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ABSTRACT 

 Radio frequency (RF) signal processing is ubiquitous in various fields, where dynamic and 

wideband processing capabilities are increasingly desired in modern systems. The inherent 

limitations of electronics make conventional RF signal processing technique lack of tunability, 

which cannot fulfill the functionalities required in modern systems. Microwave photonics (MWP) 

– a hybrid signal processing technique, which takes advantages from the unique properties of 

photonics, making it possible to remove the bottlenecks of electronic system. Here, we draw 

inspiration from photonics and bring breakthrough functionalities and great improvements to 

conventional signal processing technique. Various microwave photonic systems are developed and 

experimentally demonstrated, with great operating flexibility, wide bandwidth, and fast processing 

speed. The demonstrated systems include gigahertz-speed tunable MWP filters, highly 

reconfigurable MWP multiband filters, broadband and reconfigurable RF spectral shaper, and RF 

equalizer. The wideband operation range and extraordinary system flexibility make them suitable 

for a variety of applications in RF/microwave signal processing and emerging communication 

systems. 
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CHAPTER 1 

INTRODUCTION 

 

 Radio frequency (RF) signals refer to the electromagnetic waves with frequencies between 

3 kHz to 300 GHz, which are widely used in a number of fields and can be found almost 

everywhere. Applications of RF signals include wireless and optical communications, radar and 

satellite systems, sensing, computing, instrumentation and medical treatment. Thus, the 

generation, processing and transmission of RF signals are of great interest, and numerous related 

research have been performed for decades. RF signals are usually processed by electronic circuits, 

which are based on resistors and capacitors (RC circuits) with particular transfer functions. With 

the rapid development of electronics industry, tons of devices and systems for RF signal processing 

have been developed and widely applied. In recent years, due to the huge data explosion from new 

Internet based technologies such as cloud storage and computing, big data, artificial intelligence 

and virtual reality, there is an ever-increasing demand of high-speed and wide bandwidth data 

transmission. To fulfill the functionalities, wideband systems and multiband communications over 

a wider RF range are implemented to increase the available spectral resource. On the other side, 

adaptive systems are developed to dynamically allocate the spectral resource to improve the 

spectrum usage efficiently. Although RF electronics offers compact and cost-effective designs, the 

design of RC circuit usually results in limited operation bandwidth, hinder its application in 

wideband operations. Furthermore, the inherent nature of electronics makes it lack of tunability, 

which is extremely desired in modern dynamic systems. Thus, conventional RC circuits gradually 
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meet their bottleneck and their performance in modern RF systems are limited, mainly in terms of 

the wideband and dynamic operation capabilities. 

 In recent 20 years, photonic technologies are intensively developed for high-speed data 

transmission. Different from RF signals, optical signals are at a higher frequencies (in the order of 

THz) which results in relative wider operation bandwidth compared with RF signals. With the 

rapid development and mature fabrication process of optical fibers, optical communication has 

been widely implemented worldwide and the data transmission speed and bandwidth have been 

dramatically increased. The capability of photonics for signal transmission has been well 

developed, meanwhile, its huge potential for RF signal processing comes to people’s sight. The 

unique features of photonics, such as low loss, ultra-wide bandwidth, fast transmission and 

response speed, polarization diversity, special nonlinear effects and immunity to electromagnetic 

interference, making it a power tool for RF signal processing. Thanks to the fast development of 

wideband electro-optic (EO) and optic-electro (OE) conversion devices, such as EO modulators 

and photo diodes which have been widely used in optical communications, RF signals can be easily 

converted between electrical domain and optical domain. Thus, the processing of the original RF 

signal can be done by all kinds of photonic techniques in the optical domain and then converted 

back, which is a hybrid signal processing technique – microwave photonics (MWP). Figure 1.1 

shows an illustration of a microwave photonic system [1], instead of directly processing the input 

RF signal (fRF) in electrical domain (○1 -○4 ), an EO modulator is used to up-converted the RF signal 

to the frequency an optical carrier (v), this process is called modulation. Then the modulated signal 

(v + fRF  and v - fRF) is processed by a designed transfer function through optical signal processing 

techniques, and at last converted back to an electrical signal through a photo diode. The extra 
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process (○1 -○2 -○3 -○4 ) allows powerful optical techniques to be used, resulting in unique properties 

and functions that cannot be achieved with RF electronics.  

  

Some of the MWP systems are designed to carry the equivalent tasks of conventional RF 

systems but with better performance, and bring unique advantages from photonics to enhance the 

functionalities that are very complex or even impossible with traditional technologies [1-6]. It 

opens up new possibilities for overcoming inherent limitations of conventional electronics, in 

particular on the wideband and dynamic capabilities. During the past decades, a considerable 

amount of work for MWP signal processing has been carried out [7,8], the implemented 

functionalities include RF signal generation and filtering, beam-forming, frequency measurement 

and scanning, arbitrary waveform generation, analog-to-digital conversion, and radio over fiber. 

