an optical fiber for remote
distribution of a microwave signal. Note that the frequency of the RF reference source is not
necessarily identical to the frequency of the generated microwave signal. In fact, if a harmonic
mixer is used, then the generated microwave signal could mix with a high order harmonic of
the RF reference signal, thus a relatively low frequency RF reference signal can be used. For
example, to generate a 60 GHz microwave signal, one may use a 10-GHz reference source, and
the sixth-order harmonic will be mixed with the beat note to produce a voltage signal to control

the phase of one laser.

Comparing the two methods, OIL and OPLL, we can see that OIL has no loop delay restriction
and the level of phase noise can be controlled by the injection levels into the two slave lasers,
but cannot follow long-term wavelength drift of the master laser; OPLL requires a very small
loop propagation delay to get an acceptable phase noise reduction if the linewidths of two
lasers are relatively wide. Thus, the combination of the two schemes, an optical injection
phase-lock loop (OIPLL) system, has been proposed [52-54] as a solution to increase the
locking range and to reduce the phase noise, with better performance than using a single OIL

or OPLL system.

Fig. 1.4 shows a block diagram that is a combination of OIL and OPLL. The light from the
master laser is modulated first and then split into two paths: one is injected into the slave laser
through the OIL path for injection locking; the other one combined with the light wave from
the injection-locked slave laser is launched into a PD. The output of the PD is then processed
in exactly the same way in a typical OPLL. The idea of the marriage of OIL and OPLL is to
phase lock the slave laser to the master laser through injection locking and use the phase-

locked loop to minimize the relative phase fluctuation between the master laser and the
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injection locked slave laser. Both advantages of OIL and OPLL are kept, allowing the locking

of wide-linewidth lasers with a wide locking range, even with considerable phase-lock loop

delay. However, it is obvious that using OIPLL would greatly increase the cost and complexity

of the microwave generation system.
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Fig. 1.4 Block diagram of a photonic microwave generation system that combines of OIL and OPLL.

1.2.3. External modulation

Optical path

Electrical path

1
PD

RF Source
¥ - _
Optical Notch
CW Laser > MZM | -P . ]
| Filters
4 _____
“--- dc bias

Fig. 1.5 Block diagram of external modulation for microwave generation.

Photonic generation of a microwave or mm-wave signal can also be achieved based on

external modulation [57, 58], by which the frequency of a low-frequency microwave signal
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can be multiplied up to a high frequency through frequency multiplication in the optical
domain. Fig. 1.5 shows a basic scheme of external modulation using one Mach-Zehnder
modulator (MZM) to achieve frequency doubling or quadrupling. A RF signal is applied to the
MZM via the RF port. The MZM is biased at the minimum transmission point (MITP) to
suppress the optical carrier when the phase modulation index is small. At the output of the
MZM, only two first-order sidebands are generated. By beating the first-order sidebands at a
PD, a frequency-doubled microwave signal is generated. If the MZM is biased at the maximum
transmission point (MATP), at the output of the MZM, an optical signal with the optical carrier
and two second-order sidebands are generated. By using an optical notch filter which is
typically a Mach-Zehnder interferometer [58] or a FBG [59] to remove the optical carrier, and
to beat the two sidebands at the PD, a frequency-quadrupled microwave signal is generated.
The key significance of external modulation is that the frequency of the generated microwave
or mm-wave signal can be continuously tuned by simply changing the frequency of the RF
source. Replacing the MZM in Fig. 1.5 with a phase modulator (PM) to achieve microwave
frequency doubling has also been proposed [60]. Since no bias is needed for the PM, the
system is immune to the dc bias drifting problem associated with an MZM, leading to better
long-term stability. The phase modulation index (PMI) must be small, otherwise, due to the
existence of high order sidebands when operating at a large PMI, undesired electrical
harmonics can be observed and the power penalty due to fiber chromatic dispersion would

occur when optical distribution of microwave signals over fibers are required

To generate a microwave or mm-wave signal with a higher frequency multiplication factor
(FMF), employing two cascaded [61-67] or paralleled [68, 69] MZMs, or two cascaded dual-

parallel MZMs [70-72] has been proposed. The multiplication factor can be as high as 8, which
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enables the generation of a high frequency microwave or mm-wave signal using a low-
frequency microwave source. By comparing these architectures, we know that the complexity
and the stability of external modulation using two cascaded MZMs are the smallest and the
best, respectively. A theoretical analysis and experimental demonstration leading to the
operating conditions to achieve frequency quadrupling, sextupling, and octupling using two

cascaded MZMs will be presented in Chapter 3 of the thesis.

Another configuration to achieve the generation of a high-frequency microwave signal is to use

a special EO modulator which is called a reciprocating optical modulator (ROM) [73, 74].

CW Laser .
Optical path
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Fig. 1.6 Block diagram of a photonic microwave generation system based on external modulation using a

reciprocating optical modulator.

Fig. 1.6 shows the scheme of an external modulation based system using a reciprocating
modulator. The ROM has two independent sets of electrodes, enabling the modulator to
modulate bidirectional light waves. Two fiber Bragg gratings (FBG1 and FBG2) are placed at
each end of the ROM. FBGI transmits the input light wave from a CW light source, but
reflects light waves in a specific optical frequency range; FBG2 also reflects light waves in a
specific optical frequency range, but transmits the sidebands which we aim to obtain. Thanks

to the two FBGs, the light wave goes through the modulator back and forth many times and is
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modulated multiple times to produce a larger number of sidebands. At the output of FBG2, two
sidebands with a large frequency difference can be generated, which enables a higher
frequency multiplication factor. However, due to the fact that the spectra of the FBGs are

fixed, the frequency tunability of the ROM-based external modulation is limited.

The generation of a microwave or mm-wave signal with a higher FMF can also be realized by
taking advantage of optical nonlinear effects in optical fibers [75-77] or semiconductor optical
amplifiers (SOAs) [78, 79]. In Fig. 1.5, if an erbium-doped fiber amplifier (EDFA) and a
highly nonlinear fiber (HNLF) or an SOA are placed between the modulator and the PD, the
power of the modulated light wave is boosted by the EDFA, leading to the occurrence of
various nonlinear phenomena [80] in the HNLF or the SOA, and consequently the generation
of a large number of the sidebands of the modulated light wave can be achieved. By beating
two sidebands with a large frequency difference at a high speed PD or photomixer [81-85], a
high frequency microwave or mm-wave signal can be generated with a large FMF. Thus, a
two-channel optical filter is required to select two desired sidebands and suppress all the other
sidebands. Such a two-channel optical filter is either wavelength fixed, resulting in small
frequency tunability, or very sophisticated to realize wavelength tunable, causing the increase

of the complexity of the system.

1.2.4. Dual-wavelength single-longitudinal-mode laser

A dual-wavelength SLM laser has the capability of directly producing two light waves of
different wavelengths. The phase correlation is better than two wavelengths generated using
two independent laser sources since the two light waves are generated in the same optical

cavity. An obvious advantage of using a dual-wavelength SLM laser is that the system is
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simpler. Based on the gain material of the laser cavity, a dual-wavelength SLM laser could be

a semiconductor laser [86-94] or a fiber laser [95-109].

Grating pitch1 _-Grating
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Fig. 1.7 Schematic of a typical dual-wavelength laterally coupled distributed feedback laser.

In a typical dual-wavelength SLM semiconductor laser, two FBGs with different grating pitch
are fabricated in the cavity [93]. The transmission peaks of the FBGs are different but fall into
the range of the gain spectrum of the laser, which guarantees that only two longitudinal modes
with different wavelengths can oscillate in the laser cavity. A typical schematic picture of the
dual-wavelength SLM semiconductor laser cavity is shown in Fig. 1.7, which is a laterally
coupled distributed feedback (DFB) laser cavity. Two gratings are on each side of the rib
waveguide. Because the two oscillating longitudinal modes are in the same cavity, two modes
are affected by much the same electrical, thermal and mechanical fluctuations, also known as
the common-mode-noise rejection effect. Therefore, the beat note of two modes can be
expected to be of narrow bandwidth and low phase noise. Additionally, by setting the values of
the two grating pitches, the frequency of the generated microwave or mm-wave signal can be

as high as several THz. However, as a compact and integrated semiconductor device, the
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frequency spacing of the two modes of the dual-wavelength SLM semiconductor laser cannot
be adjusted flexibly. In other words, the dual-wavelength SLM semiconductor laser can be
designed and fabricated for generating a frequency-fixed signal but with no or very small

frequency tunability.

A dual-wavelength SLM fiber laser can also be implemented using optical fiber with a ring or
a linear cavity structure. Based on different gain mechanisms in the loop, dual-wavelength
SLMs can be mainly divided into three categories: 1) EDFA-based dual-wavelength SLM fiber
lasers [95, 101] , 2) SOA-based dual-wavelength SLM fiber laser [102-104], and 3) stimulated
Brillouin scattering (SBS) gain-based dual-wavelength SLM fiber laser [105-109]. For all
these fiber lasers, the length of the ring is normally more than tens of meters, which gives a
very small longitudinal mode interval. For example, in a fiber ring laser if the length of the
whole ring is 20 meter, the longitudinal mode interval is only about 10 MHz. Thus, very
densely-spaced longitudinal modes could exist in the fiber loop, and a two-channel ultra-
narrow optical filter must be used to select only two modes to ensure a dual-wavelength SLM

oscillation.

In an EDFA- or an SOA-based dual-wavelength SLM fiber laser, to pick out the desired two
modes and to suppress all the other modes, various optical filtering solutions have been
proposed, such as the use of two ultra-narrow band FBGs [96, 97] based on an equivalent
phase shift technique [110, 111], a self-tracking ultra-narrow multi-passband filter based on a
fiber loop mirror with a saturable absorber [98], external optical feedback with different
diffraction gratings [99], or cascaded fiber-ring resonators with different free spectral range
(FSR) [102]. Note that for all these filtering solutions, a regular bandpass filter like a fiber

Fabry—Perot filter or a uniform FBG is always used to effectively suppress undesired modes.
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Due to various optical filters are incorporated in the fiber loop, tuning the wavelengths of the
two modes are difficult; therefore, the tunability of the frequency of the generated microwave

or mm-wave signal is accordingly limited.

The homogeneous line broadening of an EDFA that causes strong gain competitions at room
temperature [112] is another serious obstacle for achieving high performance microwave
generation. The powers of two longitudinal modes are not stable, and consequently, the
generated microwave or mm-wave signal becomes unstable. One solution is to cool the erbium
doped fiber down to cryogenic temperature in liquid nitrogen [113]. However, this technique is
not easy to fulfill for practical applications. Another solution is to jointly use an EDFA and an
SOA. The SOA is biased in its low-gain regime. Since an SOA has much weaker
homogeneous line broadening as compared with an EDFA, the incorporation of an SOA in the
laser cavity would greatly reduce the gain competition of the two modes [103]. A fiber laser
can also be implemented using only an SOA to provide the gain. The gain competition is again
much smaller. The major limitation of using an SOA as the sole gain medium is the high
optical noise generated by the SOA, which will be translated to the generated microwave
signal. In addition, the heat caused by the pump current may make the gain fluctuate, which

would deteriorate the quality of the generated microwave or mm-wave signal.

Therefore, microwave generation using either an EDFA-based or an SOA-based dual-
wavelength SLM fiber laser has some clear drawbacks such as poor stability, small frequency

tunability, and high noise.

For an SBS-gain-based dual-wavelength SLM fiber laser, on the other hand, no optical filters

with ultra-narrow bandwidths are required because the bandwidth of the SBS-gain spectrum is
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intrinsically narrow, only several or tens of MHz [80]. Fig. 1.8 shows schematic of a typical
SBS dual-wavelength SLM fiber laser. As can be seen the fiber loop is pumped by two CW
laser sources through an optical circulator (OC). The two pump waves provide two SBS gains
with different central wavelength determined by the wavelengths of the pump waves. Thanks
to the narrow bandwidths of the SBS gain spectra, two longitudinal modes will be generated in
the loop. A key advantage of using an SBS-gain-based dual-wavelength SLM fiber laser for
microwave signal generation is that the frequency of the generated microwave or the mm-wave
signal can be easily controlled by changing the wavelengths of the two pump waves. A
drawback of this method is the frequency drift of the generated microwave signal, since the
wavelength drifts of the pump waves will be directly reflected as the frequency drifts of the

two lasing modes.
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Fig. 1.8 Schematic of a typical SBS dual-wavelength SLM fiber laser.

1.2.5. Optoelectronic oscillator

In addition to the techniques to heterodyne two optical waves at a PD to generate a microwave

or mm-wave signal, a microwave or mm-wave signal with a high spectral purity can also be
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generated using an optoelectronic oscillator (OEO) [114-117]. Compared with the techniques
using injection locking, phase-lock loop, or external modulation, the use of an OEO can
generate a microwave or mm-wave signal without the need of a reference microwave source.
A typical OEO is shown in Fig. 1.9, which consists of a CW laser source, an OE modulator, a
single-mode fiber (SMF), a PD, an electrical bandpass filter and a microwave power amplifier

(PA). The length of SMF can be very long to increase the Q factor.
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Fig. 1.9 A typical optoelectronic oscillator.

The light wave from the CW laser source is introduced into the EO modulator and modulated
by the noise signal from the PA. The output of the modulator is passed through the long SMF
and detected with the PD. The output of the PD, which is the recovered modulation signal, is
filtered by the bandpass filter, amplified by the PA and fed back to the EO modulator. For
certain frequencies, if the loop gain exceeds the loss for the circulating signals in the loop and
the phase increments of these frequencies are multiples of 2w after each circulation; these
frequencies will be sustained in the OEO loop. Once the OEO starts a self-sustained
oscillation, a microwave or mm-wave signal can be generated. The phase noise performance of

the generated signal is determined by the Q factor of the OEO loop. Due to the low loss of a
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SMF, a long SMF loop up to tens of km could be used in an OEO to generate a microwave or
mm-wave signal with an ultra-low phase noise. However, a long SMF would cause a large
number of closely-spaced eigenmodes. To ensure a single-frequency oscillation, an electrical
bandpass filter of an ultra-narrow passband (~kHz), or a high-Q filter, is required to select a
desired frequency and to suppress the others. To ease the requirement for a high-Q electrical
bandpass filter, the use of multiple loops in an OEO has been proposed [118-123]. Thanks to
the Vernier effect, the effective mode spacing can be significantly increased. However, due to
the multiple loop nature of the configuration, such an OEO would have higher system
complexity and poorer system stability. More importantly, the frequency tunability would
become complicated due to the fact that many loops are incorporated in the OEO. Another
solution to suppress undesired modes and ensure a single-frequency oscillation is to use an
injection-locked dual-OEO [124-127]. The injection-locked dual-OEO uses a master long-loop
multi-mode OEO to injection lock into a slave short-loop signal-mode OEO. At the output of
the slave OEQ, a single-frequency microwave signal with a significantly reduced phase noise

can be achieved. However, similar to a multi-loop OEQ, the frequency tunability is limited.

To achieve a high-Q OEO without using a long fiber, a solution is to use a whispering gallery
mode (WGM) resonator [128-134]. Thanks to the ultra-high Q factor offered by the WGM
resonator, a microwave or mm-wave signal with ultra-low phase noise can be generated. Due
to the small size of the WGM, the size of the OEO can be controlled small. Fig. 1.10 shows a
miniaturized OEO developed by OEwaves in which a lithium niobate WGM resonator is

employed.
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Fig. 1.10 Miniature OEO incorporating a lithium niobate WGM resonator (from OEwaves [133, 134]).

Since an electrical bandpass filter has to be used in these approaches, there are two limitations.
First, the tunability is limited. Since an electrical bandpass filter is usually not tunable or the
filter becomes very complicated and costly, the OEO using an electrical bandpass filter has a
small frequency tunable range. The tuning is usually realized by slightly changing the mode
spacing of the OEO [135-137], realized by changing the loop delay using a dispersive optical
fiber [135], or a slow light element [136]. The tuning can also be realized by using a Fabry-
Perot etalon [137]. The frequency tunable range can be several or tens of MHz, limited by the
narrow bandwidth of the electrical bandpass filter in the loop. Another solution is to utilize a
magnetically tunable filter such as an yttrium-iron-garnet (YIG) filter [138], with a center
frequency tunable over a much wider frequency range of tens of GHz by varying the strength
of the magnetic field. However, the bandwidth of the YIG filter is usually tens of MHz, so that
a multiple loop structure has to be employed to avoid multiple eigenmode generation [139]. In
addition, the fluctuations of the magnetic field strength would lead to the variations of the

center frequency of the filter, leading to the frequency fluctuations of the generated microwave
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or mm-wave signal. To avoid using an electrical or magnetic filter, an equivalent frequency-
tunable microwave photonic filter in an OEO has been proposed [140-145]. For example, a
Fabry-Perot laser diode (FP-LD) is employed to serve as a tunable high-Q microwave photonic
bandpass filter [140]. Due to the external injection, the FP-LD selectively amplifies one of the
modes, and high-Q frequency selection is ensured. The frequency tuning is realized by either
changing the wavelength of the incident light wave or the longitudinal modes of the FP-LD.
The major limitation of the technique is the mode hoping in the FP-LD, which may deteriorate
the frequency stability of the generated microwave signal. In [142, 145], a high-Q microwave
photonic bandpass filter is formed based on phase-modulation to intensity-modulation (PM-
IM) conversion by jointly using a phase modulator and a linearly chirped FBG. The frequency
tuning is realized by tuning the dispersion of the linearly chirped FBG [146, 147]. To ensure a
large frequency tunable range, the dispersion must be tuned in a large range, which is hard to
realize for a practical system. In [144], a high-Q spectrum-sliced photonic microwave
transversal filter is proposed and demonstrated. The high-Q photonic microwave transversal
filter is implemented using a sliced broadband optical source and a dispersive element, to
perform a frequency-tunable microwave filter. The central frequency of the microwave filter is
a function of the wavelength spacing of the sliced optical source and the chromatic dispersion
of the dispersive element. Therefore, the oscillation frequency can be tuned by changing either
the channel spacing of the sliced broadband optical source or the chromatic dispersion of the

dispersive element.

Second, the frequency of the generated microwave signal is relatively low. Due to the fact that
the central frequency of an electrical bandpass filter with a 3-dB bandwidth of a few MHz or

less is usually low, and the bandwidth of an EO modulator and a PA is usually a few tens of
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GHz [148-150], the frequency of the generated microwave signal is low. To increase the
frequency of the generated microwave or mm-wave signal, a solution is to use frequency
multiplication in an OEO [139, 151-154]. For example, in [151], two CW lasers at 1550 and
1310 nm are used. Thanks to the wavelength dependence of the half-wave voltage of an EO
modulator, the modulator is biased at the quadrature transmission point (QTP) for the
wavelength at 1310 nm to produce a low-frequency oscillation signal, and at the MITP for the
wavelength at 1550 nm to generate a frequency-doubled signal. In [152], a special phase
modulator that can support both TE and TM modes with opposite phase modulation indices
[155] is employed to realize frequency doubling. The special phase modulator is also known as
a polarization modulator, whose bias status is dependent on the polarization status of the light
wave. Therefore, by controlling the polarization statuses of two light waves from the same
laser source, two bias statuses of the modulator can be achieved. One light wave travels in the
OEO loop where the modulator is biased at the QTP to generate a low-frequency microwave
signal, while the other goes through the modulator which is biased at the MITP for realizing

frequency doubling.

Although many solutions have been proposed to either increase the frequency of the generated
microwave signal or improve the frequency-tunable range, no methods have been proposed

before to solve both problems simultaneously.

1.2.6. Comparison of approaches to photonic microwave generation

All the methods introduced above for generating microwave and mm-wave signals are
summarized in Table 1.1. The methods are compared in terms of frequency, frequency

tunability, frequency stability, and system complexity.
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TABLE 1.1 COMPARISON OF DIFFERENT METHODS TO GENERATE MICROWAVE OR MM-WAVE

SIGNALS IN THE OPTICAL DOMAIN

Method Frequency | Tunability Stability Complexity
OIL <100 GHz Fair Fair Medium
OPLL <100 GHz Fair Fair Medium
Semul:onductor ~THz Fair Good Low
aser
Fiber laser
Dual- )
wavelength | (using EDFA or ~THz Poor Poor High
SLM laser SOA as gain)
Fiber laser
~THz Good Fair Medium
(SBS-gain)
<100 GHZ
(no optlcal Good Excellent Low
nonlinear
effects)
External
modulation <1THz
(assisted with
optical Fair Excellent High
nonlinear
effects)
OEO <100 GHz Fair Good Low

From Table 1.1, we can see that different methods have their own advantages and

disadvantages. As far as frequency tunability and stability are concerned, microwave
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generation based on external modulation or optoelectronic oscillation is a better and more

suitable solution for practical applications.
Our proposed OEO
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Fig. 1.11 Phase noise comparison of different photonic and electrical techniques to generate X-band microwave
signals. All methods operate at 10 GHz except the combination of OIL and OPLL that operates at 36 GHz, and
the miniature OEO at 30 GHz.

The comparison of the phase noise performance of approaches to photonic microwave

generation is shown in Fig. 1.11 [21, 54, 67, 134, 156]. The phase noise curves of a
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conventional dielectric resonator oscillator and a multiplied-up quartz oscillator are also plotted

for comparison.

The phase noise performance of the generated microwave signal using an EDFA-based and
SOA-based dual-wavelength SLM fiber laser is not included, since the generated microwave is
so unstable that the phase noise measurement is hard to be realized. From Fig. 1.11, the
combination of OIL and OPLL has the highest noise, and the OEO employing 16 km SMF
provide the best phase noise performance except many undesired frequency peaks at offset
frequencies higher than 10 kHz, which are the densely-spaced oscillation modes due to the
long SMF. The state of art electrical techniques still beat most photonic approaches, but at the

cost of small tunability.

The phase noise performance of a generated microwave or mm-wave signal can be further
improved by tens of dBc/Hz using a solution called all-optical frequency division [157, 158].
Such a frequency division is accomplished by phase-locking a passively-locked femtosecond
laser to an ultra-stable continuous wave optical reference. The phase locking could transfer the
phase noise of the ultra-stable optical reference to the timing between the femtosecond laser
pulses, and hence to a microwave signal acquired by beating two adjacent comb lines from the
phase-locked femtosecond at a PD. Due to the phase locking, the phase noise of the generated
microwave could be reduced by a factor of a ratio of the frequency of the optical reference to
that of the microwave. Detailed description can be found in [159-163]. However, such a

method is extremely complicated and cannot be widely used in practical applications.
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In short, it has been demonstrated that photonic techniques are promising solutions to generate
microwave or mm-wave signals with a high frequency, large frequency tunability, and ultra-

low phase noise.

1.3. Major contributions of this thesis

Photonic techniques to generate microwave or mm-wave signals with improved phase noise
performance and increased frequency tunability are proposed and experimentally demonstrated

in this thesis.

First, techniques to generate microwave and mm-wave signals based on photonic microwave
frequency multiplication are studied. Photonic microwave frequency multiplication can be
realized based on external modulation using a MZM, but with limited multiplication factor.
Although external modulation using two cascaded MZMs to realize microwave frequency
multiplication has been proposed, the multiplication factor is still small and no generalized
approach has been developed. In this thesis, a generalized approach to achieving microwave
frequency multiplication using two cascaded MZMs is presented. A theoretical analysis
leading to the operating conditions to achieve frequency multiplication with a larger
multiplication factor, including frequency sextupling and octupling, is developed. The system
performance in terms of remote generation of the microwave signals, phase noise, tunability
and stability is investigated. Then external modulation assisted by optical nonlinear effects to
achieve a higher frequency multiplication factor is also investigated. A technique to generate
microwave generation with a frequency multiplication factor of 12 based on a joint operation
of polarization modulation, four-wave mixing and stimulated-Brillouin-scattering-assisted

filtering is proposed and experimentally demonstrated. The generation of a frequency-tunable
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mm-wave signal from 48 to 132 GHz is achieved. The proposed architecture can even

potentially boost the FMF up to 24.

Second, techniques to generate ultra-low phase noise and frequency-tunable microwave and
mm-wave signals based on an optoelectronic oscillator (OEO) without using any electrical
filter are investigated. In the thesis, we first develop and demonstrate a microwave photonic
filter (MPF) with an ultra-narrow passband and large tunability based on a phase-shifted fiber
Bragg grating (PS-FBG). Then, an OEO incorporating such an MPF is tested. The
performance including the tunable range and phase noise is evaluated. To further increase the
frequency tunable range, a technique to achieve microwave frequency multiplication in an
OEO is proposed. An mm-wave signal with a tunable range more than 40 GHz is

demonstrated.

1.4. Organization of this thesis

The thesis consists of eight chapters.

In Chapter 1, a brief review of the techniques for photonic generation of microwave and mm-

wave signals is introduced. The major contributions of the work in the thesis are presented.

In Chapter 2, fundamentals about external modulation and OEO for microwave generation are

presented.

In Chapter 3, external modulation using two cascaded MZMs is studied. A theoretical analysis
leading to the operating conditions to achieve frequency quadrupling, sextupling or octupling

is developed. Frequency sextupling and octupling are experimentally demonstrated, and the
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performances of the techniques in terms of phase noise, tunability and stability are also

evaluated.

In Chapter 4, photonically assisted microwave frequency twelvetupling with a large tuning
range by a joint operation of external modulation, four wave mixing (FWM), and SBS-assisted
filtering, is proposed and demonstrated. An mm-wave signal of a frequency up to 132 GHz is

generated.

In Chapter 5, an approach to implementing a narrow-passband and frequency-tunable
microwave photonic filter based on phase-modulation to intensity-modulation (PM-IM)
conversion is proposed and experimentally demonstrated. Then two modified microwave
photonic filter setups with an improved spurious free dynamic range (SFDR) are proposed, one

of which is then experimentally demonstrated.

In Chapter 6, the incorporating the tunable microwave photonic filter in an OEO to form a

frequency-tunable OEO is experimentally presented.

In Chapter 7, the implementation of an optically tunable frequency-multiplying OEO by
employing external modulation in the frequency-tunable OEO achieved in Chapter 6 is

investigated and experimentally demonstrated.

Finally, a conclusion is drawn in Chapter 8 with recommendations for future work.
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CHAPTER 2 THEORETICAL FUNDAMENTALS

The work in the thesis is implemented based on two techniques: external modulation and
optoelectronic oscillation. Thus, the fundamentals of external modulation and optoelectronic

oscillation are introduced here.

2.1. External modulation using a Mach-Zehnder modulator

External modulation (see Fig. 1.5) is capable of generating two phase-correlated wavelengths
for heterodyning at a photodetector (PD) to produce a microwave or mm-wave signal. It was
first proposed and experimentally demonstrated by O'Reilly et al. [57] to use external
modulation to generate a frequency-doubled signal. In the experiment, a Mach-Zehnder
modulator (MZM) was biased at the minimum transmission point (MITP) to keep only two
dominant first-order sidebands [57] for frequency doubling. To achieve a higher frequency
multiplication factor (FMF) of four, O'Reilly et al. biased the MZM at the maximum
transmission point (MATP) to only keep the two dominant second-order sidebands and the
optical carrier. Then a Mach-Zehnder interferometer was used to remove the optical carrier for
realizing the frequency quadrupling [58]. However, the frequency tunability of the generated
microwave signal is limited due to the fixed free spectral range (FSR) of the Mach-Zehnder
interferometer. To avoid using an Mach-Zehnder interferometer, Qi et al. proposed to use a
narrow-bandwidth fiber Bragg grating (FBG) to remove the optical carrier [59]. Since the FBG
has a narrow bandwidth and its central wavelength is not required to be tuned, the system

provides good frequency tunability. The use of a phase modulator (PM) has also been
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proposed to achieve microwave frequency doubling [60]. The key advantage of using a PM is
the better long-term stability, since a phase modulator is not biased, which makes the system
immune to the dc bias drifting problem. However, due to the existence of high order sidebands
when operating at a large phase modulation index (PMI), undesired electrical harmonics can be
observed and the power penalty due to fiber chromatic dispersion would occur when optical
distribution of microwave signals over fibers are required. On the other hand, the low optical
extinction ratio of the MZM caused by the imperfect optical divide ratio would cause an
imperfect elimination of unwanted optical sidebands, which would degrade the optical
sideband suppression ratio (OSSR) and the electrical spurious suppression ratio (ESSR). In
order to realize a higher optical extinction ratio, Kawanishi et al. proposed a specially designed
MZM whose optical extinction ratio can be as high as 70 dB [164-166]. Two dc-driven sub-
MZMs as two active optical intensity trimmers are incorporated in the two arms of the main
MZM to perfectly balance the light intensity travelling through the arms to improve the
extinction ratio. However, since this special modulator requires the control of three dc bias
voltages, an extra care is needed to avoid the bias fluctuations which would cause the
appearance of the undesired sidebands and the degradation of the phase noise of the generated
microwave signal. An alternative solution is to use an AlGaAs/GaAs-waveguide-based
polarization modulator (PolM) [155]. A PolM is a special phase modulator that supports both
transverse electric (TE) and transverse magnetic (TM) modes with opposite phase modulation
indices (PMIs). By connecting the PoIM with a polarizer, an equivalent MZM 1is achieved.
Since no dc bias is needed, the PolM-based system is free from bias drifting problem which

guarantees a more stable operation.
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2.1.1. Mathematical description of external modulation

The experimental schematic of a conventional external modulation is shown in Fig. 2.1, it
consists of a continuous wave (CW) laser source, an MZM, a polarization controller (PC), an
erbium doped fiber amplifier (EDFA), a microwave source, a microwave power amplifier (PA)
and a PD. A low-frequency microwave drive signal from a microwave source is amplified by
the PA, and applied to the MZM. The PC is used to minimize the polarization-dependent
insertion loss of the MZM. The EDFA is used to compensate the loss in the system. A

wavelength-fixed FBG notch filter would be also incorporated if the optical carrier has to be

removed.

Fig. 2.1 Experimental schematic of the conventional external modulation system.

We start our analysis from a general expression of the electrical field at the output of the MZM
driven by a low frequency microwave signal with a small phase modulation index (PMI). The
optical extinction ratio of the MZM is assumed to be infinite. When the incident light wave is

Eocos(w,t), the microwave signal is Vcos(wmt+@), the electrical field E(¢) at the output of the

MZM can be expressed as

Microwave |
Source 3
¥
W
PC !
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E(t) o« E, {cos[a)ot + pcos(o t+ @)+ CD] + cos[a)ot — fcos(w, t+ go)]}
= E, cos(®/2)x
{cos(m,t+@/2) ], ()

S (-1)"J,, (ﬂ)[cos(a)ot +2n(w,t+ @)+ D/2)
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+cos(a)ot—Zn(a)mt+go)+@/2)]} (2-1)

+ E,sin(@/2)x

(1) o (B){[ cos[ @t +2n—1)(@,t + )+ D12]

n=1

+cos|wt—(2n—1) (@, + @)+ @/2]}

where Ej is the electrical amplitude of the incident lightwave, V' is the amplitude of the drive
signal, @, and wy, are respectively the angular frequencies of the light wave and the microwave
drive signal, J; is the i™-order Bessel function of the first kind, @ 1s the phase of the microwave
drive signal applied to the MZM, @ is an additional phase difference between the two optical
signals from the two arms of the MZM which is introduced by the bias voltage. And S is the

PMI, equal to nV72V, where V. is the half-wave voltage of the MZM.

From (2-1), we can see that if @ is 0, which means the MZM is biased at the MATP, all the
odd-order sidebands would be suppressed; if @ is w, which means the MZM is biased at the
MITP, all the even-order sidebands would be suppressed. As long as the PMI is small, the
high-order sidebands are negligible. Therefore, when the MZM is biased at the MATP and the
optical notch filter is used to remove the residual optical carrier, only the two dominant
second-order sidebands would be considered. By beating the two second-order sidebands at the
PD, a frequency-quadrupled microwave signal can be generated; when the MZM is biased at
the MITP, only the two dominant first-order sidebands would be considered. By beating the

two first-order sidebands at the PD, a frequency-doubling microwave signal can be generated.
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Thanks to the frequency multiplication, the generated frequency-multiplied microwave signal
can be expressed as V' 'cos[ Nowt+Ngp], where V' is the amplitude of the generated signal, and N
is the frequency multiplication factor (FMF), which is two and four for frequency doubling and
quadrupling. By tuning the frequency of the microwave source, wp, the frequency of the
frequency-doubled or quadrupled microwave signal, Nown, can also be changed. Practically, the
lower limit of the frequency tunable range is determined by the bandwidth of the notch of the
optical notch filter, while the upper limit of the frequency tunable range is determined by the

bandwidth of the MZM and the PA.

For the signal from the microwave source, Vcos(wmt+¢), ¢ also is the phase deviation from

the nominal phase 2wt . In the frequency domain, we define ¢ , the Fourier transform of the
phase deviation ¢. Then the power spectral density S, ( f ) of the phase fluctuations is given

by
10log, [ S, (f)]=10log,| (¢, _..7, 2-2)

Similarly, the power spectral density of the phase fluctuations S [ £} of the frequency-

multiplied microwave signal is given by

10log,, [Séﬁ ( f\] =10log,, [(N(/j
=20 loglo (N(, (2-3)
=20log,, ((, _10 (N)

=10log,,[ S, (/) ]+20log,, (N)
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From (2-3), we can see that due to the frequency multiplication, the phase noise of the

frequency-multiplied microwave signal is theoretically degraded, causing an increase of

20log,, (N ) from the original phase noise of the signal applied to the MZM.

2.2. Optoelectronic oscillator

An OEO (see Fig. 1.10), which is a ring oscillator with both electrical and optical paths, was
first proposed by Yao et al [115, 116]. In the OEO, the light wave is modulated by the input
electrical signal Vi,(7) via the EO modulator. Note that at first the input electrical signal is the
internal noise from the electrical devices in the loop. The modulated light wave is then delayed
by the single mode fiber (SMF) and recovered at the output of the PD. The signal at the output
of the PD is filtered by the bandpass filter and fed back into the input of the PA to be
recombined with the input signal. If the net round trip gain is greater than or equal to unity, and
the phase increments of certain frequencies of the input signal after each loop are some
multiples of 2m, those frequency components will add resonantly and build up faster to start
oscillating. The narrow bandpass filter in the loop is used to select one oscillation frequency,

ensuring that the OEO operates at a single stable frequency oscillation.

2.2.1. Mathematical description of the optoelectronic oscillator

In order to determine the output signal V,(?) of the OEO, we need to study the signal

evolution of the OEO over a single loop first. Assume the loss of the OEO is L, and the gain is

G, the delay of the OEO loop is 7, the frequency response of the bandpass filter is i and its

"/

inverse Fourier transform is F(¢), the output signal after circulating the loop once becomes
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Vlt+7)= [ GLV,, ()F (t—s)ds (2-4)
Then the input signal Vi,(¢) is added to (2-4) to obtain the oscillator signal after one round trip
Vot +7)= [ GLV,, ()F (t—5)ds +V,,(¢) (2-5)
For convenience, we can apply the time shift ¢ to #-7 to (2-5) to obtain

Vou®=]" GLV,, (t=7)F(t =7 =s5)ds+V,,(t—7) (2-6)

Practically, G is a decreasing function of Vyu(f). As the oscillating signal increases, the round
trip gain decreases until, at equilibrium, the gain saturates and the oscillating signal remains
constant with each round trip. In this stable equilibrium condition, the round trip gain becomes
a constant value G(V5), where V5 is the amplitude of the oscillator signal at equilibrium.

Replacing G with G(V5) in (2-6) gives

V) =GW)L[ ",

out

(t—1)F(t—t—s)ds+V, (t—7) (2-7)

The Fourier transform of (2-7) is

J

out \77/ NS/ out \TT /T O\YY TN J YT T T \TT ) TN U YT (2-8)

and | are the Fourier amplitudes of the oscillating input and output

/ out \77/

where ...

signals. It is noted that (2-8) is obtained by assuming that the oscillating signal remains

unchanged from one round trip to the next at equilibrium.

Based on (2-8), at equilibrium, the output signal spectrum is
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From, (2-9), we can see that the delayed feedback in the OEO loop acts as a first-order finite-

impulse-response (FIR) filter.

The relative power spectral density of the oscillator's equilibrium output signal can be

expressed as
l~0ut A /|
B (0)=———
3 1
= m — (2-10)
I_G(VS)LI \Y™/ T\ _ja)z-) R
_ LA
1+‘G(VS)L]~\V"/| _lv\' S/~‘~\""/ TYTNTYTY T
where R is the OEO’s output impedance and
B, (w)=—"-" 2-11
(@)= e-1)

is the input signal power density. The relative power spectral density S(w), as the power

spectral density P(w) divided by the total signal power P_ (@) . The total signal power is

osc

P, =] Po}do (2-12)

The relative power spectral density can be written as
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S(w) = " - ) (2-13)
]‘+‘G(Vg)L1 \"Vll _l"\' ST AT T T
where
P (w
P (w)=—’;)( ) (2-14)

osc

is the relative input power spectral density.

The input signal of the OEO comes from noise in the active devices in the OEO, including the
laser, the PA and the PD. These noises are entirely additive noise, consisting of thermal noise,
shot noise and laser noise [167-170]. Regardless of the noise sources, the input signal is treated

as white noise. Then the relative input power spectral density of the OEO, p, (@), becomes a

constant p, , which is the relative white noise level.

In a typical OEO, the narrow bandpass filter ensures that the OEO’s power spectrum lies in a
narrow range (~MHz) around the filter’s center frequency (~GHz). Since the filter’s bandwidth

is much smaller than its center frequency, we define an offset frequency /' =(w—-®, )/ 27,

osc

where @, is the central oscillating frequency of the OEO. Assume that the amplitude of the

frequency response of the bandpass filter is constant over its bandwidth, the OEO's relative

power spectral density becomes

S(f")= S ' (2-15)
1+|G | -2|G |cos(27 f'7)

within the filter’s bandwidth, where G, = G(V VLI .

.
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Eq. (2-15) is capable of providing qualitative analysis of the power spectral density of the

OEO. Obviously, the denominator of (2-15) is periodic in offset frequency f”. The peak value

of the power spectral density of the oscillating OEO is

S =P 2-16
max (1_ G )2 ( )

s

when f'=n/7, where n is an integer.

In a typical OEO, (1-G,)<<1 so that S>> p, . Therefore, at equilibrium, the peak power
density of the oscillating signal of the OEO is much larger than the white noise level. The
offset frequencies that satisfy f'=n/z are the resonant modes of the OEOs. Obviously, the

mode-spacing of the OEO is simply 1/1. And the bandwidth of the passband filter should be

narrow enough to ensure single mode oscillation of the OEO.

If we do Taylor expanding to the denominator in (2-15) around f’=0and keep terms up to

second order in f”, we will have

' P
S(f)= -
1+[G[ -2|G [ 1-2(z /7Y |
(2-17)
= pn
(1-1G.I) +|G.|(227)
which is a Lorentzian with a full width at half-maximum (FWHM) given by
1-1G,
M ey = (2-18)
77,J|G,
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Then, (2-17) can be rewritten as

Smax H |f’| << Af‘FWHM /2
S ') = Smax ! (2-19)
(f P — S>> My 1 2
G |(27f'7)
For (2-17), by using the normalization condition
0 127
[sunar= [ s(df =1, (2-20)
—00 -1/27
we have
1-|G [ ~2[1-]G[]=p, /7 (2-21)

We assume that the spectral width of the oscillating frequency is much smaller than the mode

spacing 1/7 , which is true in the real world, so that the integration over one mode spacing is

sufficiently accurate. In addition, in a typical OEO, p, <<1 and (1 -G, ) << 1. Substituting (2-

21) in (2-17), the OEQ's relative power spectral density can be rewritten as

S(F) = P 2-22
v (p,/2t) +(2zf'7) (22)

and (2-19) can also be expressed as

47* ,
pi ) |f |<< A g 12
S(fN= " 2-23
f) o ’ (2-23)
W , VA BV —)

- 40 -



From (2-23), we can see that for the offset frequencies much less than the FWHM frequency,
the power spectral density, namely, the phase noise, of the oscillating frequency of the OEO is
approximately constant; for the offset frequencies much larger than the FWHM frequency, the
phase noise of the oscillating frequency is inversely proportional to the square of the delay and
the offset frequency. However, in practice, the FWHM frequency is extremely small (~mHz),
leading to a offset frequency range corresponding to the constant phase noise is too small to be
measured using even the most sensitive carrier suppression techniques [171-173]. Therefore

the flat region of the phase noise predicted theoretically here is never observed practically.

In addition, it is obvious from (2-23) that for a fix offset frequency, the phase noise decreases
quadratically with the loop delay time. However, the phase noise will not drop to zero no
matter how large the delay becomes, because, at a large delay, assumptions for (2-21) will not

be correct, and (2-22) and (2-23) are not valid anymore.

More importantly, from (2-22), we can also know that the phase noise of the OEO is
frequency-independent, which is a significant advantage and different from the frequency-
multiplying methods by which the phase noise of the generated signal approximately increases

quadratically with the frequency.
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CHAPTER 3 EXTERNAL MODULATION USING
TWO CASCADED MACH-ZEHNDER MODULATORS

Microwave frequency multiplication based on external modulation using two cascaded Mach-
Zehnder modulators (MZMs) has been considered an effective solution for high-frequency and
frequency-tunable microwave signal generation. Different techniques have been demonstrated,
but no generalized approach has been developed. In this chapter, a theoretical analysis leading
to the operating conditions to achieve frequency quadrupling, sextupling or octupling is
developed. Depending on the bias of the two MZMs, the maximum transmission point
(MATP) or the minimum transmission point (MITP), there are four bias combinations: 1)
MATP, MATP, 2) MITP, MITP, 3) MATP, MITP, and 4) MITP, MATP, with each
combination leading to a different multiplication factor. Experimental verifications are then

provided to validate the analysis.

3.1 Principle of the frequency multiplication based on external

modulation using two cascaded Mach-Zehnder modulators

A system using two cascaded MZMs to achieve microwave multiplication is shown in Fig. 3.1.
The system consists of a continuous wave (CW) laser source, two MZMs, a tunable optical
phase shifter (TOPS), two polarization controllers (PCs), an erbium doped fiber amplifier
(EDFA), and a photodetector (PD). A low-frequency microwave drive signal from a
microwave source is divided into two paths by a power divider, amplified by two microwave

power amplifiers (PAs), and applied to the two MZMs. A tunable electrical phase shifter

4D -



(TEPS) can be used between one PA and the corresponding MZM to replace the TOPS. The
functions of the TOPS and the TEPS are the same, which will be explained further on in this
section. The two PCs are used to minimize the polarization-dependent insert losses of the two
MZMs. A wavelength-fixed fiber Bragg grating (FBG) notch filter would be also incorporated

in some cases to remove the optical carrier, which will be explained later.

Microwave
Source

........

i filter |

pepepp——

Fig. 3.1 Schematic diagram of the proposed microwave frequency multiplication system based on external

modulation using two MZMs. ESA: electrical spectrum analyzer.