Almost all the functions demonstrated by conventional RF electronics can also be achieved 

through MWP, meanwhile, optical signal processing techniques greatly enables dynamic 

Figure 1.1. Illustration of a microwave photonic signal processing system [1]. Red line: electrical

signal, blue line: optical signal. 
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reconfiguration of the achieved functions. Furthermore, since the modulated RF frequency range 

is only a very small fraction of the optical frequency, usually MWP signal processing supports an 

ultra-wide operation bandwidth in term of the RF range. For example, a 100 GHz range is already 

a huge bandwidth for RF systems, however it only consumes ~2.2% of the C band in optical 

communication (C band is about 4.4 THz from 1530 nm to 1565 nm). This is a fundamental 

advantage compared with RF electronics. As the spectral scarcity is becoming the major hurdle of 

RF systems and wideband operation at higher frequency is inevitable (such as the situation of 5G 

wireless network), MWP is becoming a promising solution for a number of essential RF processing 

tasks and functionality.  

In this dissertation, we draw inspiration from photonics for achieving high-speed, 

wideband and dynamic RF signal processing. Since RF filters are the most essential and widely 

used components in RF systems, and they are the key to implement various signal processing 

functions, we start our study by developing several MWP filters. In Chapter 2, we develop a MWP 

notch filter with gigahertz tuning capability. The notch filter can be used as an ultrafast RF switch 

with only hundreds of picoseconds response time. In Chapter 3, a MWP dual-band bandpass filter 

also with gigahertz switching speed is developed. The MWP bandpass filter is based on finite 

impulse response, which is first introduced in the chapter 3. These two high-speed tunable MWP 

filters are the first demonstrations of tunable RF filter operating at gigahertz level, which are 

extremely desired in high-speed switching and scanning applications. In Chapter 4, several MWP 

multiband filters are developed also based on finite impulse response. The maximum passband 

number of RF multiband filters has been significantly increased to 13, meanwhile, generated 

passbands are both tunable and reconfigurable. Based on these powerful MWP multiband filters, 

two potential applications are demonstrated in Chapter 5, which are RF spectral shaper and 
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equalizer. Arbitrary RF spectrum shaping and equalization are successfully achieved. In Chapter 

6, we discuss the potential integration of the demonstrated systems, and conclude this dissertation. 
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CHAPTER 2 

HIGH-SPEED TUNABLE MWP BANDSTOP FILTER  

 

2.1 RF Bandstop Filter 

RF bandstop filter (or notch filter) is a key component in RF signal processing, it is 

designed for removing undesired signals at certain frequencies, and passing most other frequencies 

unaltered. RF bandstop filter is widely used for interference mitigation, and has been successfully 

demonstrated based on conventional electronic techniques. Generally the RF bandstop filter is 

constructed by combining a low-pass filter and a high-pass filter in series, with their pass-bands 

not overlapping. Typically, a desired RF bandstop filter should have a high rejection ratio, narrow 

rejection bandwidth, wide operation range, flat passband response, and good operation flexibility. 

The last characteristic becomes increasingly important in modern RF systems where dynamic 

operation are commonly found, which requires rapid changing of the operating frequency of the 

notch filter [5]. Unfortunately, it is very difficult to make an electronics based RF notch filter to 

be tuned over a wide frequency range at high speed, due to the fact that they are basically resistor 

inductor capacitor circuits.  

In recent years, microwave photonics brings great improvements on RF notch filter design, 

especially on the operating tunability and reconfigurability [7,8]. Various MWP approaches have 

been reported to demonstrate tunable and reconfigurable MWP notch filters. Examples include the 

use of stimulated Brillouin scattering in optical fiber to achieve good selectivity and tunable 

performance [9-11], microring resonators for a high rejection ratio and is potentially integrable 
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[12-15], and delay line based MWP filters with tunable filter frequency [16-18]. Although the 

above approaches have successfully achieved tunable MWP notch filters, they either require high 

operation optical power due to the nonlinearity in fiber involved, or are based on complex tuning 

mechanisms and have a limited tuning range, or have a significant undesired change in free spectral 

range during tuning. Fast frequency tuning is essential in a dynamic environment where frequency 

and bandwidth of the unwanted signal may change over time. However, most tuning mechanisms 

in exiting approaches are based on thermal [19-21] or mechanical [22,24] tuning, that have slow 

tuning speeds of around kHz range [23]; or require complex tuning mechanism, i.e., 

simultaneously adjusting multiple parameters during tuning.  

In this chapter, frequency and bandwidth tunable MWP notch filters based on phase 

modulator incorporated Lyot loop filter (PM-Lyot) and loop mirror filter (PM-LMF) for high-

speed tunable optical filtering is proposed and demonstrated. Gigahertz notch frequency tuning 

speed is experimentally achieved by varying the birefringence of the phase modulator through 

electro-optics Pockels effect, and the tuning mechanism is also simple that solely rely on the 

applied voltage to the phase modulator for continuously notch frequency tuning. Moreover, 

sharper filter profile and bandwidth tuning is also achieved by the unique PM-Lyot filter, the 10-

dB bandwidth of the MWP notch filter is experimentally tuned from 0.81 to 1.85 GHz through 

polarization adjustment. The high-speed tunable MWP notch filter is then tested as a 

RF/microwave frequency switch, that on/off switch and two-channel switch at gigahertz switching 

speed are experimentally demonstrated.  

As such, the following work is drawn from our paper published on Optics Letters (vol. 40, 

pp. 48-51, Jan. 2015) by Jia Ge, Hanlin Feng, Guy Scott, and Mable P. Fok, entitled “High-speed 

tunable microwave photonic notch filter based on phase modulator incorporated Lyot filter”, and 
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paper published on Scientific Reports (vol. 5, p. 17263, Nov. 2015) by Jia Ge and Mable P. Fok, 

entitled “Ultra high-speed radio frequency switch based on photonics”. 

 

2.2 Implementation of the MWP Notch Filter  

2.2.1 Single-sideband modulation through SOA-polarizer structure   

Experimental setup of the proposed MWP notch filter is shown in Figure 2.1. Input 

microwave signal is modulated onto an optical carrier through a 10-GHz standard Mach-Zehnder 

modulator (MZM). The modulated signal is then fed into a SOA at 45 degrees with respect to the 

orientation layers, which is driven at 350 mA for SSB generation and followed by a polarizer (P1) 

for further suppressing the lower sideband. The power of the modulated optical signal launching 

into the SOA is 7 dBm and polarizer P1 is adjusted to obtain the best SSR. The generated SSB 

signal is then launched into the PM-Lyot filter through an optical circulator (C1) for spectrum 

filtering. As a result, a portion of optical spectrum is chopped out by the optical PM-Lyot filter, as 

Figure 2.1. Experimental setup of the proposed tunable MWP notch filter. DFB: distributed feedback laser;

MZM: Mach-Zehnder modulator; SOA: semiconductor optical amplifier; PC1-PC3: polarization

controllers; P1-P2: polarizers; C1-C2: circulators; PM: phase modulator; PMF: polarization maintaining

fiber; PD: photo detector; NA: network analyzer.  
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illustrated in Figure 2.2(a). The filtered optical signal is then converted back to an electrical signal 

with a photodetector and measured by a network analyzer (Keysight E5071C). 

Rejection ratio of MWP notch filter is mainly determined by the peak-to-notch extinction 

ratio of the optical filter and the sideband suppression ratio (SSR) of the SSB signal. Most existing 

approaches have good peak-to-notch extinction ratio for the optical filter, thus, the SSR of the SSB 

signal becomes the limiting factor of achieving high rejection ratio in MWP notch filter. SSB 

signal is usually generated by a dual-drive Mach-Zehnder modulator (DDMZM) together with a 

RF phase shifter and 90 degree hybrid coupler [9-11]. The sideband suppression is not uniform 

over a wide frequency range (e.g. 10 GHz) due to the non-uniform phase shift and frequency 

response of the phase shifter and hybrid coupler, resulting in an inconsistent and relative low 

rejection ratio in the MWP notch filter. To improve and maintain the rejection ratio during tuning, 

a broadband SSB modulation scheme with good and uniform sideband suppression is desired. 

The SOA-polarizer based SSB generation scheme was developed in [20] as illustrated in 

Figure 2.2(b), which is based on self-phase modulation and self-gain modulation differences 

Figure 2.2. Principle of the (a) tunable MWP notch filter and (b) SOA-polarizer based SSB signal 

generation. 
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between the transverse-electric (TE) and transverse-magnetic (TM) axis in the SOA. By properly 

adjusting the polarizer angle after the SOA and the input optical power of the SOA, complete 

suppression of lower sideband can be achieved. Figure 2.3 shows the SOA-polarizer based SSB 

signal spectra at different modulation frequencies, measured by an optical spectrum analyzer with 

resolution of 0.8 pm. As shown, the lower sideband is completely suppressed to the noise level, 

over 40 dB SSR is achieved from 1 to 10 GHz with minimal polarization adjustment. Compared 

with conventional SSB modulation schemes such as using DDMZM together with a 90 degree RF 

hybrid coupler [11], sideband suppression is uniform and improved significantly when SOA-

polarizer based SSB generation scheme is used.  

The use of a SOA-polarizer based structure for SSB generation eliminates the bottleneck 

of broadband RF hybrid coupler and RF phase shifter, with better sideband suppression and 

uniform frequency response. Due to the high sideband suppression achieved over a wide range of 

frequency, the proposed MWP notch filter has an ultrahigh rejection ratio over 60 dB and is well 

maintained throughout the entire tuning range. 