Each MZM is biased at the MATP or the MITP to suppress all the odd-order or the even-order
sidebands. The cascade of two MZMs would lead to four bias combinations: 1) MATP,
MATP, 2) MITP, MITP, 3) MATP, MITP, and 4) MITP, MATP. By properly controlling the
power of the drive signals applied to the two MZMs and the phase shift introduced by the
TOPS or the TEPS, only two dominant sidebands would remain at the output of the second
MZM (MZM?2). Depending on the different bias combinations, the frequency spacing of the
two sidebands could be four, six, or eight times the frequency of the drive signal. By beating
the two sidebands at the PD, a frequency quadrupled, sextupled or octupled microwave signal

can be generated.
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In the following, based on the theoretical analysis presented in Section 2.1, we will perform a

theoretical analysis for the setup shown in Fig. 3.1 for four different bias point combinations.

3.1.1 MATP and MATP

The two MZMs are both biased at the MATP, that is, the additional phase difference between
the two optical signals from the two arms of the i MZM ®=0 for i=1, 2. According to (2-1),

the signal E/(¢) at the output of the first MZM (MZM1) can be written as

E (1) EyJ, (B,)cos(a,t)
—EyJ,(B)cos((w, —2w,)t —2¢,) (3-1)
—EyJ,(B)cos((o, +2m,)t +2¢,)

where E) is the electrical amplitude of the incident light wave, @, and w,, are respectively the
angular frequencies of the light wave and the microwave drive signal, J(B) is the i™-order
Bessel function of the first kind, f; is the phase modulation index (PMI) applied to MZM1 and
¢ is the initial phase of the drive signal applied to MZM1. When the lightwave is traveling
through the TOPS, a phase difference ¢ between the two adjacent even-order sidebands would

be introduced and the electrical field £,'(¢) at the output of the TOPS can be written as
E,'(t) < EyJ, () cos(a,t +24)
—EyJ, (B,)cos((w, —2w,)t =20, + ¢) (3-2)

—EyJ, (B,)cos((@, +2m,)t +2¢, +3¢)

E/'(?) is then sent to MZM2. The electrical field E,(¢) at the output of MZM2 is given
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(@]

os((w, —2w,)t+¢—2p,)

cos((@, —2m,)t +2¢—2¢,)

()
) cos(
)cos(
)cos(a) t+¢-2¢, +2q02)
)cos(
) cos(

o]

o1 +24) (3-3)

where £, is the PMI applied to MZM?2 and ¢ is the initial phase of the drive signal applied to
MZM2. If two conditions, ¢+2¢—2¢p=(2k+1)m, k is an integer, and f,=(,=F are satisfied, we

have Jo(f1))2(B2)=Jo(52)2(f1) and (3-3) can be simplified into

E,(t) < E, {J;(,B)cos((a) —4w, )t +¢—20,—2p,)
+[ Ji (B )]cos(a)ot+2¢) (3-4)
+J5 (B )cos((a) +4w )t+3¢+2¢1+2(p2)}

As can be seen only the carrier and the fourth-order sidebands are present. In addition, if

Js (B)=2J; (), that is f=1.6995, is satisfied, then the optical carrier will be suppressed and

only the fourth-order sidebands will remain. By beating the two fourth-order sidebands at the
PD, a signal with a frequency that is eight times the frequency of the drive signal can be

generated, which is called frequency-octupled signal. The FMF is eight.

If the condition J; (8)=2J; () is not satisfied, the optical carrier will appear which will

become dominant as £ is decreasing. An alternative solution to remove the optical carrier is to

use a FBG wavelength-fixed notch filter, which is shown in Fig. 3.1.
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In addition to the dominant fourth-order sidebands, if f1=£>,=f~1.6995 and there is no optical
carrier signal, there would also exit sixth-order sidebands. In the optical domain, the optical
sideband suppression ratio (OSSR) in this case, OSSRy 47p.m47p can be given by

OSSR, 115 ssare = 2010g;, LBV D) _ 53 5549 (3-5)
J (B, (B)

Otherwise, a FBG notch filter with a notch depth of D dB can be used to remove residual

optical carrier, correspondingly the OSSR47p p47p Would be given by

OSSRMATP,MATP = 2Ologlo [/ 2 (ﬁz )Jz 631 )]

2 2 (3-6)
~Max {20log o[/, (B}, ()], 20l0g,[J; (8) = 2J3 ()] - D

where Max() denotes the maximum value in the parentheses.

50
®. T © g
O r o
x P e $=1.6995,
S OSSRy47paa17=23.5240 dB
g -50
3
s
<-100d  ------- D=50 dB
4 — — —-D=40dB
Q D=30 dB
-150
,200 | | | |

| | | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Phase modulation index, f

Fig. 3.2 Theoretical relationship between OSSRMATP, MATP and the phase modulation index 3 when a FBG
notch filter with a notch depth of D.
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According to (3-6), the theoretical relationship between the OSSRy47p147p and the PMI S is
shown in Fig. 3.2 given three different values of D. The OSSRy47p 147 Will increase first and
then decrease as the PMI £ increases. As the values of D increase, the value of £ needed to
achieve a maximum OSSRyrpmarp decrease. In the electrical domain, undesired harmonics
would be generated by beating two fourth-order sidebands and the optical carrier or the two
sixth-order sidebands. Thus, the ESSRuurpmare would be no less than OSSRyuirpsarr—

1010g10(2).

3.1.2 MITP and MITP

The MZMs are both biased at the MITP, that is, @=n for i=1, 2. According to (2-1), the signal

at the output of MZM1 can be written as

E (1)< EJ,(B)sin((w, — o)t — @ )+ EJ, (B,)sin((@, + @,)t +¢,) 3-7)
If a phase difference ¢ between the two sidebands is introduced by the TOPS, we have

E(t)c EJ, (B)sin((@, — o)t — @, + @)+ EJ, (B,)sin((o, + @, )t + ¢, +2¢) (3-9)
The optical signal is then sent to MZM2. The electrical field at the output of MZM2 is

E, (t)OCEoJ1 (181)*]1 (ﬂz){cos((a)o =20, )t+p—, _q’z)
+cos(of+P— @ +@,)

3-9
+cos(@,t+2¢+ ¢, —,) 39

+cos((@, + 20, )t +2¢+ @, + goz)}

If the phase condition ¢+2@—2p=(2k+1)m is satisfied, Eq. (3-9) can be simplified into
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E, (1) By (5) (£ ){cos (@, —2@,)t + 6~ = 0,)

(3-10)
+cos((@, + 2w, )t + 20+ @, + @, )}

By beating the maintained second-order sidebands at the PD, a frequency-quadrupled signal
would be generated and the FMF is four. If the condition is not fully satisfied, the optical

carrier would appear which can be removed by the FBG notch filter.

In addition to the dominant second-order sidebands, there could also exist the fourth-order
sidebands, the OSSR u7p 7P can be given by

S (B, (B, 5B,
OSSR yrp srp = 20l0gy, % = 20log,, J}—gj (3-11)

3.1.3 MATP and MITP

MZM1 is biased at the MATP with @,=0, and MZM2 is biased at the MITP with @=n. The
electrical fields at the outputs of MZM1 and the TOPS are identical to (3-1) and (3-2). The

electrical field at the output of MZM2 can be expressed as

E, (t) o EoJ, (132){']2 (ﬂl)sm((a)o —30,)t+9-2¢, _%)
)sin((@, — @,)t+ =20, + @, )

)sm((a)o —a)m)t+2¢—(02) (3-12)
)sin((@, + @,,)t +2¢+ @)

)sin((@, + @, )t +34+ 20, - @,)

)si

+
+ (a)0+3a)m)t+3¢+2gol+¢)2)}

If the PMI condition Jo(51)=/2(f), that is f1=1.8412 and phase condition ¢-2@+@+2kn=2¢-

O, 302 01— =2 ¢+ r+2km, that is ¢+2 -2 @,=2km are satisfied, (3-12) can be simplified into
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E, (1) E, {Jz(ﬂl)Jl(ﬂz)Sin((a’o 3o )t+¢-20,-9,)

(3-13)
+J,(B),(B,)sin((o, +3w,)t+3¢+ 20, + ¢,) }

As can be seen only the third-order sidebands remain. By beating the third-order sidebands at
the PD, a frequency-sextupled signal would be generated. The FMF is six. Considering the fact
that f1=1.8412 is relatively large, the neglected fourth order sidebands at the output of MZM 1
would generate the fifth-order sidebands at the output of MZM2, which would contribute to the
generation of the frequency-doubled and the frequency-octupled signals at the output of the

PD. It is theoretically calculated that the OSSRy 47p07p and the ESSRy47p aurp Would be given

approximately by
OSSR, 1 1p sure = 20l0g jz—(ﬂl) ~21.9669 dB (3-14)
4\F
and
ESSR, 10 surp = OSSR, y7p i —1010g,, 2 = 18.9566 dB (3-15)

3.1.4 MITP and MATP

MZM1 is biased at the MITP with @=n, and MZM?2 is biased at the MATP with @=0. The
electrical fields at the outputs of MZM1 and the TOPS are identical to (3-7) and (3-8). The

electrical field at the output of MZM2 can expressed as
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(8,)si
( )s1n(( — O, )t+¢—¢)1)
(,)sin((®@, — @,)t+2¢+ ¢, —2¢,)
—J,(B,)sin((w, + @,)t+¢— @, +20,)
(8,)sin((@, + ®,)t+2¢+¢,)
(,)sin((@, +30, )t+2¢+¢1+2(p2)}

(3-16)

+
—+

<

If the PMI condition Jo(5)=/2(f2), that is pr=1.8412 and phase condition 2¢+@—2@p=¢—
o +2kn, -2 2kn=2¢+@,, that is @+2¢p—2¢=2kn, are satisfied, Eq. (3-16) can be

simplified into

E, (t)OCEOJl(ﬂl){JZ (ﬂz)sm((a)o -3o, )t+¢-¢ _2(92)

(3-17)
+J,(B,)sin((, +3w,)t+ 26+ ¢+ 20,) }

As can be seen only the third-order sidebands are kept and the other sidebands are suppressed.
By beating the two third-order sidebands at the PD, a frequency-sextupled signal would be

generated and the FMF is six.

Similar to the case in Section 3.1.3, the frequency-doubled and the frequency-octupled signals
at the output of the PD would be also generated due to the existence of the fifth-order
sidebands. The theoretical OSSRyrpmarp and  the ESSRyurppare Would also be as same as

those in the previous case in Section 3.1.3.

The conditions required for generated only two dominant optical sidebands using two MZMs

which are biased at different modes are summarized in Table 3.1.

For the four cases discussed above, the phase condition @¢t+2@—2¢=(2k+1)m or ¢+2¢—

2¢=2kn can be realized by using a TOPS. As a matter of fact, it can also be satisfied by using
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a tunable optical delay line to change ¢ or a TEPS mentioned before to change ¢; or ¢,.

Therefore, the functions of the TOPS and the TEPS are equivalent.

TABLE 3.1 CONDITIONS FOR GENERATING ONLY TWO OPTICAL SIDEBANDS USING TWO MZMS
BIASED AT DIFFERENT MODES.

Conditions
PMI Phase FMF
Bias modes
MATP+MATP Br=pr=B~1.6995 F2 02—k ) 8
MITP+MITP NONE H2 02 =k ) 4
MATP+MITP Jo(B1)=L(b), f1=1.8412 2012 pr=2kn 6
MITP+MATP J()(ﬂz):.jz(ﬂz), ﬂzzl 8412 ¢+2 ¢1—2 (02:2](7'[ 6

3.2 Performance evaluation of the generated frequency-multiplied

microwave signals

Experiments based on the setup shown in Fig. 3.1 are performed, and the generation of
photonic frequency-sextupled and frequency-octupled signals is conducted. The frequency of
the drive signal is set to be 4.25 GHz. Both the optical spectra at the output of MZM?2 and the
electrical spectra of the generated signals at the output of the PD are recorded. We also
transmit the optical signals at the output of MZM2 through a 20 km SMF and compare the

corresponding optical and electrical spectra of the remote signals to evaluate the transmission
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performance of the system. To evaluate the phase noise performance, the single-side-band
phase noise of the generated local and remote signals is measured. In addition, the frequency
tunability and the system stability are also investigated. Furthermore, based on the frequency

octupling and the high speed PD, we generate a 0.1 THz signal.

3.2.1 Transmission evaluation

In the experiments of the generation of the frequency-sextupled signals, one MZM is biased at
the MITP, and the other MZM at the MATP. Fig. 3.3(a) shows the measured optical spectra of
the generated third-order sidebands at the output of MZM2 and after 20 km fiber transmission
in the case in Section 3.1.3. During the measurement, the EDFA is used to compensate the
fiber loss after 20 km fiber transmission. We can clearly see that the two third-order sidebands
are dominant in the optical spectra and experience no significant degradation after 20 Km fiber
transmission. The electrical spectra of the generated 25.5 GHz local and remote signals are
shown in Fig. 3.3(b) and Fig. 3.3(c) respectively, whose spectral spans are 40 GHz and 100
Hz. A conclusion can be reached that using this system a remote frequency-sextupled signal
can be generated and exhibits as good spectral purity and narrow linewidth as a local signal
does. The power of the 25.5 GHz signal is approximately 18.9 dB (Fig. 3.3(b)) greater than
that of the next largest component, which are close to the theoretical value of 18.9566 dB. The
linewidth of the generated signal is only a few Hz (Fig. 3.3(c)). Fig. 3.3(d)-(f) are the results in

the case in Section 3.1.4 and also confirm the same conclusions mentioned above.
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Fig. 3.3 (a), (d) Measured optical spectra of the third-order sidebands; (b), (¢) Measured 40 GHz-span electrical

spectra of the generated 25.5 GHz signals. The resolution bandwidth (RBW) is 3 MHz; (¢) (f) Measured 100
Hz-span electrical spectra of the generated 25.5 GHz signals. The resolution bandwidth (RBW) is 1Hz ((a)-(c)
and (d)-(f)) refer to the cases of Section 3.1.3 and 3.1.4 respectively. The blue and red lines refer to the local

and remote signals, respectively).
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In the experiment of the frequency octupling, both MZMs are biased at the MATP to suppress

all the odd-order sidebands. Although theoretically no optical filters are need, in our

experiment to avoid using a high-power microwave amplifier to realize J; (8)=2J; (/) and

the optical carrier suppression, a FBG notch filter will facilitate the suppression of the residual
optical carrier. The notch depth D of the FBG notch filter is about 40 dB, the PMI p=1.43.
According to (3-6), the maximum OSSRy.47pm4rp 1S approximately equal to 26.7940 dB, and
the ESSRyarpmarp 1S approximately equal to 23.7837 dB when the PMI f~1.43. From Fig.
3.4(a), we can clearly see that at the output of MZM2 there are dominant fourth-order
sidebands, as well as the residual optical carrier that is then removed by the FBG notch filter.
After 20 Km fiber transmission, the optical spectrum barely experiences degradation. The
electrical spectra of the generated 34 GHz signal are shown in Fig. 3.4(b) and Fig. 3.4(c), with
45 GHz and 100 Hz spectral span respectively. The power of the frequency-octupled local
signal is respectively 23.51 dB greater than that of the next largest component, which agrees

well with the theoretical value of the ESSRy47p 1147p, 23.7837 dB.

Intensity (dBm)

1550.98 | ‘ 155123 ‘ | 1551.48
Wavelength (nm)

(a)
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Fig. 3.4 (a) Measured optical spectra at the output of MZM2 (dash-dotted purple line) and the notch filter (solid
blue and red dotted lines); (b) Measured 45 GHz-span electrical spectra of the generated 34 GHz signals. The
resolution bandwidth (RBW) is 3 MHz; (c) Measured 100 Hz-span electrical spectra of the generated 34 GHz
signals. The resolution bandwidth (RBW) is 1Hz. (The blue and red lines refer to the local and remote signals,

respectively)
3.2.2 Phase noise evaluation

The phase noise power spectrum density of the generated frequency-multiplied signal based on

the external modulation can be given theoretically by (2-3), in practical, it should also include

some residual noise of the system. Thus, the phase noise power spectrum density, S( f ) , of

the generated microwave signal can be written as,
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10log,,[ S(f)|=10log,[ S.(f)]+20log,,(N)+10log,[ S, (/)] (3-18)

where Sc(f) and S;s(f) are the power spectrum density of the drive signal and the residual noise
of the system, respectively. Therefore, the multiplied phase noise of the drive signal and the
residual phase noise of the system both contribute to the phase noise of the generated signal. If

condition

S ()<< N?S,(f) (3-19)

is satisfied, the third term in the right-hand side of (3-18) can be neglected and the phase noise

of the generated signal is approximately equal to that of the drive source plus 20log;o(N); if
Sres (f) >> NzSe (f) (3_20)

is satisfied, the first two terms in the right-hand side of (3-18) can be neglected and the phase

noise of the generated signal is approximately determined by the residual noise of the system.

To evaluate the phase noise performance of the generated frequency-multiplied signal, we
measure the single-side-band phase noise of the 34 GHz frequency-octupled local and remote
signals using an Agilent E5052B signal source analyzer incorporating an Agilent ESO53A
downconverter. As a comparison, the phase noise of the drive signal at 4.25 GHz and the phase
noise of the drive signal including residual noise of the system are also measured and plotted in

Fig. 3.5.

Observing the phase noise curves in Fig. 3.5, we can clearly see that when the offset frequency
is lower than 1 MHz, Eq. (3-19) is satisfied and the phase noise of the 34 GHz signal is

approximately increased by 20log;o(10)=18 dB from that of the drive signal; when the offset
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frequency is higher than 1 MHz, Eq. (3-20) is satisfied and the phase noise of the 34 GHz
signal is approximately equal to that of the residual noise of the system. In addition, the
generated 34 GHz signal has a phase noise of as low as -89.35 dBc/Hz at the offset frequency
of 1 KHz. Furthermore, it is obvious that after 20 km fiber transmission, the phase noise of the

generated signal is still as good as that before the transmission.

-50

-70
=
3 -90
aa)]
= S,
Q o — | 0 0 0|
‘5 -110 |
=
0]
E
r -130 Sees(f)

-150 S
100 IK 10K 100K IM 10M
Offset frequency (Hz)

Fig. 3.5 Measured phase noise of the generated 34 GHz signal (green line: local; gray line: remote), and the

phase noise of the drive signal with (blue line) and without (red line) including the residual noise of the system.

According to (3-18), the phase noise of the frequency-multiplied signal can be decreased by
reducing either the phase noise of the drive signal source or the residual noise of the system.
The residual noise of the system is mainly introduced in our experiments by the output
instability of the dc power suppliers. An improvement is to replace each MZM as well as each
dc power supplier with a PolM, a polarization analyzer and two PCs forming an equivalent
MZM. Because the bias of each equivalent MZM can be controlled by adjusting the PC which

is a passive device and more stable than a dc power supplier, the residual noise of the system
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would be significantly reduced. Therefore, the phase noise performance of the generated signal

would be also enhanced.

3.2.3 Tunability and stability

One important feature of the proposed technique is its excellent tunability. The frequency of
the frequency-multiplied signal can be continuously tuned by changing the frequency of the
drive signal and adjusting the TOPS or the TEPS. To evaluate the tunability, in the frequency
sextupling experiment, the frequency of the drive signal is tuned from 2 to 4 GHz with an
interval of 0.5 GHz, a frequency-sextupled signal from 12 to 24 GHz is thus generated, as
shown in Fig. 3.6(a); in the frequency octupling experiment, the frequency of the drive signal
is tuned from 3.4 to 3.8 GHz with an interval of 0.1 GHz, a frequency-octupled signal from
27.2 to 30.4 GHz is thus observed, as shown in Fig. 3.6(b). The spectral span is set to be 100
Hz. In such system, the tunable range is only limited by the operation bandwidth of the MZMs,

the microwave amplifiers and the PD.

Another important feature is the stability. External modulation method can provide good short-
term stability; however, its long-term stability is undermined by the bias drift the two MZMs,
which is mainly caused by the output drift of the dc power suppliers. Using a PolM, a
polarization analyzer and two PCs is still an alternative. Due to the same reason mentioned in
Section 3.3.2, the stability of the system can be improved. In addition, such equivalent MZM
can provide better even/odd-order suppression thanks to the better optical intensity balance in

the two modes of the PolM introduced by adjusting the PC.
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Fig. 3.6 (a) Measured electrical spectra of the generated frequency-sextupled signals; (b) measured electrical

spectra of the frequency-octupled signals. The resolution bandwidth (RBW) is 1Hz
3.2.4 Terahertz generation
Frequency multiplication based on the external modulation is even capable of facilitating the
generation of mm-wave even terahertz wave using relatively low frequency microwave

components. To investigate the terahertz generation, the frequency octupling method is used to

generate a 0.1 THz signal. The frequency of the drive signal is increased to 12.5 GHz and a
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high speed 0.1THz UT photomixer is used for beating the two fourth-order sidebands. The
measured optical spectrum of the two fourth-order sidebands and the electrical spectrum of the
generated 0.1 THz signal are shown in Fig. 3.7. To measure the electrical spectrum of the
generated 0.1 THz signal, an external harmonic mixer is used by mixing the 0.1 THz with a RF
signal from a local oscillator to down-convert the 0.1 THz to a much lower frequency falling in

the measurement range of the electrical spectrum.
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Fig. 3.7 (a) Measured optical spectrum (a) of the two forth-order sidebands; (b) measured electrical spectrum of

the generated 0.1 THz signal with a spectral span of 10 KHz and a resolution bandwidth (RBW) of 91 Hz.
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From Fig. 3.7(a), we can clearly see that two fourth-order sidebands spacing approximately 0.8
nm (0.1 THz) are dominant in the optical spectrum and other sidebands and optical carrier are
significantly suppressed. The appearance of the residual sidebands and carrier is caused by the
following reasons: 1) the PMI which is approximately 1.3 at 12.5 GHz is not large enough; 2)
the extinction ratio of the MZMs we used is not large enough to effectively suppress all the

odd-order sidebands, and using the PolMs can eliminate such drawbacks.

Considering that 40-GHz MZMs, 40-GHz PAs, and 0.3-THz uni-traveling carrier PD (UTC-
PD) [82] are already available, the frequency-octupling is capable of generating a frequency-

tunable mm-wave or terahertz wave signal with a frequency up to 0.3 THz.

3.3 Conclusion

A comprehensive investigation on microwave frequency multiplication based on the external
modulation using two MZMs was presented. Based on two cascaded MZMs and a
TOPS/TEPS, a comprehensive theoretical analysis was performed to prove that the frequency
octupling, sextupling other than frequency quadrupling can be achieved as long as the
corresponding bias condition, PMI condition and phase condition are satisfied. The theoretical
results were also verified by the experiments. In the experiments, the frequency sextupling and
octupling were successfully demonstrated. In addition, the system features excellent
transmission performance, tunability and stability which were also confirmed by the
experiments. The generated signals exhibit as low phase noise as that of the drive signal
source, which were confirmed by a signal source analyzer. Furthermore, using the proposed
frequency octupling, a frequency up to 0.3 THz can be potentially generated. In our

experiment, a 0.1 THz terahertz wave was successfully generated using a 0.1-THz photomixer.
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CHAPTER 4 EXTERNAL MODULATION
ASSISTED BY OPTICAL NONLINEAR EFFECTS

Although external modulation based on two MZMs is capable of achieving frequency
octupling, obtaining a higher frequency multiplication factor (FMF) is still important and
necessary for generating a microwave or mm-wave signal of a higher frequency. Using optical
nonlinear effects could effectively increase the FMF by increasing the number of sidebands;
however, too many sidebands cause the optical filtering system to be complicated and be lack
of tunability, which would usually limit the frequency tuning range of the system, and

deteriorate the stability of the generated frequency-multiplied microwave signal.

In this chapter, we propose and demonstrate a approach to achieving frequency-twelvetupling
for microwave and mm-wave generation by a combined use of a polarization modulator
(PolM) for frequency quadrupling, a semiconductor optical amplifier (SOA) for frequency
tripling, and stimulated-Brillouin-scattering-assisted (SBS-assisted) filter for adaptive filtering
to remove unwanted spectral components. The PolM in conjunction with two PCs is operating
as an equivalent Mach-Zehnder modulator (MZM) that is biased at the maximum transmission
point (MATP), to generate only even-order sidebands. By removing the optical carrier using a
fixed fiber Bragg grating (FBG), two second-order sidebands with a wavelength spacing
corresponding to four times the microwave drive frequency are dominant. The introduction of
the two second-order sidebands as two pump waves to the SOA would generate two idler
waves due to four wave mixing (FWM). The two pump waves are then removed by the SBS-

assisted filter. The key significance of this approach is that the SBS-assisted filtering is
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adaptive which would simplify significantly the frequency tuning. In addition, the use of the
wavelength-independent SBS-assisted filter would improve the frequency tunable range.
Furthermore, the PolM is not dc biased; the system is free from bias drifts. An experiment is
performed. The generation of a microwave or terahertz signal that is tunable from 48 to 132

GHz with excellent spectral quality and high stability is demonstrated.

4.1 Principle of the frequency twelvetupling based on optical-nonlinear-

effect-assisted external modulation
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Fig. 4.1 Schematic of the proposed photonically assisted microwave frequency twelvetupling system. C: optical

coupler; OSA: optical spectrum analyzer; PolA: polarization analyzer; PolDir: polarization direction.

The proposed system is shown in Fig. 4.1. The configuration includes a continuous wave (CW)
laser source, a PolM, two polarization controllers (PC1 and PC2) before and after the PolM, a
microwave power amplifier (PA), a FBG notch filter, an SOA, an erbium doped fiber amplifier

(EDFA), an SBS-assisted filter and a photodetector (PD). The key module in the system is the
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SBS-assisted filter, which consists of a spool of single mode fiber (SMF), a PC (PC3) and two
optical circulators (OC1 and OC2), and operates as a wavelength-independent narrow band

notch filter.

As can be seen a CW light wave from the laser source is directed into the PoIM via PC1, and a
microwave drive signal from a microwave source is applied to the PolM via the RF port. The
PolM is a special phase modulator that supports both transverse-electric (TE) and transverse-
magnetic (TM) modes with however opposite phase modulation indices (PMIs). The
polarization direction of the incident light wave to the PoIM is adjusted by tuning PC1 to have
an angle of 45° with respect to the two orthogonal principal axes, referring to the orthogonal
TE and TM modes of the PolM, as shown in Fig. 4.1. The two light waves along the two
principal axes of the PolM are then sent to the PA via PC2. By tuning PC2, the polarization
directions of the phase-modulated light waves along the two principal axes of the PoIM can be
aligned, either both with an angle of 45° with respect to the polarization direction of the PA or
one with an angle of 45° and another with an angle of 135° with respect to the polarization
direction of the PA. Therefore, an intensity-modulated signal would be generated at the output
of the PA, which is equivalent to the operation of an MZM that is biased at either the MATP or

the minimum transmission point (MITP).

Based on the analysis in Section 2.1, the electrical field at the output of the polarization
analyzer (PolA) can be given by (2-1). When @, which here is a static phase term introduced
by PC2, is equal to 0, the PolM-based equivalent MZM is biased at the MATP, and when © is
equal to m, the PolM-based equivalent MZM is biased at the MITP. When the PolM-based

MZM operates at the MATP, all the odd-order sidebands would be suppressed. Under small
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signal modulation condition, the higher even-order sidebands are too small and can be ignored.

The electrical field at the output of the PolA can be given by (3-1).

After passing through the FBG notch filter, the optical carrier is filtered out and only the two
second-order sidebands, w,+2wm and w,—2wn,, remain, where w, and w., are respectively the

angular frequencies of the light wave and the microwave drive signal.

The two second-order sidebands are then launched into the SOA as two pump waves.
According to the theory of FWM, two sidebands will mix in the SOA to produce two new idler
waves with the frequencies being w,+6w., and w,—6wn, and a frequency spacing corresponding
to twelve times the frequency of the microwave drive signal. In addition, the powers of the

pump waves are usually larger than those of the idler waves.

The two pump waves and the two idler waves are amplified by the EDFA and then routed,
through OCl, to the SBS-assisted filter. It is well know that the SBS is resulted from a physical
phenomenon called electrostriction, change of the medium’s density by action of light wave.
Due to the effect of electrostriction, the incident light wave interferes with the backscattered
Stokes light wave caused by the incident light wave and generates an acoustic. As the intensity
of the incident light wave increases, both intensity of the Stokes wave and the interference
pattern becomes more enhanced, and the acoustic wave also increases in amplitude, which
effectively acts as a Bragg grating, scattering even more light in the backward direction,
namely Stokes waves. Therefore, if intentionally increasing the backward Stokes wave in the

fiber, we can reduce the forward incident light wave at the output of the fiber.

In the experiment, the powers of the pump waves are controlled to be above the threshold of

the SBS. Thus Stokes waves would only be generated by the pump waves. Then the Stokes
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waves are intentionally re-injected into the SMF via OC2 in a direction opposite to the pump
waves, which could enhance the intensity distribution of the Stokes wave along the fiber.
Therefore, the interaction of the re-injected Stokes waves with the pump waves would greatly
enhance the induced acoustic grating, causing more backscattering of the pump waves into the
Stokes waves and thus significantly suppress the pump waves [174-177]. Such a suppression
procedure is illustrated in Fig. 4.2. The suppression ratio is determined by the power of the
input light wave regardless of the wavelength, and the suppression ratio would increase
significantly as the power of the light wave increases. The SBS-assisted filter can remove the
two pump waves while keeping the two idler waves. Since the output from OC2 consists of
only the two idler waves, w,+6w., and w,—6wn,, the beating of the two idler waves at the PD

would generate a frequency-twelvetupled microwave signal.
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Fig. 4.2 Tllustration of the pump wave suppression using an SBS-assisted filter.
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The same adaptive wavelength-independent SBS-assisted filter can also replace the FBG notch
filter to suppress the optical carrier, which would enable the system to become filterless and

wavelength-independent.

Compared with the approaches where two cascaded MZMs are employed for frequency
multiplication [57-62], the proposed approach here could be much simpler for continuous
frequency tuning, since only the microwave drive frequency needs to be tuned, while in other
approaches, the phase and phase modulation index (PMI) conditions must be simultaneously

met.

Since the FMF is 12, theoretically, the resolution of the frequency tuning step and the tuning
range of the system are both 12 times those of the microwave source; the phase noise of the
frequency-multiplied microwave would be increased by 20logl0(12)=21 dB from that of the
microwave drive signal. In addition, since no dc bias is actually needed, the PolM-based

system is free from bias drifting problem.

4.2 Experimental results and discussion

An experiment based on the setup shown in Fig. 4.1 is performed. In the experiment, the
wavelength of the CW laser source is set at 1556 nm to make it coincide with the central
wavelength of the FBG notch filter. The power of the microwave drive signal is about 20 dBm.
Considering the half-wave voltage of the PolM is 6.5 V, the PMI is calculated to be about 1.5.
The powers of the light waves sent to the SOA and the SBS-assisted filter are about 6 and 16
dBm, respectively. The length of the SMF is about 24 km with a loss of about 7 dB. The

estimated SBS threshold of the SMF is about 10 dBm. First, we adjust PC1 and PC2 to make
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the PolM operate as an equivalent MZM that is biased at the MATP. We also adjust PC3 to

maximize the suppression ratio of the pump waves by the SBS-assisted filtering.

The optical spectra at the outputs of the FBG, the SOA and the SBS-assisted filter, and the
electrical spectrum of the beat note at the output of the PD are shown in Fig. 4.3, for which the
frequency of the microwave drive signal is set at 4 GHz. From Fig. 4.3(a) we can clearly see
that a symmetric optical spectrum consisting of only the two second-order sidebands is
generated, and the optical carrier and other sidebands are significantly suppressed. Fig. 4.3(b)
shows the optical spectrum of the signal after the SOA. Thanks to FWM, two idler waves are
generated. Due to the non-flat gain spectrum of the SOA, the spectral symmetry becomes poor.
The spectral symmetry is critical to ensure an efficient SBS-assisted filtering to suppress
simultaneously the two pump waves since its suppression ratio is power-dependent. Fig. 4.3(c)
shows the spectrum at the output of the SBS-assisted filter. As can be seen the pump waves are
suppressed and only the idler waves are kept. The small peaks between the two idler waves
are: 1) the residual first- and forth-order sidebands, which can be reduced by decreasing the
PMI or by increasing the extinction ratio of the PoIM and the notch depth of the FBG; 2) the
residual pump waves, which can be further suppressed by increasing their powers before being
injected into the SMF; 3) the Stokes waves, which can be removed by reducing the end face
reflections between the OCs and the SMF. In Fig. 4.3(d), a frequency-twelvetupled microwave

signal by beating the two idler waves at the PD is generated.
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Fig. 4.3 Measured optical spectra at the outputs of (a) the FBG notch filter, (b) the SOA, and (¢) the second OC;
(d) measured electrical spectrum of the generated frequency twelvetupled microwave signal with a frequency

span of 5 GHz and a resolution bandwidth (RBW) of 3 MHz.

The frequency tuning capability of the technique is also evaluated. In the experiment, we tune
the frequency of the microwave drive signal with two different tuning steps and record the
electrical spectra of the generated frequency-twelvetupled microwave signals, which are shown
in Fig. 4.4 and Fig. 4.5. When the frequency of the microwave drive signal is tuned from 4
GHz to 4.000008 GHz with a tuning step of 1 KHz, a frequency twelvetupled signal from 48
GHz to 48.000096 GHz is generated, as shown in Fig. 4.4. When the frequency of the
microwave drive signal is tuned from 4 GHz to 11 GHz with a tuning step of 1 GHz, a

frequency twelvetupled signal from 48 GHz to 132 GHz is generated.
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Fig. 4.4 The superimposed spectra of the generated frequency twelvetupled microwave signals with a 120 KHz
spectral span when the frequency of the microwave drive signal is tuned from 4 to 4.000008 GHz with a 1 KHz
interval. The RBW is 1.1 KHz.

In the experiment, the notch width of the FBG and the bandwidth of the PD used are two
factors that limit respectively the minimum (48 GHz) and maximum (132 GHz) frequencies of
the generated microwave signals. The notch width of the FBG is about 10 GHz, if the
frequency of the drive signal applied to the PoIM is too low (< ~4 GHz), not only the optical
carrier but also the two second-order sidebands will be suppressed greatly. Therefore, the
minimum frequency of the generated signal is about 48 GHz; however, if we can replace the
FBG notch filter with another adaptive wavelength-independent SBS-assisted filter, then, the

limit on the minimum frequency would be eliminated.

The bandwidth of the PD is about 100 GHz in the experiment, when the frequency spacing
between the two idler waves is larger than 100 GHz, the PD will not response efficiently and
the power of the generated microwave signal is extremely low. In the experiment, we can only
detect a signal with a frequency up to 132 GHz. However, the bandwidth of a uni-travelling
carrier PD (UTC-PD) up to about 300 GHz is now available, which would enable our scheme

to generate a signal with the highest frequency up to 300 GHz.
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Fig. 4.5 The spectra of the generated frequency twelvetupled signals with a 1 kHz spectral span when the
frequency of the microwave drive signal is tuned from 4 GHz to 11 GHz with a 1 GHz interval. The RBW is
9.1 Hz.

The spectral purity of the generated microwave signals is also evaluated, which is done by
observing the electrical spectra of the generated signals. As can be seen from Fig. 4.5, the
generated signals demonstrate an excellent spectral purity; very narrow spectral peaks with a

frequency span of only 1 KHz are observed.

The phase noise performance of the generated microwave signals is also evaluated, which is
done by observing the electrical spectra of the generated signals. As can be seen from Fig. 4.5,
the generated signals demonstrate an excellent phase noise performance; very narrow spectral

peaks with a frequency span of only 1 KHz are observed.
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4.3 Higher frequency multiplication factor

It is evident that the joint use of FWM and SBS-assisted filtering is capable of tripling the FMF
of a conventional external modulation method and effectively suppressing undesired
sidebands. In our experiment, a FMF of 12 is obtained by tripling a smaller FMF of 4 which is
achieved using one PolM-based MZM. Therefore, if the frequency octupling replaces the
frequency quadrupling in Fig. 4.1, a higher FMF as large as 24 can be achieved, which would
greatly facilitate the generation of an mm-wave or terahertz wave signal using a much lower
frequency components in the system. For example, using the commercially available 40-GHz
PoIM and the PA could enable the generation of a 0.96-THz signal. In such a case, a terahertz

photomixer would become the key component in the system [81, 83].

4.4 Conclusion

An approach to achieving frequency-twelvetupling with large tunability in the optical domain
was proposed and experimentally demonstrated. By a joint use of a PolM, an SOA and an
SBS-assisted filter, a frequency-twelvetupled microwave signal with high spectral purity was
generated. The key significance of the proposed approach is the simplicity of the frequency
tuning and large tunable range, which was enabled by the adaptive nature of the SBS-assisted
filtering. The proposed system could be used for high-frequency electrical signal generation up

to terahertz if a photomixer with a bandwidth extending to terahertz range is employed.
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CHAPTER 5 NARROW-PASSBAND AND
FREQUENCY-TUNABLE MICROWAVE PHOTONIC
FILTER

In the chapter, a novel approach to implementing a narrow-passband and frequency-tunable
microwave photonic filter (MPF) is proposed and experimentally demonstrated. The proposed
MPF will be incorporated in an OEO to generate microwave and mm-wave signals, which will
be discussed in Chapter 6 and 7. The proposed MPF is based on phase-modulation to intensity-
modulation (PM-IM) conversion in a phase-shifted fiber Bragg grating (PS-FBG). In the
proposed MPF, a phase-modulated signal is sent to a PS-FBG. If one of the sidebands falls in
the notch of the PS-FBG, the phase-modulated signal is converted to an intensity-modulated
signal. Due to the ultra-narrow notch of the PS-FBG, a microwave filter with an ultra-narrow
passband is realized. The tunability of the microwave filter is achieved by tuning the
wavelength of the optical carrier. A theoretical analysis is performed in which the value of the
phase shift and the location of the phase shift in the PS-FBG on the frequency response of the
MPF are studied. Two PS-FBGs with different reflection bandwidths and different phase-shift
values introduced at the center of the gratings are fabricated and incorporated into the proposed
MPF. For the two PS-FBGs we used, the 3-dB bandwidths are 120 MHz and 60 MHz and the

tunable ranges are 5.5 GHz and 15 GHz.
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5.1 Microwave photonic filter

Microwave filters implemented in the optical domain have been intensively studied in the past
few years. Compared with microwave filters implemented in the electrical domain, MPFs
exhibit unique properties such as high frequency, large tunability, light weight and immunity to
electromagnetic interference, which can find numerous applications, such as in modern radar
and warfare systems [178-181]. An MPF usually has a delay-line structure with a finite
impulse response (FIR). The bandpass selectivity of an MPF is mainly determined by the
number of taps [179]. To avoid optical interference, the multiple taps are usually realized by
using a multi-wavelength light source, such as a laser array [182-184], a broadband spectrum-
sliced source [185-188] or an optical comb source [189-191]. To improve the selectivity, the
number of the taps should be large, but at the cost of increased complexity. An MPF can also
be implemented with an infinite impulse response (IIR). Compared with a FIR filter, an IIR
filter usually has a simpler structure and better selectivity [192-195]. However, due to the use
of resonators [194] or feedback loops [195] in an IIR filter, the stability is poor and the
tunability is limited. To implement a large tunability, various MPFs based on stimulated
Brillouin scattering (SBS) have been proposed [196-200]. For example, in [197] SBS gain is
used to selectively amplify the sideband of the single-sideband modulated light wave.
However, double-sideband with suppressed carrier modulation and single-sideband modulation
are needed which significantly increase the complexity and cost of the system. In [198], such a
complicated modulation technique is replaced by using an optical filter, and an SBS-based
tunable true time delay line has been proposed to implement a dynamically reconfigurable
MPF. The time delay can be tuned by changing the SBS pump power. The major limitation of

the approach is that multiple modulators are employed, making the system complicated. An
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MPF can also be achieved based on phase-modulation to intensity-modulation conversion. By
selecting the optical carrier and one sideband of a phase-modulated light wave using two
uniform FBGs [201], a phase-modulated signal is converted to an intensity-modulated signal.
The major limitation of the approach is that the passband is wide, which is determined by the
bandwidth of the uniform FBG used to select the sideband. The use of a ring resonator to filter
out one sideband of a phase-modulated light wave can also achieve an MPF with potentially
large tunability [202]. Since the bandwidth of the ring resonator is wide, the width of the
passband is wide, in the range of several GHz. For many applications, an MPF with a narrow

passband is needed.

Therefore, we propose and experimentally demonstrate a narrow-passband and frequency-
tunable MPF based on phase-modulation to intensity-modulation (PM-IM) conversion
employing a PS-FBG that serves as a reflection filter with an ultra-narrow notch in the
reflection band [203]. In the proposed MPF, a microwave signal is modulated on an optical
carrier at a phase modulator. The phase-modulated signal is then sent to the PS-FBG. When
one of the first-order sidebands falls in the notch of the PS-FBG, the magnitude and the phase
of the sideband are modified, and the magnitude and phase relationship for the phase-
modulated signal is no longer maintained; thus the phase-modulated signal is converted to an
intensity-modulated signal, and the detection of the intensity-modulated signal at a
photodetector (PD) would lead to the generation of an electrical signal. Due to the ultra-narrow
notch of the PS-FBG, an MPF with an ultra-narrow passband is implemented. The tunability of
the MPF can be easily achieved by tuning the wavelength of the optical carrier, and the
frequency tuning range can be as wide as tens of GHz, which is determined by the reflection

bandwidth of the PS-FBG and the notch location within the reflection band. A theoretical
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analysis is performed in which the value of the phase shift and the location of the phase shift in
the PS-FBG on the frequency response of the MPF were studied. Two PS-FBGs with different
reflection bandwidths and different phase-shift values introduced at the center of the gratings
are fabricated and are incorporated into the proposed MPF. For the two PS-FBGs, the 3-dB
bandwidths are 120 MHz and 60 MHz and the tunable ranges are 5.5 GHz and 15 GHz. To the
best of our knowledge, the 15-GHz frequency tuning range is the widest frequency-tunable

range ever demonstrated for single bandpass MPF.

5.2 Principle of the narrow-passband and frequency-tunable microwave

photonic filter
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Fig. 5.1 Schematic of the proposed MPF. L1 and L2 are respectively the lengths of the left and right sub-FBGs
separated by the phase shift.
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The configuration of the proposed MPF is shown in Fig. 5.1. It consists of a tunable laser
source (TLS), a polarization controller (PC), a phase modulator (PM), an optical circulator
(OC), a PS-FBG, an erbium doped fiber amplifier (EDFA) and a PD. In the proposed MPF, a
continuous wave (CW) light wave with a tunable angular frequency of w, from the TLS is sent
to the phase modulator via the PC. The polarization state of the light wave to the phase
modulator is adjusted by the PC to minimize the polarization-dependent loss. The phase
modulator is driven by a sinusoidal microwave signal with a tunable angular frequency w.

generated by a vector network analyzer (VNA).
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Fig. 5.2 Illustration of the operation of the MPF. (a) The reflection spectrum (dashed line) and phase response
(solid line) of the PS-FBG. (b) The frequency response of the MPF.