Figure 2.3. Measured SOA-polarizer based SSB modulation spectra at different modulation frequencies.
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2.2.2 Implementation through the PM-Lyot structure  

As shown in Figure 2.2(a), the implementation of the MWP notch filter is based on optical 

spectral filtering method, where the key component is an optical filter with flexible tunability (the 

green curve in Figure 2.2(a)). In this section, a PM-Lyot filter is first introduced which works as 

the spectral filtering device to remove unwanted frequency components from input RF signals. As 

illustrated inside the dotted box in Figure 2.1, the PM-Lyot consists of a phase modulator (PM), a 

piece of polarization maintaining fiber (PMF), two polarizers (P1 and P2), and two optical 

circulators (C1 and C2). The generated SSB signal is launched into the filter and propagates 

through the PM and PMF twice via the optical circulator loop formed by circulator C2. Polarizer 

P2 is aligned with the polarizer P1 as a classic Lyot filter [21]. A phase difference is acquired 

between the two fields propagating along the fast and slow axis of the PM and PMF, which is 

determined by Eq. (2.1), 

∆߮ሺߣሻ ൌ ଶగ

ఒ
ሺܤ௉ெி ∙ ௉ெிܮ ൅ ௉ெܤ ∙  ௉ெሻ                                (2.1)ܮ

where BPMF, LPMF, BPM and LPM are the birefringence and length of the PMF and the PM, 

respectively. The total phase difference depends on whether the TE axis of the PM is aligned with 

the fast or slow axis of the PMF. In our setup, the TE axis of the PM is set to align with the fast 

axis of the PMF, resulting in an addition of the total phase difference. Free spectral range of the 

PM-Lyot filter is determined by Eq. (2.2), which also represents the free spectral range of the 

MWP notch filter. 

ߣ∆ ൌ ఒమ

஻ುಾಷ∙௅ುಾಷା஻ುಾ∙௅ುಾ
																																																	(2.2) 

The transfer function of the PM-Lyot filter can be described by the following Jones matrix 

(Eq. (2.3) - Eq. (2.6)), 

௢௨௧ܧ ൌ ଶܴܲሺെߠଵሻܨሺ∆߮ሻܴሺߠଶሻܨሺ∆߮ሻܴሺߠଵሻ ଵܲ ∙  ௜௡                   (2.3)ܧ
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ܴሺߠሻ ൌ ቂ	ܿݏ݋	ߠ െ݊݅ݏ	ߠ
ߠ	݊݅ݏ ߠ	ݏ݋ܿ			

	ቃ																																															(2.4) 

					 ଵܲ,ଶ ൌ ቂ	1 0
0 0

	ቃ																																																								(2.5)							

ሺ߮ሻܨ ൌ ቈ	݁
ି೔∆ക

మ 0

0 ݁	
೔∆ക
మ

	቉																																																(2.6)												

where R(θ), P1,2, and F(φ) represent the transfer matrix of the polarization controllers, polarizers 

and birefringence device (PM and PMF), respectively. The polarization rotation angle θ is with 

respect to the polarizer’s transmission angle. The aligned PM-PMF structure works as a 

birefringence device in which the birefringence can be slightly but rapidly tuned through electro-

optic effect. Notch position of the PM-Lyot filter can be continuously tuned by changing the 

birefringence (BPM) through applying different voltages to the PM [22]. In the experiment, a phase 

modulator together with a piece of 37.5-m PMF with birefringence of 6.6×10-4 are used, and a 

MWP notch filter with free spectral range of 10 GHz is generated. The tuning speed can be as fast 

as tens of gigahertz and is governed by the modulation bandwidth of the phase modulator.  

The notch sharpness of a MWP notch filter is determined by the profile of the optical filter, 

i.e. the PM-Lyot filter. In most application, a sharper notch is more desirable due to its better 

selectivity. Different from classic Lyot filters with a standard interferometric profile [23], by 

setting the polarization rotation angles of PC1 (θ1) and PC2 (θ2) to 30° in Eq. (3), an unique filter 

profile with sharper notch is achieved, as shown by the red solid curve in Figure 2.4. Compare 

with standard interferometric optical filters [16-19], the proposed PM-Lyot filter provides a much 

sharper notch and flatter peak. Figure 2.4 shows the comparison between a standard MZI and the 

proposed PM-Lyot filter with the same free spectral range of 80 pm. The PM-Lyot filter has a 

sharper notch profile, flatter transmission peak, and a significant narrower bandwidth of 6.3 pm 

(10-dB), while that of the MZI is 18.6 pm. Since the optical spectrum and RF spectrum has a direct 
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correspondent, the above characteristics result in a MWP notch filter with a better bandstop 

selectivity and a flatter bandpass response.   

Transmission spectrum of the PM-Lyot filter is tunable by applying different voltages to 

the PM for changing the waveguide birefringence. Figure 2.5(a) shows the measured transmission 

spectra of the PM-Lyot filter at different applied voltages, both the spectral shape and the peak-to-

notch extinction ratio are maintained throughout the whole tuning range. Free spectral range of the 

PM-Lyot filter is 80 pm, corresponding to a MWP notch filter with free spectral range of 10 GHz. 

The free spectral range is determined by the length of the PMF, as in Eq. (2), which can be adjusted 

to meet specific application requirement (e.g. several MHz with longer PMF). Correspondingly, 

the measured RF frequency spectra of the MWP notch filter at different applied voltages are shown 

in Figure 2.5(b). Frequency response is measured by a RF network analyzer with an intermediate 

frequency bandwidth of 5 kHz. As shown, the MWP notch position is continuously tunable over 

the 10 GHz range with a filter rejection ratio of over 60 dB. Both the filter shape and rejection 

ratio are uniform, with a 10-dB bandwidth of 0.8 GHz. The 60 dB rejection ratio and sharp filter 

profile offer good bandstop selectivity, while a flat transmission response with power difference 

of <2 dB is also observed. The fast electro-optic based tuning capability not only enables fast notch 

Figure 2.4.  Comparison between the proposed PM-Lyot filter and standard interferometric filter (e.g. MZI).
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frequency tuning, it also allows fast compensation of any wavelength drifting in the Lyot filter or 

the laser source.  

Figure 2.6 shows the notch position of the MWP filter (black square curve) and the amount 

of notch frequency shift (red circle curve) in response to different tuning voltages, respectively. 

Frequency tuning range of 8 GHz is obtained with the applied voltage being tuned from 1.0 to 3.3 

V, resulting in an average tuning efficiency of 3.48 GHz/V. The notch shift is not obvious under 

1.0 V because the birefringence change in PM is not significant at relatively low applied voltage. 

The notch can be continuously tuned over two free spectral ranges. In principle, frequency tuning 

range is limited by how much the birefringence can be changed in the PM. A 0.24 nm wavelength 

shift in optical domain is experimentally achieved with a driving voltage of 6.0 V, corresponding 

to a frequency tuning of 30 GHz in RF domain.  

Figure 2.5. (a) Measured transmission spectra of the PM-Lyot filter at different applied voltages. (b)

Measured frequency tuning spectra of the MWP notch filter. 
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Besides high-speed notch frequency tuning, the bandwidth of the proposed MWP notch 

filter is also tunable. Through polarization adjustment at PC1 inside the PM-Lyot filter, filter 

profile can be adjusted between the unique narrow profile and standard interferometric profile. 

Figures 2.7(a) and 2.7(b) show the measured bandwidth tuning spectra of the PM-Lyot filter in 

optical domain and that of the MWP notch filter in RF domain, respectively. The 10-dB optical 

bandwidth is tuned from 6.3 pm to 16.4 pm with stable peak-to-notch extinction ratio during 

tuning. Figure 2.7(b) shows the RF transmission spectra of the MWP notch filter with tunable 

bandwidth (10-dB) from 0.81 GHz to 1.85 GHz. A rejection ratio of 60 dB is observed during the 

entire tuning process.   

Figure 2.7. (a) Measured bandwidth tuning optical spectra of the PM-Lyot filter. (b) Corresponding 

bandwidth tuning RF spectra of the MWP notch filter. 

Figure 2.6. Notch position and frequency shift of the MWP filter in response to different tuning voltages.
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2.2.3 Implementation through the PM-LMF structure  

The PM-Lyot structure demonstrated in the previous section shows its unique second-order 

optical spectrum and correspondingly, resulting in narrower 3-dB bandwidth of the MWP notch 

filter and bandwidth tuning capability. However, the use of a Lyot loop structure requires 

polarization adjustment and a relative complex system, which is not favored in many applications. 

In this section, we proposed a different scheme based on phase modulator incorporated loop mirror 

filter (PM-LMF), which has simpler system setup and more stable performance. The PM-LMF 

structure also has gigahertz speed tunability, however, the cost is the bandwidth of the MWP notch 

filter is no longer tunable. The choice of using PM-Lyot or PM-LMF structure depends on whether 

the application requires bandwidth tuning capability, or favors a more simpler and stable 

performance.  

 Just like the operating principle of the PM-Lyot structure shown in Figure 2.2(a), the 

system is also based on single sideband modulation and optical spectral filtering. Here, the 

spectrum filtering device becomes the proposed PM-LMF to remove unwanted frequency 

components from the RF signal, which has shown its fast and wide tunability in various 

Figure 2.8. Experimental setup of the PM-LMF based MWP notch filter. DFB: distributed feedback laser; 

DDMZM: dual drive Mach-Zehnder modulator; PM: phase modulator; PMF: polarization maintaining 

fiber; PC: polarization controller; PD: photo detector; NA: network analyzer.  
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applications previously [22,23]. As illustrated in the dotted box in Figure 2.8(a), the PM-LMF 

consists of a coupler, a piece of PMF, a PM and a PC. The transmission function is described by 

the following Eq. (2.5), 

				ܶሺߣሻ ൌ ଵ

ଶ
ൣ1 െ 	(2.5)																																														ሻ൯൧ߣ൫߮ሺݏ݋ܿ

where φ(λ) depicts the phase difference between the two counter-propagating beams of the LMF. 

The total phase difference is an addition of the PM and PMF when the transverse-electric (TE) 

axis of the PM is aligned with the fast axis of the PMF, which is determined by Eq. (2.6), 

߮ሺߣሻ ൌ ଶ஠

ఒ
	ሺܤ௉ெி ∙ ௉ெிܮ ൅ ௉ெܤ ∙ 	(2.6)																																௉ெሻܮ

where BPMF, LPMF, BPM and LPM are the birefringence and length of the polarization maintaining 

fiber and phase modulator, respectively. The transmission function is determined by the 

birefringence and length of the PMF and the PM. Only BPM is tuned during the operation by 

applying different DC or AC voltages to the PM based on electro-optics Pockels effect. Since 

electro-optics Pockels effect has a fast response time, tens of gigahertz tuning speed of the PM-

LMF can be achieved and is mainly governed by the modulation bandwidth of the phase 

modulator.   