If the phase-modulated signal is applied directly to the PD, no signal would be detected except
a dc since the beating between the optical carrier and the upper sideband will cancel
completely the beating between the optical carrier and the lower sideband, due to the fact that

the two beat signals are out of phase. However, it is well known that a phase-modulated signal
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can be converted to an intensity-modulated signal if the magnitude or phase relationship
among the two sidebands and the optical carrier is changed, and such PM-IM conversion has a
transfer function corresponding to a bandpass filter [204, 205]. It is also well known for a
uniform FBG, if a phase shift is introduced to the FBG, an ultra-narrow notch with a phase
jump in the notch would be generated in the reflection band [206, 207]. Thus, in our system,
the phase-modulated light wave is injected into the PS-FBG that is employed to modify the
magnitude and the phase of either the upper or the lower sideband falling in the ultra-narrow
notch of the PS-FBG, to achieve PM-IM conversion, leading to the implementation of an ultra-

narrow passband, as shown in Fig. 5.2.

Note that if . is too large such that one sideband of the phase-modulated light wave is located
outside the reflection spectrum, as shown in Fig. 5.2(a), PM-IM conversion would also happen
and another passband at much higher frequencies would appear, as shown in Fig. 5.2(b).
Practically, the reflection bandwidth of the PS-FBG could be large enough such that the second
passband would be beyond the bandwidth of the PD. Thus, the proposed MPF will have a
single bandpass. The central frequency of the achieved bandpass filter is equal to the frequency
difference between the frequency of the optical carrier and that of the notch. Therefore, by
simply tuning the wavelength of the optical carrier, the center frequency of the MPF can be
tuned. The tuning range is determined by the total reflection bandwidth of the PS-FBG and the

location of the notch within the reflection band.

Mathematically, the electrical field E,,(¢) at the output of the phase modulator can be

expressed as
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where E|, is the electrical amplitude of the incident light wave, J,(-) is the n"-order Bessel
function of the first kind, ¢. is the initial phase of the microwave drive signal applied to the
PM, and f = nV/V, is the phase modulation index (PMI), where V' is the amplitude of the
signal applied to the phase modulator, and V; is the half-wave voltage of the PM. The value of
the PMI is set small, so that the power of the second- and higher-order sidebands is much

smaller than that of the carrier and the first-order sidebands. Therefore, only the optical carrier

and the two first-order sidebands are to be considered.

Since the amplitude and the phase of the optical carrier and the sidebands will be modified by
the PS-FBG, in the following, we will give the amplitude response and the phase response of

the PS-FBG first. The PS-FBG can be described by a 2 x 2 matrix F through [208]
F="F-®F.'F (5-2)

where "*F is a 2 x 2 diagonal phase-shifted matrix with elements exp(F _, where @, is

the phase shift; the 'F is a matrix describing each sub-FBG at each side of the phase shift
section, where i = 1, 2 identifies respectively the left and right sub-FBGs separated by the

phase shift. Its elements are given by
'F,="F, = COSh(]/Li)—j((S/ }/)-suul(]/LI.) (5-3)
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', ="Fy, =—j(x/y)-sinh(yL,) (5-4)

where * denotes complex conjugation, L; is the corresponding sub-grating length (see Fig. 5.1),
y*=k>—6 , « is the “AC” coupling coefficient defined as x = @-An/(2c) and An is the
refractive index change, o 1is the general “DC” self-coupling coefficient defined as
O=n o\~ a)D) /c, Ny is the effective refractive index, c is the velocity of light in vacuum,
o is the angular frequency of the incident light wave, and @, is the angular frequency

corresponding to the Bragg wavelength of the sub-FBGs.

Based on the coupled-mode theory and the transmission-matrix approach [208], the amplitude

reflection coefficient p(a)), the power reflection coefﬁcientr(a)), and the phase response

0(w) of the PS-FBG can be expressed respectively as

'R,/ 'F, _(ZEI / zel)* 'exp(jQ’PS)

p(a) = 1F;1'2E1/(1F'21'IFYZI)_eXp(jgoPS) (5_5)
r(o) Z‘p(a))‘z B
6(w)= phase[ p(o)] )

Then, after reflection at the PS-FBG, the modified electrical field E,,(¢) of the phase-

modulated light wave can be expressed as
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B () (@B, (B)exol o +10(@,)]
+{r (o, +@,)E,J, (B)x

exp{j(a)ot+a)et+(pe+7z/2)+j¢9(a)0+a)e)} (5-8)

—Jr(@,—,)E,J,(B)x

exp{j(a)ot—a)et—goe —72'/2)+j9(a)0 —a)e)}

Due to PM-IM conversion, we could have an intensity-modulated signal at the output of the

PD. The recovered microwave signal (a)e) and its power P(a)e) are given by

V(e,)ox ac{‘EIM (I)‘z} ~ Ax{m

—Jr(o,-o

o €

(5-9)

- COS

(a)et + 01)
cos (.t +6,)}

N—

2

P(a,) =V (a,)
~ A r (o, +0,)+7(0,-,) (5-10)

[}

-2 (@, +o)r(0,-0.)-co5(6,-6,)]

where

A=2EJ,(B)J,(B)r(@,) (5-11)
0=0,+7/2+0(0,+0,)-0(w,) (5-12)
O, =0.+7/2+0(w,)-0(0,—w,) (5-13)

and ac(-) denotes the ac term of the output electrical signal. If no first-order sidebands fall in

the notch or the phase jump, we have
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\/r(a)o +@,) = \/r(a)o -®,) (5-14)
6,—6,=0(w, +®,)+0(w,-»,)-20(»,)=0 (5-15)

which are obtained assuming the top of the reflection spectrum is flat and the phase response

within the reflection spectrum except the phase jump is linear. Substituting (5-14) and (5-15)

into (5-10), we have P(a)e) =0. This explains that the detection of a phase-modulated signal at

a PD would generate no microwave signals except a dc. If one sideband falls in the notch of

the PS-FBG, neither (5-14) nor (5-15) is satisfied and we have P(®, ) >0, which indicates that

the phase-modulated signal is converted to an intensity-modulated signal and the detection of
the intensity-modulated signal at a PD will generate a microwave signal. Therefore, due to
PM-IM conversion at the PS-FBG, a narrow passband corresponding to the ultra-narrow notch
in the reflection spectrum of the PS-FBG is resulted, an MPF with a narrow passband is thus

realized.

The frequency response of the MPF can be calculated using (5-9) after incorporating r(a))
and (w)of the PS-FBG. Since L,, which indicates the position where the phase shift is
introduced, and the phase shift @, are two important parameters in (@) and 8(®), we

calculate the r(w), 6’((0) and P(a)e) for different values of L, and ¢,.
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Fig. 5.3 A PS-FBG with different phase shifts. (a) Theoretical reflection spectra of the PS-FBG. (b) Theoretical
phase responses of the PS-FBG (The insets in (a) and (b) show the corresponding reflection spectra and phase
responses with a much larger frequency span of 70 GHz.) (¢) Theoretical frequency responses of the MPF for

different phase shifts.
Fig. 5.3(a) and (b) shows the theoretically calculated r( a)) and Q(a)) for ¢, at three different

values, 0.9, m and 1.17, where L, = L, . The total length of the PS-FBG is 10 mm with an n,,

of 1.45 and a An of 4x10™. Fig. 5.3(c) shows the corresponding frequency responses P(a)e) .
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From Fig. 5.3, we can see when ¢, is m, a notch is observed at the center of the reflection

spectrum with a phase jump corresponding to a single phase cycle. We assume here that the
optical carrier frequency is larger than the notch frequency. The center frequency of the
passband of the MPF is equal to the frequency difference between the optical carrier frequency

and the center frequency of the notch. If ¢, 1s greater or smaller than =, the center frequency

of the notch is shifted to a smaller or a greater frequency, and the center frequency of the
passband of the MPF is also accordingly increased or decreased. Therefore, we can see that the

phase shift ¢,;only determines the location of the notch and the phase jump within the notch,

and would further determine the center frequency of the MPF for a given optical carrier

frequency.

The length difference between L, and L, will have an impact on the notch and the phase jump

of the PS-FBG and thus the passband of the MPF. Fig. 5.4(a) and (b) shows the theoretically
calculated () and 8(w) forL, =L,,L > L, and L, < L,, given @, is equal to 7. As can be
seen for L, = L,, the PS-FBG has the deepest notch with a single phase cycle corresponding to

the notch, and the 3-dB bandwidth of the passband of the corresponding MPF, as shown in Fig.

5.4(c), is the smallest, which is equal to the 3-dB bandwidth of the notch. If L, <L, ,
(say L, : L, =2:3), both the notch depth and the phase jump become smaller. The small notch

depth and phase jump would lead to an inefficient PM-IM conversion, thus a very weak

passband in the MPF frequency response would be observed. If L, is larger than L,
(say L,: L, =3:2 ), despite that the notch depth becomes smaller, a fast 2n-phase jump
corresponding to the notch is generated. Because of the fast and large phase jump, an efficient

PM-IM conversion is obtained, leading to a strong passband in the MPF response. However,
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since the frequency range corresponding to the 2n-phase jump is wider than that for L, =L,

where the phase response has a single phase cycle, the 3-dB bandwidth of the passband is also

increased, which leads to a smaller Q-factor of the MPF.
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Fig. 5.4 The impact of the length difference between L1 and L2 on the reflection magnitude and phase
responses of the PS-FBG. (a) Theoretical reflection spectra of the PS-FBG. (b) Theoretical phase responses of

the PS-FBG; (The insets in (a) and (b) show the corresponding reflection spectra and phase responses with a

much larger frequency span of 70 GHz.) (c) Theoretical frequency response of the obtained MPF.
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Therefore, to obtain a high-Q MPF, it is preferable to employ a symmetric PS-FBG where

L, =L, to ensure a narrow notch with a fast phase jump. Since the notch and the phase jump

can be controlled as narrow as a few MHz and the width of the MPF passband is equal to that
of the notch, the bandwidth of the MPF can be as narrow as a few MHz, leading to a high-Q
value. For example, if the 3-dB bandwidth of the notch of the symmetric PS-FBG is 10 MHz,
the 3-dB bandwidth of the MPF would also be 10 MHz; assuming the center frequency of the
MPF is 10 GHz, a Q-factor as large as 1000 is thus obtained. The key significance of the
proposed MPF is that a large tunable range can be achieved by simply tuning the wavelength
of the optical carrier while maintaining a narrow and fixed passband. In addition, the passband
can be potentially designed to have a shape with flat top and sharp transitions by designing the

magnitude and phase response of the PS-FBG.

5.3 Evaluation of the frequency tunable microwave photonic filter

5.3.1 Tunability of the proposed microwave photonic filter

An experiment based on the setup shown in Fig. 5.1 is performed. A vector network analyzer
(VNA) is employed to measure the frequency response of the MPF. A microwave sinusoidal
signal from the VNA is applied to the phase modulator with a frequency (w.) sweeping from
50 MHz to 10 GHz. The power of the signal is fixed at 5 dBm. The half-wave voltage of the
phase modulator is 15 V. The PMI is about 0.12, so that small-signal modulation is guaranteed.
The PS-FBG, which is about 30 mm long with a gaussian-apodized refractive index profile, is
fabricated by Teraxion Inc. by using a uniform phase mask by scanning an UV beam along the
axial direction of an optical fiber. The estimated refractive index modulation amplitude is

about 4x10*. A 7 phase shift is introduced at the center of the grating by shifting the phase
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mask by half the corrugation width to create an ultra-narrow notch at the middle of the
reflection spectrum. The phase response in the notch has a phase jump corresponding to a
single phase cycle. The reflection magnitude and phase responses of the PS-FBG are measured
using an optical vector analyzer, and are shown in Fig. 5.5. There is an ultra-narrow notch at
about 1550.055 nm in the middle of the reflection spectrum and a single phase cycle in the
phase response. The total reflection bandwidth of the PS-FBG is about 37.5 GHz; but the
bandwidth in which the phase response is linear is about 23.4 GHz. The 3-dB bandwidth of the

notch is about 120 MHz

«———— ~37.5GHz ¥

Of PN 5 12

G = 03
8 4f i 2 2
2 3 i 4 2
c ' o
%_107 ! : 6 e
= -12¢ | i~~234GHz ] T ;%
1549.8 1550.05 1550.3

Wavelength (nm)

Fig. 5.5 Measured reflection magnitude and phase responses of the PS-FBG.

Then, the PS-FBG is incorporated into the proposed MPF to perform PM-IM conversion. The
wavelength of the optical carrier is set at a wavelength that is less than the center wavelength
of the notch; the upper sideband will fall in the notch of the PS-FBG when the microwave
frequency is equal to the frequency difference between those of the optical carrier and the
center frequency of the notch. To measure the spectral response of the MPF, a microwave
sinusoidal signal generated by the VNA with a sweeping frequency from 50 MHz to 10 GHz is

applied to the phase modulator. The output signal from the PS-FBG is then applied to the PD.
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The tuning of the center frequency of the MPF is achieved by changing the wavelength of the

optical carrier. Fig. 5.6(a) shows the superimposed frequency responses of the MPF with the

central frequency tuned from about 1 GHz to about 6.5 GHz with a tuning step of about 700

MHz. The frequency tuning range here is about 5.5 GHz, which is limited by the reflection

bandwidth of the PS-FBG. The tuning range could be further increased to tens of GHz by

using a PS-FBG with a wider reflection bandwidth. The frequency tuning resolution is limited

by the smallest wavelength tuning step of the TLS.
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Fig. 5.6 Measured frequency responses of the MPF with the central frequency tuned from about 1 GHz to about
6.5 GHz with a tuning step of about 700 MHz. (b) The zoom-in view of the frequency response when the center
frequency is tuned at about 4.9 GHz.

From Fig. 5.6(a), we can also see that the insertion loss of the MPF is more than 30 dB. Such a
high insertion loss is mainly caused by the poor PD optical power handling. By using a high-
power handling PD [209-211], the insertion loss can be greatly reduced. The ratio of the
transmission peak to the sidelobe can be as large as 25 dB. When tuning the center frequency
of the passband, the ratio would be smaller. The degradation in peak to the sidelobe ratio is
resulted from the amplitude and phase response ripples of the PS-FBG. PM-IM conversion at
the PS-FBG would convert the ripples to noise. In addition, given a certain modulation
frequency, as the wavelength of the optical carrier is shifting away from the notch, one
sideband of the phase-modulated light wave would be falling outside the reflection spectrum,
PM-IM conversion would also happen and another passband starting at such a frequency
would appear, as shown in Fig. 5.6(a). A solution to avoid the second passband is to use a PS-

FBG with a wider reflection bandwidth.

The average 3-dB bandwidth of the MPF is about 135 MHz; the variation of the 3-dB
bandwidth over the tuning range is about 15 MHz. Such a variation is also caused by the

magnitude and phase response ripples of the PS-FBG.

Fig. 5.6(b) shows a zoom-in view of the measured frequency response of the MPF with a
center frequency of 4.9 GHz. The 3-dB bandwidth is about 120 MHz, which is equal to the 3-
dB bandwidth of the notch of the PS-FBG. The bandwidth of the MPF can be further reduced

by using a PS-FBG with a narrower notch and a narrower phase jump within the notch.
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Theoretically, the central frequency of the MPF can be as close to zero as the optical carrier is
close to the notch. Thus, the frequency tunability range of the proposed MPF is from zero to
the largest central frequency of the MPF. As the optical carrier is shifting away from the notch,
the central frequency of the MPF and the lower cutoff frequency of the second passband are
increasing and decreasing, respectively, and would be finally identical when the frequency
spacing between the optical carrier and the notch is identical to the frequency spacing between
the optical carrier and the closer edge of the reflection spectrum. Therefore, the largest central
frequency is equal to the minimum lower cutoff frequency, and the frequency tunability range

here is from zero to the largest central frequency.

Reflection spectrum Optical carrier
| _S !
| - B >
' A |
¢——xB—>»!
! ' >

| |

L | |
f ] w
Fig. 5.7 Illustration of the parameters of the PS-FBG for the calculation of the frequency tunable range of the
MPF.

For a given PS-FBG, assume that the total reflection bandwidth of the PS-FBG is B, and the

reflection bandwidths of two sub-gratings are xB and (1 —x)B. The value of x would be less

than or equal to 0.5. The optical carrier is assumed to locate in the reflection band with a

reflection bandwidth of (l —x)B (see Fig. 5.7). So the lower cutoff frequency Fg4, which is the

frequency spacing between the optical carrier and the closer edge of the reflection spectrum,

can be expressed as
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Fy=min[xB+ f,(1-x)B~f |
[xB+ 1, 0<f<(1-2x)B/2 (5-16)
|(-x)B-f, (1-2x)B/2<f

where fis the frequency difference between the frequency of the optical carrier and that of the

notch, and also is the center frequency of the MPF. Considering the condition that the central

frequency f'should be less than the lower cutoff frequency Fy, we have f < (1 —x)B — /. Then

we can have the upper limit of f* for (5-16), given by f < [(1 —x) B] /2.

Since the frequency tunable range of the MPF is the minimum lower cutoff frequency, it can

be expressed as Fr

F; :min(Fd)zmin(xB,(l—x)B/2)
xB, 0<x<1/3 (5-17)
| (1-x)B/2, 1/3<x<1/2

From (5-17), we can see that the frequency tunable range is a function of both the reflection
bandwidth and the location of the notch, namely the value of x. For the PS-FBG employed in
the experiment, the notch is located at the middle of the reflection spectrum, which means x is
equal to 1/2. The tuning range Fr should be equal to one fourth of the reflection bandwidth,
that is, 37.5/4 = 9.4 GHz. However, the reflection bandwidth with a linear phase response is
only about 23.4 GHz, in which the notch is not located at the middle, and the value of x is
equal to about 0.42, as can be seen in Fig. 5.5. Therefore, a second passband would appear at a
frequency smaller than 9.4 GHz, which is about 23.4x(1-0.42)/2 = 7.02 GHz. In Fig. 5.6(a), we
can see that a second passband with a lower cutoff frequency of around 7 GHz exists, which

limits the tunable range to be within 7 GHz.
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Although the tuning range can be increased by using a PS-FBG with a wider reflection
bandwidth, the maximum tuning range of the MPF for a given reflection bandwidth of B would
be achieved when x is equal to 1/3, which is B/3. Based on (5-5), the value of x can be

optimized by choosing a proper value of ¢, in the design.
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Fig. 5.8 (a) Measured reflection magnitude and phase response of the second PS-FBG; (b) Zoom-in view of the
notch of the PS-FBG (resolution: 2 MHz).
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Fig. 5.9 (a) Measured frequency responses of the MPF when a second PS-FBG is employed. (b) The zoom-in

view of the frequency response when the center frequency is tuned at 6.9 GHz.

Then, a second experiment is performed, in which the first PS-FBG is replaced by a second
PS-FBG with a wider reflection bandwidth, and a narrower notch. The location of the notch is
adjusted by adjusting the phase shift such that the value of x is 1/3. Thus, a maximum tuning
range is obtained. The measured magnitude and phase responses of the new PS-FBG are
shown in Fig. 5.8. As can be seen, the location of the notch is at 1549.275 nm, corresponding
to an x of 1/3. The reflection bandwidth is about 0.46 nm or 58.5 GHz. Therefore, the tuning

range could be as large as 19.5 GHz. To measure the zoom-in view of the notch of the PS-
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FBG, we send a phase modulated light wave in the PS-FBG and only measure the power of
one sideband using the optical spectrum analyzer. By changing the microwave modulation

frequency, we can scan the notch with a very high resolution.

The wavelength of the optical carrier is set at 1549.275 nm, which is more than the center
wavelength of the notch; therefore the lower sideband will fall in the notch of the PS-FBG
when the microwave frequency is equal to the difference between the frequency of the optical
carrier and the center frequency of the notch. By increasing the wavelength of the optical
carrier, the center frequency of the MPF is accordingly increased. Fig. 5.9(a) shows the
superimposed frequency responses of the MPF with a tunable central frequency covering a
frequency range of about 15 GHz with a tuning step of 1.45 GHz. From Fig. 5.9(a), we can
also see that the ratio of the transmission peak to the sidelobe can be as large as 40 dB. The
frequency tuning range here is less than the theoretical result of 19.5 GHz, which is caused by
the limited bandwidth of the 10-GHz PD. The second passband is not seen since it is
eliminated by the PD due to its limited bandwidth. The central-frequency-dependency of the
frequency response of the MPF is resulted from the frequency-dependent response of the 10-
GHz PD. At the high frequency band (> 10 GHz), the electrical frequency response of the PD
becomes small, which leads to the power reduction of the recovered microwave signal. In Fig.
5.9(b), a zoom-in view of the measured frequency response of one MPF at about 6.9 GHz is
shown. The 3-dB bandwidth is about 60 MHz. The bandwidth can be further decreased by

using a PS-FBG with a narrower notch.

In two cases using different PS-FBGs, there are power variations as a function of tuning. The
origin of the variation is caused by the variations of the frequency response of the modulator,

the PD and the nonlinearity of the phase response of the PS-FBGs.
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The average 3-dB bandwidth of the second MPF is about 72 MHz. The variation of the 3-dB
bandwidth over the tuning range is about 15 MHz, as shown in Fig. 5.10. Such a variation is
also caused by the nonlinearity of the phase response of the PS-FBG, which leads to the

frequency-dependency of PM-IM conversion.
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Fig. 5.10 The relationship between the 3-dB bandwidth of the MPF and the central frequency.
5.3.2 Dynamic range of the proposed microwave photonic filter

Another important performance measure for the MPF is the dynamic range (DR). In the earlier
analysis, small signal modulation is considered. For small signal modulation, only the optical
carrier and the first-order sidebands are considered. However, as the power of the input signal
or equivalently the phase modulation index increases, the power of the higher-order sidebands

would increase, thus nonlinear distortions start.

The DR here is defined as the range from the minimum discernable signal (lower limit) to the
maximum allowable signal (upper limit). The lower limit is directly measured here by the
VNA, which is -37 dBm. The upper limit determined by the nonlinearity of the phase

modulator is quantified by the 1-dB compression point. Namely, in the analysis, the upper limit
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is found when the transmission peak of the frequency response of the MPF drops by 1 dB from

the maximum value.