The free spectral range of the PM-LMF is determined by Eq. (2.7), which also represents 

the FSR of the tunable MWP notch filter. In the experimental setup, the same 10-GHz phase 

modulator is used as the tuning device, and a MWP notch filter with FSR of 10 GHz is achieved. 

The FSR can be adjusted to meet specific application requirement by changing the length of the 

PMF, i.e. a longer piece of PMF results in a MWP filter with smaller FSR.   

ߣ∆ ൌ ఒమ

஻ುಾಷ∙௅ುಾಷା஻ುಾ∙௅ುಾ
																																													(2.7)	

The transmission spectra of the PM-LMF at different tuning voltages are shown in Figure 

2.9. An optical comb filter with a FSR of 80 pm is observed. The peak-to-notch extinction ratios 
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are over 35 dB, with both the spectral shape and extinction ratio remain unchanged during the 

entire tuning process. The PM-LMF is continuously tuned by applying different DC voltages to 

the PM, wavelength tuning over one FSR is observed at an applied voltage of 3.5 V and up to three 

FSR frequency tuning range is recorded at an applied voltage of 5.5 V. The change in comb spacing 

as a consequence of frequency tuning effect is less than 2 pm, thus, its influence to MWP notch 

filter can be neglected. Figure 2.10(a) shows the frequency tuning spectra of the MWP notch filter 

at different voltages. The RF filter notch position is continuously tuned from 1.5 to 10 GHz with 

a 10-dB bandwidth of 1.7 GHz. The notch rejection ratios are over 50 dB, which provide good 

filter selectivity. Stable filter profiles and uniform notch rejection ratios are observed throughout 

the entire tuning range. The amount of notch frequency tuning in response to different tuning 

voltages is shown in Figure 2.10(b), notch frequency is tuned by 8 GHz with a tuning voltage of 

3.3 V. The notch frequency tuning is not obvious when applied voltage is under 1.0 V due to the 

insignificant change of birefringence in the PM. The total tuning range is determined by how much 

the birefringence can be changed in the PM, up to three FSR total frequency tuning can be 

experimentally achieved.  

 

Figure 2.9. Measured optical spectra of the PM-LMF under different tuning voltages. 
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2.3 Gigahertz Speed Tuning Through Pockels Effect 

The most significant improvement of the proposed MWP notch filter is the gigahertz tuning 

speed of the notch position, which is achieved by applying different control voltages to the phase 

modulator inside the PM-Lyot or PM-LMF structure through Pockels Effect. The phase modulator 

used in the system is made of LiNbO3, which is a commonly used material to build high-speed 

electro-optic modulators. Up to 40 GHz modulators are already commercially available, meaning 

the response time of the modulator is shorter than 25 ps. This ultrafast electro-optic devices has 

been widely used in high-speed optical communication applications, but its potential in high-speed 

RF signal processing is not fully developed. The proposed MWP notch filter takes advantage from 

this ultrafast electro-optic device and up to gigahertz tuning of the MWP notch filter is 

experimentally demonstrated.  

According to Pockels effect, the refractive index of the LiNbO3 waveguide is changed 

linearly with the applied electric field [24]. With a “z-cut” phase modulator, the refractive index 

change in the transverse-magnetic (TM) mode is larger than that in the TE mode. Although the 

  

Figure 2.10. (a) Measured frequency tuning spectra of the MWP notch filter. (b) Notch frequency 

shift in response to different tuning voltages. 

(b) (a) 
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change in birefringence (BPM) is small, the birefringence tuning speed is in the order of GHz due 

to the fast electro-optics Pockels effect [23]. With different value of BPM, the phase difference 

߮ሺߣሻ	of the two interfering branches, the comb spacing  ∆ߣ , and the transmission function ܶሺߣሻ 

are changed, depending on the applied electric signal to the phase modulator. According to Eq. 

(2.2) and Eq. (2.7) in previous sections, the change in birefringence in phase modulator results in 

a change in comb spacing in the PM-Lyot and PM-LMF. Since the change in comb spacing is 

extremely small, i.e. <2 pm, a wavelength shift in the comb position is observed instead when 

focusing at certain wavelength range (e.g., C-band) due to the sinusoidal nature of the transmission 

spectrum. As a result, an electro-optic wavelength tunable comb filter is achieved.  

In the experiment, a 10 GHz phase modulator (EOSPACE PM-0K5-10) is used as the 

tuning device, which consists of a 71-mm LiNbO3 crystal with birefringence of 7.4×10-3 and ~1-

m of PMF pigtails with birefringence of 3.0×10-4.  The response time is shorter than 100 ps since 

the modulator is designed for 10 GHz phase modulation. The optical spectra of the corresponding 

PM-Lyot or PM-LMF shift as fast as the rate of change of the applied electrical voltage and tuning 

speed is limited by the modulation bandwidth of the modulator. Since the phase modulator is a 

high-speed device, tuning speed of the PM-LMF can be as fast as several tens of GHz, enabling 

high-speed tuning and switching applications.  

To investigate the center frequency tuning speed of the MWP notch filter, a 9 GHz 

sinusoidal signal is  launched into the DDMZM as the input signal, as shown in Figure 2.11(a). 

The notch filter is first aligned at 9 GHz when no tuning signal is applied, i.e. the 9 GHz signal is 

blocked by the MWP notch filter. 1 GHz and 4.5 GHz sinusoidal signals are used in turn to tune 

the MWP notch filter, corresponding output signals are measured by a 30-GHz oscilloscope. The 

peak voltages of the tuning signals are set to 2.5 V (i.e. the tuning signal is changing from 0 to 2.5 
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V in a sinusoidal manner). When the tuning signal is between 0-1 V, the notch shift is insignificant 

(MWP notch filter is blocking the 9 GHz input signal), resulting in the zero level in Figure 2.11(b). 

As the voltage of the tuning signal increases from 1.0 V to 2.5 V, frequency shift in the notch 

frequency is observed such that the notch is tuned far away from the 9 GHz signal when the voltage 

reaches 2.5 V, allowing the 9 GHz input signal to completely pass through. As a result, the 9 GHz 

input signal starts to show up in Figure 2.11(b) and reaches its peak value when the tuning signal 

is at 2.5 V, indicated by the sinusoidal envelope of the output signal. If a square wave is used as 

the tuning signal, the 9 GHz input signal will be turned on and off. Similar phenomenon is observed 

when a 4.5 GHz sinusoidal signal is used for tuning, such that every other cycle of the input signal 

is passed through the MWP notch filter, as shown in Figure 2.11(c). The measurement results 

prove that the proposed MWP notch filter is able to work at GHz tuning speed with stable 

performance. The above frequencies are chosen due to the synchronization requirement of the 

Figure 2.11. Tuning speed measurement of the MWP notch filter. (a) 9 GHz sinusoidal input signal 

without tuning. (b) Tune at 1 GHz with a sinusoidal signal. (c) Tune at 4.5 GHz with a sinusoidal 

signal. Scale: 200 ps/div. 



 

22 

equipment used for the experiment. In principle, any frequency within the modulation bandwidth 

of the PM can be used for filter tuning.  

 

2.4 Application - Ultrafast RF Switch  

A RF switch, also called a microwave switch, is a device to route high frequency signals 

between different transmission channels or devices, which is an essential component in a wide 

range of applications including wireless communications, radar systems, satellite communications, 

and microwave test systems. Switching speed is a key parameter to define a RF switch, which is 

the time needed to change the state of a switch from ON to OFF or from OFF to ON. In 

conventional RF switches, the switching speed is limited to microsecond range for both 

electromechanical switches and micro-electromechanical systems (MEMS) switches and 

nanosecond range for solid-state switches [25-28]. The speed is either limited by the physical 

properties of the materials and switching mechanisms of the electrical devices or the limited tuning 

capability of the resistor-capacitor (RC) circuits that is being utilized in the switch.   

With the demonstrated high-speed tunability, the proposed MWP notch filter can be used 

for fast switching between different frequency channels – working as an ultrafast RF switch. The 

MWP notch filter is set to rapidly switch out different inputs by blocking an unwanted signal 

frequency and passing the desired signal frequency. The experimental setup for testing the MWP 

RF switch is shown in Figure 2.12(a), and corresponding operating principle is illustrated in Figure 

2.12(b). An input RF signal with frequencies at f1 and f2 is launched to the RF input of the MWP 

RF switch, while a square wave with two voltage levels (V1 and V2) is used as the control signal 

for switching out one of the input RF signal at a time. The voltage levels (Vcontrol) are set such that 

the MWP notch filter is aligned with frequency f1 when Vcontrol = V1, resulting in the blocking of 
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signal f1 and allowing f2 to pass through; while the MWP notch filter is aligned with f2 when Vcontrol 

= V2, resulting in the blocking of signal f2 and allowing f1 to pass through. When the control signal 

is switching between V1 and V2, the output is also switching between f2 and f1. The MWP RF switch 

can also serve as an ON/OFF switch when only one input RF signal is provided, such that the input 

RF signal is blocked when the notch position is located at the signal frequency, while it passes 

through the switch when the MWP notch filter is tuned away from the signal frequency by the 

control signal. 

Figure 2.13 shows the ON/OFF switching performance of the proposed MWP RF switch, 

measured by a 30 GHz oscilloscope. A 0.5 GHz square wave is used as the control signal and a 9 

GHz sinusoidal signal is launched into the DDMZM as the input RF signal, as shown in Figure.  