For convenience and simplicity, we assume the reflectivity of the PS-FBG is one and the notch
of the PS-FBG is deep enough to totally suppress the plus first-order sideband of the phase-
modulated light wave. The optical carrier and the other sidebands are totally reflected by the
PS-FBG. Therefore, the power of the recovered microwave signal can be expressed as the

summation of the power of the beatings between any adjacent sidebands. Based on (5-1), the

electrical field E,, (¢) at the input of the PD can be expressed as

o0

EIM' (t)= EOZian (S)exp {j[a)ot+n(a)ez‘+(pe )]}

+E, > i, (ﬂ)exp{j[on"(wJ +¢e)]}‘
~ (5-18)

:Eoii”Jn( exp{J[a)t+n o+, ]}
n=2
|

+Eoii”J”( exp{ ot -n(ot+9,)]
n=0

From (5-18), if only consider the fundamental frequency, we can see that: 1) the fundamental
frequency generated by beating the optical carrier and the minus first-order sideband is in
phase with a beat signal between any two adjacent lower sidebands. All these beat signals are
grouped in group A; 2) the beat signals between any two adjacent upper sidebands are in
phase. All these beat signals are grouped in group B; 3) the two groups of beat signals are out

of phase. Therefore, the power of the recovered microwave signal can be expressed as
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(5-19)

Based on (5-19), the level at the transmission peak of the frequency response of the MPF as a
function of the power of the input signal is shown in Fig. 5.11. From Fig. 5.11, we can see that
the input power corresponding to the 1-dB compression point is about 20 dBm. Since the
minimum measurable output power is -37 dBm, the 1-dB compression DR of the proposed
MPF is 57 dB. When the power of the input signal increases, more and more power of the
incident light wave will be distributed to high-order sidebands, which leads to the power
reduction of the recovered signal and the fast decrease of the frequency response of the MPF at

the transmission peak.
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Fig. 5.11 Frequency response at the transmission peak versus the power of the input signal (V= 10V).
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Due to the fact that the frequency response of the MPF is determined by the PS-FBG, the
change of the power of the input signal within the DR would not distort the profile of the
transmission band of the MPF. Fig. 5.12 shows the frequency responses of the MPF using the

second PS-FBG at different input signal power levels.

From Fig. 5.12, we can see that as the power of the input signal decreases, the profile of the
transmission band of the MPF barely distorted. Thus, as the power of the input signal
decreases, we can see that the power of the recovered signal decreases and the ratio of the

transmission peak to the sidelobe also decreases.

Input signal power : 5 dB:m

Magnitude (dB)
>
o

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

(@)

Input signal power : -15 dBm

Magnitude (dB)

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

(b)

-99 -



Input signal power : -35 dBm

Magnitude (dB)

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

(©)

Fig. 5.12 Frequency response of the MPF using the second PS-FBG at different input signal power levels. (a) 5
dBm. (b) -15 dBm. (¢) -35dBm.

The DR can also be characterized by the spurious free dynamic range (SFDR). Assume that

two closely spaced microwave signals, V' cos(a,t+@,, ) and V cos(@,t +¢,, ), are applied to

the input of the MPF, where w.; and we, are angular frequencies, ¢.; and ¢., are the initial

phases of the two signals, and the two signals have identical amplitudes. The electrical field

E,, (t) at the output of the phase modulator can be expressed as

E,, (¢)=E, exp{j[a)ot +ﬂ(c0s(a)elt +, )+ cos(m,t+ (pez))]}
J.(B )J Yij exp[]n t+(;)el)+]m( e21‘+goez)]} (5-20)

J.(B)J, (B exp[]n i+ @, )+ jm( e2t+goez)]}

where the high order sidebands ([n+m|>4) are ignored due to their relatively low power levels

when the phase modulation index is small.
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Assume that PS-FBG is used to suppress the plus first-order sideband of the phase-modulated
light wave, which is w,twe;. After heterodyning at the PD, two third-order intermodulation
terms would occur at 2we—we; and 2weo—we;. In the following we will calculate the power of

the third-order intermodulation term at 2we;—we.

To simplify the calculation, we consider the nature of the phase modulation: a phase-
modulated signal will not generate any microwave signal except a dc if directly detected at a
PD. Based on this property, if the sideband at w,+w,) is not removed by the PS-FBG, the third-
order intermodulation term at 2w.;—we, generated by beating the sidebands at w,twe; and
wo—we1twe; would have an equal amplitude but opposite phase with that generated by beating
all other sidebands. Thus, the power of the third-order intermodulation term at 2w.;—we; when
the PS-FBG is used is equal to that generated by only beating the sidebands w,+w.; and
Wo—we1twe 1f the PS-FBG is not used to remove sidebands w,+w.;. Thus, the power of the
third-order intermodulation term at 2w.;—w.; can be expressed as

P" (2w, ~ay ) |i-J,(8) 1, (B)-1.,(B),(B)

. (5-21)
=[5 (8) 7} (B)

Based on (5-19) and (5-21), we can plot the theoretical output powers of the fundamental and
the third-order intermodulation terms as a function of the input power, as shown in Fig. 5.13.
The third-order intercept point is about 26 dBm. Given the minimum detectable signal level in

the proposed system which is -160 dBm/Hz, the calculated SFDR is about 102 dB-Hz*".
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. 5.13 The powers of the fundamental signal and the third order intermodulation terms, as a function of the

input power of the input signal (Vi = 10V).
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Fig. 5.14 Measured powers of the fundamental signal and the third order intermodulation terms, as a function of

the input power of the input signal.

Then, the experimental output powers of the fundamental and the third-order intermodulation

terms as a function of the input power are measured, as shown in Fig. 5.14. The experimental
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SFDR is about 99 dB-Hz??. The experimental results agree well with the theoretical

calculation.
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Fig. 5.15 Schematic of the proposed wideband SFDR-increased MPF.

To further improve the SFDR, SBS-assisted adaptive filtering in a dispersion-shifted fiber
(DSF) can be employed in the previous MPF, as shown in Fig. 5.15. An SBS-assisted adaptive
filter is capable of increasing the PMI equivalently by suppressing the relatively large optical
carrier when the input microwave signal is small, which leads to the improvement of the SFDR

of the MPF.

As can be seen from Fig. 5.15, a light wave from a TLS is sent through a PC (PC1) to a PM,
which is driven by a microwave signal from a VNA. The phase-modulated light wave is sent to
and reflected by a PS-FBG with an ultra-narrow notch in the reflection band via an OC (OC1).
The reflected light wave is routed by OC1 to an SBS-assisted filter that consists of a DSF, a PC
(PC2) and an OC (OC2). At the output of the SBS-assisted filter (port 3 of OC2), the light

wave is boosted to a fixed power level by an erbium-doped fiber amplifier (EDFA) and then
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sent to a photodetector (PD). The output from the PD is sent back to the VNA where the
frequency response of the MPF is measured. At the output of the PM, under a small microwave
signal modulation condition, the phase-modulated light wave only contain the optical carrier

and the two 1¥-order sidebands, which is then sent to the SBS-assisted filter.
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Fig. 5.16 Illustration of the increase of the SFDR when the output powers of the fundamental signal and the

third order intermodulation terms are moved up.

The SBS-assisted filter located between OC1 and the EDFA is used to increase the SFDR of
the MPF by moving up the output power measurements at the third-order distortion and the
fundamental frequency. It is known that on a logarithmic scale the slopes of curve of the output
power of the third-order distortion and that of the fundamental with respect to the input power
are 3 and 1. Since the SFDR is the distance between the fundamental and the third-order
distortion when the output power of the third-order distortion reaches the minimum detectable
signal level (MDSL), and also is 2/3 the distance between the minimum detectable signal level

and the output third-order intercept point (OIP3) which is the point of intersection when the
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linear portions of these two curves are extended. Thus, when the two output curves, or, the
OIP3 are moved up, the SFDR would be increased by 2/3 the shift, which is illustrated in Fig.

5.16. If both output curves are shifted up by AX, the SFDR will be increased by 2/3AX.

The moving up of the output power measurements at the third-order distortion and the
fundamental frequency can be achieved by increasing the PMI, and the increase of the PMI can
be equivalently achieved by increasing the power ratio of the sideband to the optical carrier
given a certain power of the input microwave signal. In the MPF, the reflected optical carrier
and the upper first-order sideband from the PS-FBG are routed through OC1 to the DSF in the
SBS-assisted filter. The use of the DSF is to avoid introducing additional PM-IM conversion to
the system due to the chromatic dispersion of the fiber. When the power of the microwave
signal is low, the PMI is small, which gives a relatively high-power optical carrier and a
relatively low-power sideband. If only the power of the optical carrier is above the threshold of
the SBS, Stokes waves would be generated by the optical carrier and would go backward along
the DSF. The Stokes waves are then re-injected into the DSF via OCI, PC2 and OC2 in a
direction opposite to the optical carrier. As discussed in Section 4.1, the interaction between
the optical carrier and the re-injected Stokes waves would significantly enhance the induced
acoustic grating so that more backscattering of the optical carrier into the Stokes waves would
occur, leading to a suppression of the optical carrier and thus an increase of the power ratio of
the sideband and the optical carrier at the port 3 of OC2. The increase in the power ratio can be
as large as 30 dB. Therefore, at the output of the PD the powers of the recovered fundamental
signal and the third-order distortion are correspondingly increased and the power

measurements of the third-order distortion and the fundamental should be shifted upward.
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Fig. 5.17 Theoretical calculations of the SFDR of the MPF by comparing the output powers of the 3rd-order

distortion and the fundamental with and without using SBS-assisted filtering.

The theoretical calculations are presented in Fig. 5.17. The optical carrier is assumed to be
suppressed by 30 dB, correspondingly the output powers of the fundamental and the third-

order distortion are both up-shifted by 30 dB. The SFDR is also increased by 20 dB.

An experiment based on the setup shown in Fig. 5.15 is then performed. The PS-FBG used in
the SFDR-improved MPF is the same one shown in Fig. 5.8. The SBS-assisted filter employed
consists of a DSF of 9 km. The frequency responses of the MPF are superimposed and shown
in Fig. 5. 18(a). The central frequency is tuned by changing the wavelength of the incident
light wave, covering a frequency range of about 14 GHz with a tuning step of 1 GHz. A zoom-
in view of the measured frequency response of one MPF at about 10 GHz is shown in Fig.
5.18(b) with a 3-dB bandwidth of about 60 MHz. Due to the use of the DSF, some undesired
PM-IM conversion caused by the small chromatic dispersion of the DSF reduces the ratio of

the transmission peak to the sidelobe to as small as 10 dB.
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Fig. 5.18 (a) Measured frequency responses of the MPF with the central frequency tuned from 1 to 14 GHz. (b)
a zoom-in view of the measured frequency response of the MPF when the center frequency is tuned at about 10

GHz.

To investigate the SFDR of the new MPF, the measurements of the output powers of the third-
order distortion and the fundamental are performed in two cases where an SBS-assisted
adaptive filter is and is not activated, as shown in Fig. 5.19. When SBS-assisted filtering is not

activated (port 4 of OCI and port 1 of OC2 are disconnected), an SFDR of 77 dB-HZ*" is
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achieved. Then, the SBS-assisted filtering is activated by connecting port 4 of OC1 and port 1
of OC2. Due to the low incident power of about 5 dBm to the DSF, the optical carrier is
suppressed by about 10 dB, and an upward curve shift of about 10 dB is accordingly achieved,
which gives a 6-dB increase in the SFDR, as shown in Fig. 5.19. To further improve the
dynamic range, the SBS-assisted filter should be optimized with a further suppressed optical

carrier up to 30 dB, the SFDR could then be increased by 20 dB.
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Fig. 5.19 Measured curves of the 3rd-order distortion response and the fundamental frequency response with

and without using SBS-assisted filtering.

Obviously that suppression the optical carrier when the microwave signal applied to the PM is
small is capable of increasing the SFDR of the MPF, however, as shown in Fig. 5.18(a), using
a DSF-based SBS-assisted filter inevitably decreases the ratio of the transmission peak to the
sidelobe due to the accumulated dispersion of the fiber. To significantly increase the SFDR, the
optical carrier must be greatly removed in the DSF which requires a large power of the

incident light wave. Such a large power could result in undesired nonlinear optical effects and
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degrade the performance of the MPF. Thus, an alternative is apposed here to replace the DSF-

based SBS-assisted filter for suppressing the optical carrier more easily.
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Fig. 5.20 Schematic of the proposed novel SFDR-increased MPF by jointly using of a polarization modulator
(PoIM) and a PS-FBG.

The schematic of the proposed set-up is shown in Fig. 5.20. A continuous-wave light wave as
an optical carrier from a TLS is sent to a Sagnac fiber loop consisting of a 1:1 optical coupler,
a polarization modulator (PolM) and a polarization controller (PC2). The PolM is driven by a
microwave signal from a VNA and a bias voltage from a dc power supplier. Since the PolM is

a special phase modulator that supports phase modulation with complementary modulation
indices along the two principal axes (x and y in Fig. 5.20) of the PolM, by adjusting PC1 and
PC2, the counterclockwise and clockwise propagating light waves inside the Sagnac loop can
be made along the two principal axes (say x and the y axes) respectively when both light

waves go through the PolM. Due to the fact that the PolM is a traveling wave modulator, when

the clockwise propagating light wave goes through the PolM, the velocity mismatch would
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make the microwave modulation have very low modulation index and thus can be ignored, and
only the dc bias applied to the PolM would introduce a phase shift to the clockwise
propagating light wave, therefore, at the output of the Sagnac loop (port 2 of the optical
coupler), a phase-modulated light wave and a phase-shifted light wave with orthogonal

polarization directions can be achieved.

Mathematically, the optical signals at the output of the Sagnac loop can be expressed as

Sagnac

. , (T +J e’ + J e
(t) ~ /! (XEer¢,yEy€j¢)[ 0 (ﬂ) l(ﬁ)le | -1 (ﬁ)l € j (5_22)
where x and y denote the two orthogonal principle axes of the PolM, E, and E, are the
amplitudes of the counterclockwise and clockwise propagating light waves respectively, and E,
is equal to E,, ¢ is the phase shift introduced by the dc bias applied to the PolM, given by
TV bias/ Vi, Where Vi 1s the voltage of the bias. Note that due to the small PMI, the higher order

sidebands are also ignored here.

Then, the phase-modulated and the phase-shifted light waves along the x and y axes are sent
to a polarization analyzer via a third PC (PC3). By adjusting PC3, the polarization directions of
the two light waves along the x and y axes can be aligned at 45° to the polarization direction

of the polarization analyzer, namely, be polarized in the same direction. Thus, at the output of

the polarization analyzer, the optical signals can be expressed as
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As can be seen from (5-23), by changing the voltage of the dc bias, the optical carrier can be
easily suppressed and the light wave at the output of the polarization analyzer is only a phase-
modulated light wave. Then similar to the case in the set-up in Fig. 5.1, such a phase-
modulated light wave is sent to the PS-FBG to enable PM-IM conversion, leading to the

implementation of the MPF.

Thanks to the electrically bias-controlled optical carrier suppression in the Sagnac loop, the
SFDR of the proposed MPF could be easily improved using a simple configuration and avoid

complicated nonlinear optical effects.

5.4 Conclusion

A simple and novel approach to implementing a narrow-passband and frequency-tunable MPF
based on PM-IM conversion employing a phase modulator and a PS-FBG was proposed and
experimentally demonstrated. A theoretical analysis was performed in which the value of the
phase shift and the location of the phase shift in the PS-FBG on the frequency response of the
MPF were studied. Two PS-FBGs with different reflection bandwidths and phase-shift values
introduced at the center of the gratings were fabricated and incorporated into the proposed
MPF. For the two PS-FBGs, the 3-dB bandwidths of the MPF were 120 MHz and 60 MHz and

the tunable ranges were 5.5 GHz and 15 GHz. Both the width of the passband and the tunable
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range could be further improved by using a PS-FBG with a narrower notch and a wider
reflection bandwidth. The key advantage of the proposed technique is that the MPF can be
tuned with a large tunable range which could be tens of GHz, and high tuning speed, which is
difficult for a purely electronic microwave filter. In addition, the notch profile can be
controlled, which enables the design and implementation of a MPF with a specific frequency
response, such as a passband with a flat top and sharp transitions. However, due to the low
output power of the PD, the insertion loss of the microwave photonic filter is as high as tens of

dB.

Then an SFDR-improved wideband and frequency-tunable MPF was demonstrated based on
PM-IM conversion using a PS-FBG and SBS-assisted adaptive filtering using a DSF. Thanks
to the increase of the PMI caused by an SBS-assisted filter, the SFDR of the MPF was
increased by 6 dB. A further improvement up to 20 dB could be achieved if the SBS-assisted
filter is optimized to further increase the carrier suppression. Finally, to further simply the set-
up of an SFDR-improved wideband and frequency-tunable MPF, a PolM-based Sagnac fiber
loop was proposed to replace the SBS-assisted adaptive filter, which could potentially enable

the increase of the SFDR by simply tuning the voltage of the dc bias applied to the PolM.
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CHAPTER 6 WIDEBAND FREQUENCY TUNABLE
OPTOELECTRONIC OSCILLATOR

In this chapter, by incorporating the frequency-tunable microwave photonic filter (MPF)
demonstrated in Chapter 5, an optically tunable optoelectronic oscillator (OEO) with a wide
frequency tunable range is proposed and experimentally demonstrated. The phase-shifted fiber
Bragg grating (PS-FBG) in conjunction with two optical phase modulators (PMs) in the OEO
loop form a high-Q, wideband and frequency-tunable microwave photonic bandpass filter, to
achieve simultaneously single-frequency selection and frequency tuning. Since the tuning of
the microwave filter is achieved by tuning the wavelength of the incident light wave, the
tunability can be easily realized at a high speed. A theoretical analysis is performed, which is
verified by an experiment. A microwave signal with a frequency tunable from 3 GHz to 28
GHz is generated. The phase noise performance of the OEO is also investigated, which is -102

dBc/Hz at a 10-kHz offset frequency.

6.1 Tunability of optoelectronic oscillators

Microwave signal generation using an OEO has been considered a promising solution for the
generation of a high frequency and ultra-low phase noise microwave signal, and it can find
important applications in optical and wireless communications, radar, modern instrumentation,
microwave imaging and microwave spectroscopy. To reduce the phase noise, a simple solution
is to design an OEO to have a long fiber loop, but an OEO with a long loop length will have a

large number of densely-spaced oscillation modes. To ensure that the OEO operates at a single
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oscillation mode, a high-Q electrical bandpass filter is required. However, the using of such an
electrical bandpass filter leads to two limitations to the OEO. First, it is difficult to obtain a
frequency-tunable single mode OEO for the implementation of frequency-tunable high-Q
electrical bandpass filters is a challenge. In a conventional OEO, the frequency of the
generated microwave can only be tuned within a small frequency range. Second, it is difficult
to generate a high-frequency microwave or mm-wave signal for the central frequency of an
electrical high-Q bandpass filter is usually low (~ GHz). To solve this problem, frequency-
tunable MPFs have been proposed to replace the conventional electrical bandpass filters in the

OEOs [140- 142]

In this chapter, a novel approach to realizing a wideband and frequency tunable OEO using a
MPF is proposed and experimentally demonstrated [143]. The MPF has a high Q and a large
frequency tunable range, which is implemented using two cascaded PMs and a PS-FBG. By
tuning the wavelength of the laser source, the central frequency of the high-Q microwave
photonic bandpass filter is tuned. The key significance of the proposed approach is that no
electrical filters are employed, which ensures a simple tuning and a large frequency tunable
range. In addition, the PMs are not dc biased, which would eliminate the bias drifting problem
existing in an MZM. A theoretical analysis is performed, which is validated by an experiment.
The generation of a microwave signal tunable from 3 to 28 GHz is demonstrated. The phase

noise performance of the generated microwave signal is also investigated.

6.2 Principle of the wideband frequency-tunable OEQO

The implementation of the wideband and frequency tunable OEO incorporating a tunable

microwave photonic bandpass filter based on phase-modulation to intensity modulation (PM-
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IM) conversion using a PS-FBG is presented in this section. Fig. 6.1 shows a schematic of the
proposed frequency-tunable OEO. The OEO consists of a tunable laser source (TLS), two
PMs, a single mode fiber (SMF) connecting the two PMs, an optical circulator (OC), a PS-
FBG, a PD, a microwave power amplifier (PA), and a microwave power divider (Div). A light
wave from the TLS is sent to the two cascaded PMs (PM1 and PM2) connected by the SMF.
The phase-modulated light wave is sent to the PS-FBG via the OC, reflected by the PS-FBG
and sent to the PD via again the OC. The signals at the output of PM2 and at the input of the
PD are monitored by two optical spectrum analyzers (OSAs). After electrical amplification by
the PA, the signal at the output of the PD is split into two parts by the power divider, and
applied to the two PMs via the RF ports. The signal at the output of the PD is also monitored

by an electrical spectrum analyzer (ESA, Agilent E4448A).
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Fig. 6.1 Schematic of the proposed wideband frequency-tunable OEO.

To understand the operation and the frequency tuning of the OEO, we start our discussion from

the equivalent wideband frequency-tunable microwave photonic bandpass filter that is
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incorporated in the OEO loop. Based on the analysis in Chapter 5, the schematic of the
equivalent microwave photonic bandpass filter in the proposed OEO is shown in Fig. 6.2. Its
frequency response can be measured by a vector network analyzer (VNA). The VNA generates
a microwave signal with its frequency sweeping over a frequency range of interest, and the
received microwave signal at the output of the PD is sent back to the VNA.
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TLS 00 PM1

\ 4
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Fig. 6.2 Schematic of the equivalent wideband frequency-tunable microwave photonic bandpass filter in the

proposed OEQO.

From Chapter 5, we know that the output of PM1 contains an optical carrier and two first-order
sidebands. If the light wave is directly applied to the PD, no signal would be detected except a
dc since the beating between the optical carrier and the upper sideband will cancel completely
the beating between the optical carrier and the lower sideband, due to the fact that the two beat
signals are out of phase. However, when the amplitude and/or the phase profile of the phase-
modulated light wave in its frequency domain is modified only over a small frequency range
via the PS-FBG , the phase-modulated light wave can be converted to an intensity-modulated
light wave, and PM-IM conversion has a transfer function corresponding to a microwave

photonic bandpass filter with a narrow bandwidth.
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The ultra-narrow passband only appears when one first-order sideband falls into the notch of
the PS-FBG, and the central frequency of the passband is equal to the frequency spacing
between the notch and the incident light wave. Since the notch of the PS-FBG can be
controlled as narrow as a few MHz, accordingly the bandwidth of the microwave photonic
BPF can be as narrow as a few MHz, thus a microwave photonic bandpass filter with a high-Q
factor is achieved. The tunability of the microwave photonic bandpass filter can be easily
realized by simply tuning the wavelength of the light wave from the TLS. Another important
feature of the microwave photonic bandpass filter is the large frequency tunable range. The
largest tunable range is limited by the reflection bandwidth of the PS-FBG, and the bandwidth
of the PM, the PD and the PA. Since the bandwidths of the commercial PDs, PAs and PMs as
well as the reflection bandwidth of the commercial PS-FBG can be tens of GHz now, the
frequency tuning range of the microwave photonic bandpass filter could be also as large as tens
of GHz. Therefore, due to the incorporation of the microwave photonic bandpass filter in the
OEO loop, a microwave signal with an oscillation frequency that is tunable over a frequency

range of tens of GHz can be generated.

The bandwidth of the microwave photonic bandpass filter can be further reduced if a second
PM is employed (see Fig. 6.3). The two PMs are connected by a length of the SMF. If PM2 is

connected to PM1 through the SMF, then the phase-modulated light wave is given by
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Eo (1) = Eqexp {j[a)ot + E%COS(QZ) + ﬁ%COS[Q(f + T)ﬂ}

= Eoexp{j[wof'i‘ﬂ'(Q)'COS[Qt"'QT/z]]}

~ E, {JO [ﬂ’(Q)] exp(ja)ot) (6-1)
+J, [,B'(Q)]exp[j(a)ot+Qt+Qr/2+7[/2)]

~L[B(©Q)]exp[ (o -Qt-Qr/2-7/2)]}

where Ej is the unit amplitude of the electrical field of the incident light wave, w, is the
angular frequency of the incident light wave, V7 is the half-wave voltage of the PM, V. is the
amplitude and € is the frequency of the microwave applied to the PM, Jj and J; are the 0™
and 1%-order Bessel functions of the first kind, 7 = Ln_/c is the time delay introduced by the
SMF, where L is the length of the SMF, c is the velocity of light in vacuum, n, is the refractive

index of the SMF, and ﬂ’(Q) =2nV, cos(Qr / 2) /V_is an equivalent phase modulation index,

which is not a constant but a sinusoidal function of Q. Consequently, PM-IM conversion
would have a transfer function that is equal to the product of the frequency response of the
ultra-narrow microwave photonic bandpass and the frequency response of the sinusoidal comb

filter, as shown in the zoom-in view of Fig. 6.3(b). The transmission peaks of the comb filter

are located at the frequencies when ‘ ,B'(Q)‘ =27V, /V_, namely, Q=2xk/7z, where k is an

integer. The distance between two adjacent peaks is 2z¢c/ Ln, .
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Fig. 6.3 The equivalent high-Q microwave photonic bandpass filter. (a) The reflection spectrum and phase

response profile of the PS-FBG; (b) the frequency response of the photonic microwave bandpass filter.
After reflection by the PS-FBG, the electrical field E,, () of the light wave at the input of the

PD can be expressed as

Ep (1) = EJ, [ B(Q) Jexp(jo,t + jo,r')
+E,J, [ﬂ'(Q)]
xexp[j(a)ot+Qt+Qr/2+7r/2+a)or'+Qr’):| (6-2)

~Ey(0,-Q)-J,[ B (Q)]
xexp[j(a)ot—Qt—Qr/Z—ﬂ'/2+a)or’—Qr’)]

where (w) 1is the reflection profile of the PS-FBG, where  is the angular frequency of the

light wave incident to the PS-FBG, 7' =L'n_ /¢ is the time delay introduced by the short fiber

between PM2 and the PD, where L' is the length of the short fiber. It is noticed that for
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simplicity, we only consider the power reflection coefficient, and ignore the phase response of

the PS-FBG in (6-2). Then, the microwave signal at the output of the PD can be expressed as

V(1) oc RIE, t)\2
=R[1-r(w,-Q) |1, B/(Q)]/[ #(Q)]sin[Qt+ Q7 +Q7'] (6-3)
~ %[l—r(a)o -Q) :|7Z'Ve 1V, cos(Qz/2)sin[Qr+Qr++Q7']
where R is the photoresponsivity of the PD, J, [ p '(Q)] ~land J, [ ,B ] ﬁ / 2 when

ﬁ’(Q) is small, say less than 0.5. Therefore, the frequency response H (Q) can be given by

y2 y2 ©-4)

e 4

V) o Lreosn)

(@)= o e

In (6-4), the term [1 — r(a)0 —Q)]2 represents the frequency response when only a single PM is

used. The peak of the pass band appears when r(w, —€)=0, which means that the lower

sideband is completely suppressed. The other term,[1+ cos(€27)]/ 2, is the frequency response

of the comb filter.

If the gain in the loop is greater than the loss, once the loop is closed, the OEO will start to
oscillate. The total output at the PD at any instant time is the summation of all circulating fields

in the loop, which can be expressed as

m

V'(Q,t)=exp () xi{inG(l—r)nVe/V,,cos(Qr/z)}
m=0
-exp(jmQr + jmQz’) (6-5)

= exp( jQ)x i[Gcff (Q)]m -exp(jmQr+ jmQz’)
m=0
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where G is the voltage gain provided by the PA, m is the number of times the light wave

circulates in the loop, and G.i(Q2) is the effective open-loop gain, given by
G (Q) =RG(-r)zV,/V, cos(Qr/2) (6-6)

After the OEO starts oscillation, the effective open-loop gain Gesr is little less than unity, Eq.

(6-5) can then be simplified to

V()= =2 (JQ.t) : (6-7)
1-G (Q)-exp(jQr+ jQr')
The corresponding microwave power P(w., ?) is then given by
P(Q )|y (1)
1 (6-8)

1+ Gy (Q)-2G. (Q)-cos(Qr +Q7)

€

Only when the two phase delays Q27 and Q7" are multiples of 2 after each loop circulation,

and r(a)0 —Q) =0, |Ge( Q)| would reach a maximum value, and the corresponding frequency

will oscillate. At an oscillation frequency Q__, Eq. (6-8) can be rewritten as

osc ?

1
[1-RGzV,/V,]

P(QOSC ’ t) oc (6_9)

Then, when the wavelength of the TLS, @, , is tuned to make r(@w,—Q)=0, o, will
automatically change to Q' in the same direction of @, . If bothQ'z and 'z’ are multiples of

27, Q' will be a new oscillation frequency, and frequency tuning is thus achieved.
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6.3 Evaluation of the experimental results

An experiment based on the setup shown in Fig. 6.1 is performed (see Fig. 6.4). The TLS
(Yokogawa AQ 2200-136) has a wavelength tunable range of 200 nm and a tuning step of 1
pm. The bandwidths of the PMs are 20 GHz. The PA in Fig. 6.1 consists of one Avanteck low-
noise amplifier and an Agilent 83006A amplifier. The PD (Newport) has a bandwidth of 45
GHz. The PCs are used to minimize the polarization-dependent loss. The key device in the
system is the PS-FBG, which is fabricated in a photosensitive fiber using a uniform phase
mask by scanning an UV beam along the axial direction of the optical fiber. A phase shift can
be introduced at the center of the grating by shifting the phase mask by half the corrugation
width to create an ultra-narrow notch at the reflection spectrum. The PS-FBG is fabricated by
introducing a phase shift during the fabrication process. An ultra-narrow transmission band in

the reflection spectrum is thus generated.

Fig. 6.4 Photograph of the experimental setup. Numbers 1, 2 and 3 in the photograph indicate port 1, port 2,
and port 3 of the OC.
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Fig. 6.5 Measured reflection magnitude response and phase response of the PS-FBG (resolution: 0.01nm). The

inset gives a zoom-in view of the notch of the PS-FBG (resolution: 2 MHz).

The measured reflection magnitude response and phase response of the PS-FBG are shown in
Fig. 6.5. The 3-dB reflection bandwidth is about 0.5 nm. The centre wavelength of the notch is

about 1549.28 nm, with a full-width at half-maximum (FWHM) of only about 30 MHz. The

maximum notch depth is more than 15 dB.

6.3.1 Frequency response of the microwave photonic filter

First of all, the frequency response of the equivalent wideband frequency-tunable photonic
microwave bandpass filter based on PM-IM conversion is measured. To do so, the loop is
opened at the output port of the PD, and only one PM is used. The frequency response is
measured using a VNA (Agilent E8364A). The powers of the light wave sent to the PM and to
the PD are measured to be about 5 dBm and 0 dBm, respectively. The wavelength of the
optical carrier is set around 1549.28 nm, and the lower sideband will fall into the notch of the
PS-FBG when the microwave frequency is equal to the difference between the frequency of
the optical carrier and the center frequency of the notch. By increasing the wavelength of the

optical carrier, the center frequency of the microwave photonic bandpass filter is increased.
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Fig. 6.6 (a) Measured frequency responses of the tunable MPF. (b) The zoom-in view of the frequency response
when the center frequency is tuned at 20 GHz.

Fig. 6.6(a) shows the superimposed frequency responses of the microwave photonic bandpass
filter with a tunable central frequency covering a range of about 20 GHz. This range can be
increased if the reflection bandwidth of the PS-FBG is wider. From Fig. 6.6(a) we can see that
the ratio of the transmission peak to the sidelobe can be as large as 30 dB, which is large

enough to suppress undesired modes in the OEO. In Fig. 6.6(b), a zoom-in view of the
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measured frequency response with a central frequency of 20 GHz is shown. The 3-dB
bandwidth is about 20 MHz, corresponding to a Q-factor of 1000. If the index change of the
grating is increased or the degree of the symmetry of the two sub-gratings separated by the
phase shift section is improved, the PS-FBG would have a narrower notch and the 3-dB

bandwidth of the microwave photonic filter can be further decreased.

6.3.2 Microwave generation of the wideband frequency-tunable

optoelectronic oscillator

Then, when we close the OEO loop, single mode microwave generation can be obtained. The
length of the SMF is about 500 m, corresponding to a time delay 7 of about 2.43 ps. The length
between PM2 and the power divider is about 10 m, corresponding to a time delay 7’ of about
48.6 nm. The wavelength of the light wave is first set at 1549.36 nm, which is about 0.08 nm
away from the central wavelength of the transmission band; thus Q would be approximately
equal to 10 GHz. By finely tuning the wavelength of the light wave and the delay to make Q7
and Q7' are multiples of 27 the OEO will start oscillation at 10 GHz. At the oscillation
frequency, the phase modulation indices of PM1 and PM2 are about 0.25, giving an equivalent

phase modulation index, £'(€,,.) of 0.5.

osc

Fig. 6.7 shows the measured optical spectrum at the outputs of PM2 and the PS-FBG. As
expected, after reflection from the PS-FBG the power of the lower sideband of the phase-
modulated light wave is attenuated, which is 10 dB lower than that of the upper sideband.
Although the lower sideband is not completely removed, the residual power is very small, and

an effective phase-modulation to intensity-modulation conversion is achieved. Fig. 6.8 shows
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the spectrum of the generated 10-GHz signal with two different frequency spans of 25 GHz

and 200 KHz. No other modes are observed.
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Fig. 6.7 (a) Optical spectrum at the output of PM2 when the OEO is operated at 10 GHz. (b) Optical spectrum
at the output of the PS-FBG when the OEO is operated at 10 GHz.
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Fig. 6.8 Generation of a 10-GHz microwave signal using the proposed OEO. (a) Electrical spectrum of the
generated 10-GHz signal (the frequency span is 30 GHz and the resolution bandwidth (RBW) is 3 MHz). (b)
The zoom-in view of the 10-GHz signal (the frequency span is 200 KHz and the RBW is 1.8 KHz).

The stability of the system is evaluated. To do so, the system is allowed to operate in a room
environment for a period of 10 min. The spectrum of the 10-GHz signal is shown on the ESA
with negligible power fluctuations. The frequency stability is also evaluated. Due to the
wavelength drift of the TLS and the spectrum drift of the unpackaged PS-FBG, a frequency
shift of a few MHz is observed after an hour. The use of a wavelength-stabilized laser source

and a packaged PS-FBG would increase significantly the frequency stability.
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Fig. 6.9 Spectra of the generated microwave signal at different frequencies. (a) The frequency is coarsely tuned
from 3 GHz to 14 GHz with a tuning step of 1 GHz; the RBW is 10 MHz. (b) The frequency is coarsely tuned
from 15 GHz to 28 GHz with a tuning step of 1 GHz; the RBW is 3 MHz. (c¢) The frequency is finely tuned
from 9.2 GHz to 10.8 GHz with a tuning step of about 125 MHz; the RBW is 3 MHz.

The frequency tunability of the proposed OEO is then investigated. Both coarse tuning and fine
tuning are demonstrated. The tuning is realized by tuning the wavelength of the TLS. The
smallest wavelength tuning step of the TLS is 1 pm, corresponding to a frequency tuning step
of about 125 MHz. Fig. 6.9(a) shows the superimposed spectra of the generated microwave
signal with the frequency coarsely tuned over a frequency range from 3 GHz to 14 GHz with a
tuning step of 1 GHz. Fig. 6.9(b) shows the superimposed spectra of the generated microwave
signal with the frequency coarsely tuned over a frequency range from 15 GHz to 28 GHz with
a tuning step of 1 GHz. Thus, the total frequency tuning range of the proposed OEO is about
25 GHz. Fig. 6.9(c) shows the superimposed spectra with the frequency finely tuned from
about 9.2 GHz to about 10.7 GHz with a tuning step of about 125 MHz. The tuning step can be

smaller, but it is limited here by the wavelength tuning resolution of the TLS, which is 1 pm.

The main factor limiting the tunable range of the OEO is the limited reflection bandwidth of
the PS-FBG. It is known that a wider reflection bandwidth can be achieved if the amplitude of
the induced refractive index perturbation An is larger [212]. To achieve a large An, the fiber
could be hydrogen loaded and the grating could be written by using IR femtosecond pulses
[213], which potentially give a reflection bandwidth as large as a few nanometers. For
example, if the reflection bandwidth of the PS-FBG is 2.4 nm, then the frequency tunable
range of the microwave photonic filter can be 100 GHz, which also gives a frequency tunable
range of the OEO of 100 GHz. If the PS-FBG is fabricated in a silicon-on-insulator waveguide

by using deep-ultraviolet lithography, a wider reflection bandwidth as large as 10 nm can be
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achieved [214]. Such a wide reflection bandwidth is capable of giving a tunable range of the

OEO as large as hundreds of GHz.

The phase noise performance of the generated microwave signals is also studied. The analysis
is done by modifying the phase noise power spectral density of an OEO discussed in Chapter
2. The modified equation gives a phase noise power spectral density with a better agreement

with the experimental results. The phase noise power spectral density can be given by

o
(6/ 22’)2 + (272)2 (rf’)2

(/)= (6-10)
where f” is the frequency offset from the oscillation frequency, and ¢ is the input noise-to-

signal ratio to the OEQ, or the relative white noise level p, in Section 2.2, given by

5=p,G>/P (6-11)

0sc

where py is the equivalent input noise power density injected into the OEO from the input
port of the PA, which has a typical value of 10" mW/Hz, P is the power of the signal at the
oscillation frequency applied to the PMs, and G, is the voltage gain of the PA. Thus, P, /G,

is the power of the oscillation frequency before the PA, which has a typical value of 10* mW.

Therefore, 6 has a typical value of 10™°/Hz.
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Fig. 6.10 A comparison of the phase noise based on the Yao-Maleki model, the modified model and

experimental data for our proposed OEO.

Based on (6-10) and (6-11), we calculated the theoretical single-sideband phase noise
spectrum of the generated microwave signal and compare it with the single-sideband phase
noise spectrum of the experimentally generated 10-GHz microwave signal shown in Fig. 6.10.
The single-sideband phase noise spectrum of the generated signal is measured by an Agilent
E5052B signal source analyzer incorporating an Agilent E5053A downconverter. The
theoretical phase noise spectrum is also shown in Fig. 10 as a dotted-dashed line. As can be
seen the phase noise performance is under-estimated. The difference is due to the fact that in
Chapter 2, we assume that the noise in the OEO is a strictly white noise source, and ignores
other frequency-dependent noise sources which do exist in a real OEO. In our case, such
frequency-dependent noise could be the relative intensity noise (RIN) of the TLS, the laser
wavelength fluctuations, the length changing of the SMF, and the spectrum variations of the
PS-FBG. Here in our analysis, we simply group all the frequency-dependent noise sources into

two categories: the noise whose power density is inversely proportional to f” and the noise
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whose power density is proportional to f* over only a small offset frequency range. Since all
the noise sources are supposed to be independent, the power density of the input noise injected

into the OEQO can be written as
Py =Pyt P! S+ Py S (6-12)

where p,, and p,, are two parameters of the input noise. The input noise-to-signal ratio to

the OEO can also be rewritten as

8'=p.G>IP. =5+8/f+6, [ (6-13)

0sc

where 0; and d, are two parameters of the input noise-to-signal ratio. Thus the modified power

density spectrum S’(f”) is given by

5
(5'/21’)2 +(27z)2 (z‘f’)2
o
(5' / 2r)2 +(27z)2 (Tf')2
2
(6'/ 27)2 + (27[)2 (Tf')2
é&'fﬂ
(8'/12¢) +(27) (ef')

S(f)=

(6-14)

+

To fit our experimental data, J; and J, are selected to be 8 x 10” and 4.5 x 10"®/Hz". The
calculated phase noise spectrum based on the modified model is shown in Fig. 6.10 as a dashed

line.

From Fig. 6.10, we can also see that the measured phase noise is -102 dBc/Hz at a 10-KHz

offset frequency. The peaks after 400-KHz offset frequency which have a frequency spacing
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corresponding to a free spectral range of the OEO are resulted from the non-oscillating
sidemodes. Another peak at 66-KHz is associated with an uncertain perturbation, and
disappears from time to time. The phase noise performance can be further improved by using a

wavelength-stabilized TLS and a packaged PS-FBG.

6.4 Conclusion

A novel approach to implementing a wideband frequency-tunable OEO using a PS-FBG was
proposed and experimentally demonstrated. Due to the phase-modulation to intensity-
modulation conversion in the PS-FBG, an equivalent high-Q tunable microwave photonic BPF
in the OEO loop was established, which was employed to select one of the eigenmodes in the
OEO, to achieve single-frequency oscillation. The central frequency of the equivalent
microwave photonic bandpass filter could be easily tuned by tuning the wavelength of the
TLS, thus leading to the tuning of the frequency of the generated microwave signal. The key
significance of the proposed OEO is that it can provide large frequency tunability by simply
tuning the optical wavelength. In addition, since no bias control is needed for the PMs, the
operation stability is also better than using an MZM. The proposed OEO was verified by an
experiment. The generation of a microwave signal with a frequency tunable from 3 GHz to 28
GHz was demonstrated. The generated microwave signal exhibited a good phase noise
performance. A modified model was also developed to describe the phase noise performance
of the proposed OEO. The phase noise performance of the proposed OEO can be further
improved if a packaged PS-FBG and a wavelength-stabilized laser source are employed. The
PMs and PS-FBG could be potentially integrated in a photonic integrated circuit (PIC) chip,

which would significantly improve the overall performance of the proposed OEO.
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CHAPTER 7 OPTICALLY TUNABLE
FREQUENCY-MULTIPLYING OPTOELECTRONIC
OSCILLATOR

An optically tunable frequency-multiplying optoelectronic oscillator (OEO) by combing the
techniques of external modulation and the frequency-tunable OEO incorporating a tunable
microwave photonic bandpass filter is proposed and experimentally demonstrated. The
microwave photonic filter is implemented employing a phase-shifted fiber Bragg grating (PS-
FBQG), a polarization modulator (PolM) and a phase modulator (PM). The frequency tuning is
realized by changing the wavelength of the light wave to the OEO loop. Frequency-doubling
and quadrupling operations with large frequency tunability are experimentally demonstrated.

The phase noise performance of the generated microwave signals is also investigated.

7.1 Tunable frequency-multiplying optoelectronic oscillator

From the discussion in Section 1.2.5, we know that microwave signal generation using an
optoelectronic oscillator (OEO) has been considered a promising solution, and the two major
limitations of a conventional OEO are that the frequency tunability is small and the frequency
of the generated microwave signal is low. To solve these problems, many solutions have been
proposed to either increase the frequency-tunable range by employing various microwave
photonic filter or increase the frequency of the generated microwave signal by frequency

doubling. However, no methods have been proposed to solve both problems simultaneously.
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In this chapter, we proposed a new technique to simultaneously realize high frequency
generation and wideband frequency tuning based on a tunable and frequency-multiplying
OEO. In the proposed OEQ, a tunable microwave photonic bandpass filter implemented based
on phase-modulation to intensity modulation (PM-IM) conversion using a PolM, a phase
modulator (PM), and a PS-FBG is incorporated in the OEO. The frequency tuning is simply
done by tuning the wavelength of the light wave to the OEO. The frequency multiplying
operation is achieved by taping part of the output from the PolM and sent it to an optical
polarization analyzer (PolA). The joint operation of the PolM and the PolA corresponds to an
intensity modulator (IM). Depending on the biasing point at the quadrature, the MITP or the
MATP, the OEO will generate a fundamental, a frequency-doubled or a frequency-quadrupled
microwave signal. An experiment is performed. A frequency-doubled microwave signal with a
frequency tunable from 16 GHz to 28 GHz and a frequency-quadrupled signal with a
frequency tunable from 30 to 42 GHz are generated. To the best of our knowledge, this is the
widest frequency tunable range ever achieved. The phase noise performance of the OEO is also

studied.

7.2 Principle of the tunable frequency-multiplying OEO

The schematic of the proposed optically tunable frequency-multiplying OEO is shown in Fig.
7.1. A light wave from a tunable laser source (TLS) is sent to a PolM via a polarization
controller (PC1) which makes the polarization direction of the incident light wave have an
angle of 45° with respect to a principal axis of the PoIM. The PolM is a special PM that
supports both the transverse-electric and transverse-magnetic modes with opposite phase

modulation indices. The light wave at the output of the PoIM is then split into two paths:
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1) One is sent to the PM through a polarization controller (PC3) and a length of SMF. Since
one polarization axis of the PolM is aligned with the polarization axis of the PM by adjusting
PC3, the PolM also functions as a PM that supports only one polarization direction. The phase-
modulated light wave from the PM is then routed to a PS-FBG via an optical circulator (OC).
The PS-FBG has an ultra-narrow notch in the reflection spectrum, which will remove one
sideband of the phase-modulated light wave. The reflected light wave from the PS-FBG is
detected by a photodetector (PD1), which leads to the implementation of a high-Q frequency-
tunable microwave photonic bandpass filter due to PM-IM conversion as discussed in Chapter
5 and 6. The signal at the output of PD1 is amplified by a RF PA and applied to the PoIM and
the PM via a power divider (Div) to form a frequency-tunable OEO which would generate a
fundamental frequency. Since the central frequency of the microwave photonic bandpass filter
can be tuned by tuning the wavelength of the TLS, the frequency of the generated fundamental

signal can also be tuned.

Output
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Fig. 7.1 The schematic of the optically tunable frequency-multiplying OEO.

- 136 -



2) The other is sent to a PolA followed by an optical notch filter (ONF) through a second PC

(PC2) for achieving frequency multiplying.

If the principal axis of the PolA is oriented with an angle of 0° or 90° to the same principle
axis of the PolM, the PolM functions in junction with the PolA as a PM. By using the ONF to
remove the optical carrier of the phase-modulated light wave and beating the two first-order

sidebands at PD2, a frequency-doubled microwave is generated.

If the principal axis of the PolA is oriented with an angle of 45° to the same principle axis of
the PolM, the PolM functions in junction with the PolA as an IM. By adjusting a static phase
introduced by PC2, the PolM-based IM can be biased to operate at the quadrature point, the
minimum transmission point (MITP) or the maximum transmission point (MATP). When
biased at the quadrature point, two first-order sidebands with the optical carrier are generated.
By applying the optical signal at PD2, a microwave signal at the fundamental frequency is
generated. When biased at the MITP, only two first-order sidebands are generated. By beating
the two sidebands at PD2, a frequency-doubled microwave signal is generated. When biased at
the MATP, two second-order sidebands with the optical carrier are generated. By using the
ONF to remove the optical carrier and beating the two second-order sidebands at PD2, a
frequency-quadrupled microwave is generated. The frequency of the frequency-multiplied
signal can also be tuned by tuning the wavelength of the incident light wave with the tuning

step determined by the wavelength tuning step of the TLS.
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7.3 Performance evaluation of the tunable frequency multiplying

To evaluate the generation of the microwave frequency multiplication of the proposed OEO,
an experiment based on the setup shown in Fig. 7.1 is performed. The length of the single
mode fiber (SMF) is about 500 m, the length between the PM and the power divider is about
10 m. The reflection response of the PS-FBG and the frequency response of the microwave
photonic bandpass filter are measured and shown in Fig. 7.2. To measure the frequency
response, the loop is opened at the output port of PDI1, and only the PM is used. The 3-dB
bandwidth of the microwave photonic bandpass filter is about 40 MHz. It was shown in
Chapter 6 that the use of two cascaded PMs would further decrease the bandwidth of the
microwave photonic bandpass filter. By tuning the wavelength of the optical carrier, the center

frequency of the microwave photonic bandpass filter is accordingly tuned.
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Fig. 7.2 Measured reflection magnitude response of the PS-FBG used in the proposed OEO. The inset is the

15652.5

zoom-in view of the notch with a high resolution.
7.3.1 Tunable microwave photonic bandpass filter

The frequency response of the equivalent wideband frequency-tunable microwave photonic

bandpass filter based on PM-IM conversion is measured. To do so, the loop is opened at the
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output port of the PD1, and only the PM is used. The frequency response is measured using a
vector network analyzer (Agilent E8364A). The powers of the light wave sent to the PM and to
the PD are measured to be about 10 and 2 dBm, respectively. The wavelength of the optical
carrier is tuned around 1551.96 nm, ensuring that one sideband will fall into the notch of the
PS-FBG and the other will be reflected by the PS-FBG. By increasing the wavelength
difference between the optical carrier and the notch, the center frequency of the microwave

photonic bandpass filter is accordingly increased.
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Fig. 7.3 (a) Measured frequency responses of the tunable microwave photonic bandpass filter. (b) The zoom-in

view of the frequency response when the center frequency is tuned at 10 GHz.
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Fig. 7.3(a) shows some superimposed frequency responses of the microwave photonic
bandpass filter. From Fig. 7.3(a), we can see that the ratio of the transmission peak to the
sidelobe can be as large as 15 ~ 20 dB, which is large enough to suppress undesired modes in
the OEO. In Fig. 7.3(b), a zoom-in view of the measured frequency response of one photonic
microwave bandpass filter with a central frequency of 10 GHz is shown. The 3-dB bandwidth
is about 40 MHz. The 3-dB bandwidth can be further decreased by using a PS-FBG with a

narrower notch.

7.3.2 Fundamental frequency generation

10
0 F i
—~ -10 } .
S
S 20t l
S .30 b ,
2 30
o
o 40 } |
50 | i
-60 el ; : ; : ; ; : ;
1551.23 1551.63 1552.03
Wavelength (nm)
(a)
€
m
°
o
2
(o]
o

-80 L ; ‘ ‘ i ; i ; ;
15651.23 1551.63 1552.03
Wavelength (nm)

(b)
Fig. 7.4 (a) Optical spectrum at the output of PM2 when the OEO is operated at 10 GHz. (b) Optical spectrum
at the output of the PS-FBG when the OEO is operated at 10 GHz.
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When incorporating the microwave photonic bandpass filter in the OEO loop, a microwave
signal at the fundamental frequency is generated at the output of PD1. In the experiment, the
length of the SMF is about 500 meter, the length between the PM and the power divider is
about 10 meters. The wavelength of the light wave is first set to be 0.08 nm away from the
central wavelength of the notch of the PS-FBG; so that the oscillation frequency would be

approximately equal to 10 GHz.

Fig. 7.4 shows the measured optical spectrum at the outputs of the PM and the PS-FBG after a
10-GHz signal starts oscillation in the OEO loop. As expected, after reflection of the PS-FBG,
the power of one sideband of the phase-modulated light wave is 20 dB lower than that of the
upper sideband. Although the higher order sideband can also be seen in Fig. 7.4, their powers
are relatively low and will not affect the implementation of the microwave photonic bandpass

filter and the generation of the fundamental frequency.

By tuning the wavelength of the TLS, the fundamental frequency is accordingly tuned. Fig.
7.5(a) shows the superimposed spectra of the generated microwave signal with the frequency
coarsely tuned over a frequency range from 6 GHz to 14 GHz with a tuning step of 1 GHz with
a frequency span of 20 GHz. The tuning step is determined by the wavelength tuning
resolution of the TLS, which is 1 pm here. Fig. 7.5(b) shows the zoom-in view of the generated

10-GHz microwave signal.
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Fig. 7.5 (a) Electrical spectrum of the generated microwave signal at different fundamental frequencies with a

frequency span of 20 GHz and a resolution bandwidth (RBW) of 3 MHz. (b) The zoom-in view of the 10-GHz
signal with a frequency span of 500 KHz and a RBW of 4.7 KHz.

7.3.3 Frequency doubling
Once the fundamental frequency is oscillating in the OEO loop, a frequency-doubled signal

can be generated at the output of PD2. Since there are two ways to enable frequency doubling,

both are demonstrated here.
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In the first method, the PolM functions as a PM. The optical spectrum at the output of the ONF
is shown in Fig. 7.6 when the fundamental frequency is 10 GHz. From Fig. 7.6, we can see that

the optical carrier from the TLS is suppressed and only two first-order sidebands become

dominant.
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Fig. 7.6 Optical spectrum at the output of the ONF when the OEO is operated at 10 GHz and the PolM operates
as a PM.
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Fig. 7.7 (a) Electrical spectrum of the generated frequency-doubled microwave signal at different frequencies
with a resolution bandwidth (RBW) of 3 MHz. (b) The zoom-in view of the 20-GHz signal (the frequency span
is 500 KHz and the RBW is 4.7 KHz).
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Fig. 7.8 Optical spectrum at the output of the PolA when the OEO is operated at 10 GHz and the PoIM operates
as an IM biased at the MITP.

By beating these two sidebands, a frequency-doubled signal at 20 GHz can be generated. The
frequency can also be tuned by tuning the wavelength of the TLS. Fig. 7.7(a) shows the

superimposed spectra of the generated microwave signal with the frequency tuned over a
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frequency range from 16 GHz to 28 GHz with a tuning step of 2 GHz. Fig. 7.7(b) shows the

zoom-in view of the 20-GHz microwave signal.
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Fig. 7.9 Electrical spectrum of the generated frequency-doubled microwave signal at different frequencies with
a resolution bandwidth (RBW) of 3 MHz. (b) The zoom-in view of the 20-GHz signal with a the frequency
span of 500 KHz and the RBW of 4.7 KHz).

In the second method, the PolM functions as an IM biased at the MITP. Only the PolA is

required. The optical spectrum at the output of the PolA is shown in Fig. 7.8 when the
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fundamental frequency is 10 GHz. Similar to the spectrum shown in Fig. 7.6, there are only

two dominant first-order sidebands.
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Fig. 7.10 (a) Optical spectrum at the output of the PolA. (b) Optical spectrum at the output of the ONF. The
OEO is operated at 10 GHz and the PolM operates as an MZM biased at the MATP.

By beating these two sidebands, a frequency-doubled signal at 20 GHz can also be generated,
whose frequency can also be tuned by simply tuning the wavelength of the TLS. Fig. 7.9(a)

shows the superimposed spectra of the generated microwave signal with the frequency tuned
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over a frequency range from 16 GHz to 28 GHz. And Fig. 7.9(b) also shows the zoom-in view

of the 20-GHz microwave signal.

Comparing the two sets of optical and electrical spectra, we can see that the two methods for
the frequency doubling are quite similar. In the first method where the PolM-based PM is used,
the ONF with a large notch depth and narrow notch bandwidth is required to suppress the
residual optical carrier. In the second method, no ONF is needed and the PolM-based IM is
biased at the MITP by using two PCs. The bias state of the PolM-based IM is much more
stable than that of a conventional IM whose bias state is controlled by an active dc power
supplier. However, in order to significantly suppress the optical carrier, the extinction ration of
the PolM-based IM must be very high, which is not easy to realize and maintain due to the
imbalance of the power of the light waves of the two modes and the polarization fluctuations
of the light wave. Therefore, combing two methods for the frequency doubling would be a

promising solution to solve the problems in each one.

7.3.4 Frequency quadrupling

When the PolM-based MZM is biased at the MATP, all the odd-order sidebands can be
suppressed, leading to the dominance of the optical carrier and the two second-order sidebands
in the frequency domain. By using the ONF to remove the optical carrier and beating the two

second-order sidebands that remain, frequency quadrupling will be realized.

The optical spectrum at the output of the PolA is shown in Fig. 7.10(a) when the fundamental
frequency is 10 GHz. From Fig. 7.10(a), we can see that the first-order sidebands are

suppressed while the optical carrier and the two second-order sidebands become dominant.
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Fig. 7.10(b) shows the optical spectrum at the output of the ONF, from which we can see that

only the two second-order sidebands remain while the optical carrier is removed.
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Fig. 7.11 (a) Electrical spectrum of the generated frequency-doubled microwave signal at

different frequencies with a resolution bandwidth (RBW) of 3 MHz. (b) The zoom-in view of

the 40-GHz signal (the frequency span is 500 KHz and the RBW is 4.7 KHz).

By beating these two sidebands, a frequency-doubled signal at 40 GHz can be generated. The
frequency can also be tuned by tuning the wavelength of the TLS. Fig. 7.11(a) shows the

superimposed spectra of the generated microwave signal with the frequency tuned over a

- 148 -



frequency range from 30 to 42 GHz with a tuning step of about 2 GHz. Fig. 7.11(b) shows the

zoom-in view of the 20-GHz microwave signal with a span of 500 KHz.

In the case of frequency quadrupling, the power of the second-order sidebands is relative low;
therefore, before beating them at PD2, an EDFA is required to increase the power of the two
sidebands. And the frequency tuning range is mainly determined by the bandwidth of the PolM
and the PM, the PD and the PA. All of these components with a 40-GHz bandwidth are
commercially available now, therefore, the proposed frequency-multiplying OEO can be used

to generate a microwave signal with a frequency tunable range of 160-GHz.

7.3.5 Stability and phase noise performance

The stability of the generated frequency-multiplied microwave signal greatly relies on the
stability of the fundamental frequency. Therefore, the stability of the fundamental frequency is
very important. To evaluate it, the system is configured to generate a 10-GHz fundamental
signal and operates in a room environment for a period of 20 min. The spectrum of the 10-GHz
tone is stably shown on the ESA with negligible power variations. However, due to instability
of the microwave photonic BPF caused by the wavelength drifts of the TLS and the notch
drifts of the unpackaged PS-FBG, a frequency shift of a few MHz, even mode hopping can be

observed after hours.

The phase noise curves of the fundamental frequency and the frequency-multiplied microwave
signal are also measured by an Agilent E5052B signal source analyzer incorporating an
Agilent ES053A downconverter and compared in Fig. 7.12. From Fig. 7.12, we can see that the

measured phase noise of the fundamental frequency is -113.4 dBc/Hz at a 100-kHz offset
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frequency. The peaks after 400-KHz offset frequency and its integer multiples correspond to

the sidemodes of the OEO given that the total loop length is close to 500 meters.

Phase noise (dBc/Hz)

Quadrupled frequency
Doubled frequency

~ Fundamental
frequency

1K 10K 100K 1™ 10M
Offset frequency (Hz)

Fig. 7.12 A comparison of the phase noise curves of the fundamental frequency, doubled frequency and the

quadrupled frequency.

The phase noise for the doubled and quadrupled frequency is -107.1 dBc/Hz and -101.7

dBc/Hz at a 100-kHz offset frequency, respectively. Thus, the frequency-doubled and

frequency-quadrupled signals have a 6-dB and a 12-dB phase noise degradation compared with

the fundamental frequency signal. Theoretically, the phase noise of a frequency-doubled and a

frequency-quadrupled signal should have a phase noise degradation of about 20log;¢2 = 6.0

dB, and 20log;¢4 =~ 12.0 dB, respectively. The experimental results are consistent well with the

theoretical results. However, the phase noise curves of the frequency-doubling and frequency-

quadrupling at other offset frequencies are a little worse than the theoretical prediction, which

could be contributed from additional phase noise introduced by polarization fluctuations.
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Another peak at 66-KHz is associated with an uncertain perturbation, and disappears from time

to time.

The stability of the generated microwaves and their phase noise performance can be further
improved by using a wavelength-stabilized TLS and a packaged PS-FBG which could be
immune to the environmental changes. The use of a long fiber delay line in the loop could also
improve the phase noise performance, but a PS-FBG with a narrower notch is also required to

ensure single mode oscillation.

7.4 Conclusion

A simple and novel wideband tunable frequency-doubling or frequency-quadrupling OEO
combining the technique of external modulation and a frequency-tunable OEO based on a
microwave photonic bandpass filter has been proposed and experimentally demonstrated. The
key features of the proposed OEO are: 1) the generation of a high frequency microwave signal
can be achieved by using low-frequency components in the OEO; 2) wideband microwave
frequency tuning can be realized by simply tuning the wavelength of the incident light wave.
In addition, no bias control is needed which greatly simplifies the implementation and
improves the operation stability. The experiments were performed. The generations of a
fundamental oscillation with a frequency from 6 GHz to 14 GHz, a frequency-doubled
microwave signal with a frequency from 16 GHz to 28 GHz, a frequency-quadrupled
microwave signal with a frequency from 30 GHz to 42 GHz were demonstrated. Totally, the
frequency tunable range is about 42 GHz, which is, to the best of our knowledge, the widest
frequency-tunable range ever achieved. The phase noise performances of the generated

fundamental frequency, doubled frequency and the quadrupled frequency were also evaluated.
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CHAPTER 8 SUMMARY AND FUTURE
RESEARCH

8.1 Summary

The work of the thesis was focused on the investigation of photonic generation of ultra-low
phase noise, frequency-tunable microwave and mm-wave signals based on two techniques:

external modulation and optoelectronic oscillation.

External modulation, as known as microwave frequency multiplication using electro-optical
(EO) modulators, has been demonstrated to be a promising technique to generate a high
frequency microwave or mm-wave signal from a low frequency microwave signal. The system
is simple with large frequency tunability. However, conventional external modulation can only
provide a small frequency multiplication factor (FMF). Although there are various methods to
increase the FMF, the large FMF is at the cost of limited frequency tuning range. Therefore,
we proposed to use two Mach-Zehnder modulators (MZMs) to realize microwave frequency
multiplication with a FMF as large as 8. A comprehensive study was presented to prove that
two-MZM-based external modulation is capable of achieving frequency sextupling and
octupling with large frequency tunability. To further increase the FMF, optical nonlinear
effects are employed. A joint use of external modulation, four-wave mixing (FWM) and
stimulated-Brillouin-scattering-assisted (SBS-assisted) adaptive filtering was demonstrated to
achieving frequency twelvetupling. FWM is used to triple the FMF obtained using
conventional external modulation, and stimulated-Brillouin-scattering-assisted (SBS-assisted)

adaptive filtering is incorporated to remove undesired sidebands. Since an SBS-assisted-filter

- 152 -



is wavelength-independent, it ensures a larger frequency tunable range. By combing the two-
MZM-based external modulation, FWM and SBS-assisted filtering, even a larger FMF of 24
can be potentially achieved. Based on the commercially available 40-GHz EO modulators, 40-
GHz microwave amplifiers, and terahertz photomixers, an mm-wave or terahertz signal of a

frequency up to 1THz could be generated, and the frequency tuning range could be as large as

hundreds of GHz.

An OEO is another promising technique for photonic microwave and mm-wave generation. A
conventional OEO using an electrical bandpass filter has two major limitations, limited
frequency tunability and low frequency of the generated signal. To address two problems
simultaneously, we first proposed a wideband frequency tunable microwave photonic filter
(MPF) which was implemented based on PM-IM conversion and achieved a widest frequency-
tunable range ever obtained. Then the proposed wideband frequency-tunable MPF was
incorporated in an OEO, replacing the electrical bandpass filter, to form an optically
frequency-tunable OEO. The generation of a frequency-tunable microwave and mm-wave
signal has been successfully demonstrated. Finally, to increase the frequency of the generated
microwave or mm-wave signal, external modulation techniques were merged with the
frequency-tunable OEO to implement an optically tunable frequency-multiplying OEO which
simultaneously eliminates the two limitations of a conventional OEO. In the experiment, the
generation of a frequency-doubled microwave signal and a frequency-quadrupled microwave
signal have been demonstrated. Totally, a frequency tunable range of more than 40 GHz was
demonstrated, which is, to the best of our knowledge, the widest frequency-tunable range ever

achieved.
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8.2 Future research

In this research work, photonic microwave and mm-wave generation based on external
modulation and optoelectronic oscillation was investigated and demonstrated. In the case of
external modulation, the obtained FMF is still not large enough for the generation of a high-
frequency mm-wave or a terahertz wave signal using low-cost, low-frequency microwave
components. Seeking photonic solutions to significantly increase FMF will be the next
research focus. In addition, as observed in some experiments, some undesired sidebands are
not completed suppressed, and unwanted harmonics at the output of the photodetector will
appear, which could cause negative results in many practical applications. Thus, effectively
removing undesired sidebands without using complicated optical filtering system is also a

challenge.

For the frequency-tunable OEQ, the frequency tunability is excellent and capable of covering a
frequency range of tens of GHz. However, the phase noise performance is still a few dB worse
than that of the commercialized microwave generators based on multiplied-up quartz
oscillators or dielectric resonator oscillators. Using a well-packaged PS-FBG with a narrower
notch and a wavelength-stabilized TLS are very necessary to further reduce the phase noise.
Given all the devices in our proposed OEO can be integrated based on the photonic integrated
circuit technologies, developing an integrated frequency-tunable OEO is also well worth being

investigated.

Furthermore, the proposed OEO can also find some applications in optical sensing, since the

unpackaged PS-FBG used in the OEO is quite sensitive to the environmental changes, like
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temperature and stress, which can be easily interrogated by measuring the oscillation frequency

of the OEO. The relevant researches will also be studied.
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