2.13(a) and 2.13(b), respectively. The MWP notch filter is first aligned at 9 GHz when no control 

signal is applied, i.e., the 9 GHz sinusoidal signal is blocked by the notch filter. The peak voltage 

of the control signal is set to 2.5 V such that the filter notch is tuned away from 9 GHz during the 

high voltage period of the square wave, allowing the input RF signal to completely pass through 

the RF switch. As a result of applying a 0.5 GHz square control signal to the RF switch, the input 

Figure 2.12. Schematic illustration of the proposed ultrafast RF switch. (a) Experimental test 

setup of the RF switch. SG: signal generator; PM: phase modulator; OSC: oscilloscope. (b) 

Operating principle of the RF switch based on a high-speed tunable MWP notch filter.  

 

(a) (b) 



 

24 

9 GHz RF signal is switched ON and OFF periodically with an ON-state and OFF-state duration 

of 1000 ps, as shown in Figure.  2.13(c). A closer look of the switching performance is shown in 

Figure  2.13(d). As shown, the input 9 GHz signal is completely blocked during the OFF state and 

is recovered and well maintained during the ON state.  The switch has an ON-OFF transition time 

of ~140 ps and an OFF-ON transition time of ~190 ps, as shown by the dotted lines in Figure 

2.13(d). Since the switching time is measured by taking the temporal separation of the closest 

signal peak of a fully recovered sinusoidal signal and an OFF state of the switch, thus, the real 

response time should be shorter than the measured value due to the “sampling” effect of the 

sinusoidal RF signal. Furthermore, the control signal itself has a rise and fall time of ~100 ps, 

which proposes a limitation in measuring the actual switching speed of the RF switch. Therefore, 

a shorter switching time could be obtained if a control signal with shorter rise/fall time is used. 

The power fluctuation during the ON/OFF transition period is caused by the significant high 

frequency ripples around the rising and falling edges of the control signal, while the weak residual 

input signal found during off state is due to misalignment between the filter notch and the input 

signal resulted from the non-flat low-level region in the control signal, as shown in Figure  2.13(a). 

Thus, a better square control signal with stable rising/falling edges and flat low-level region can 

be used to get better switching performance and suppression of the unwanted frequency.   
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To demonstrate the capability to switch between two frequency channels, a set of 6 GHz 

and 12 GHz sinusoidal signals are used as the two input signals. Power of the 12 GHz signal is 

intentionally set to be weaker to enable an easy identification of the switching process. The 

switching performance is shown in Figure 2.14. The two frequency signals are combined with a 

power combiner and launched into the MWP RF switch through the input port. The same 0.5 GHz 

square wave as shown in Figure 2.13(a) is used as the control signal. The voltage levels of the 

square wave are set to 0 V and 2.8 V such that the MWP notch filter is blocking the 6 GHz signal 

at low voltage level and allowing the 12 GHz signal to pass through; while it is blocking the 12 

GHz signal at high level and allowing the 6 GHz signal to pass through. At the output of the MWP 

RF switch, a RF signal that is switching between the two input RF signals (6 GHz and 12 GHz) is 

Figure 2.13. Measured on/off switching performance of the proposed MWP switch. (a) 0.5 

GHz square tuning signal. (b) 9 GHz sinusoidal input signal without tuning. (c) 9 GHz input 

signal is switched by the 0.5 GHz square tuning signal. (d) Close-up of the on/off output 

signal. 

(a) (b) 

(c) (d) 
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obtained as shown in Figure.  2.14(a). As shown in the closer look in Figure.  2.14(b), the output 

signal is a periodical signal switching between the 6 GHz and 12 GHz input RF signals. Similar to 

the on/off switch performance, the switching times between different channels are ~170 ps 

(switching from 12 GHz to 6 GHz) and ~80 ps (switching from 6 GHz to 12 GHz). The above 

frequencies are chosen due to the synchronization requirement of the equipment used for the 

measurement. In principle, any frequency within the modulation bandwidth of the DDMZM can 

be used as the input signals, resulting in broadband operation. The presented results prove that the 

proposed MWP RF switch has a gigahertz switching speed, which is governed by the bandwidth 

of the phase modulator. The tens of picoseconds switching speed demonstrated above is based on 

a 10 GHz phase modulator, and can be potentially increased with the use of a larger bandwidth 

modulator.  

Figure 2.15 shows the dynamic range measurement of the RF switch. The system has a 

spurious free dynamic range (SFDR) of 96 dBm*Hz2/3, and the input third-order intercept point 

(IIP3) is at 25 dBm. A good linear response is observed between the input and output power, with 

a 1-dB compression point at 5 dBm, which is mainly governed by the RF amplifier used before 

Figure 2.14. Measured two-channel switching performance of the proposed RF switch. (a) 

Switching between 6 GHz and 12 GHz signals, tuned by a 0.5 GHz square tuning signal. (b) 

Close-up of the two-channel output signal. 

 

(a) (b) 
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the DDMZM. Insertion loss of the system is 6 dB during ON state. Figure 2.15(b) shows the 

measured frequency spectra at the switch output. The 9 GHz input signal found at the switch output 

is -12 dBm during ON state and is -70 dBm during OFF state, resulting in a switch isolation of 58 

dB.   

 

2.5 Summary 

In summary, in this chapter we developed and experimentally demonstrated MWP notch 

filters with gigahertz frequency tuning speed. Both the PM-Lyot and PM-LMF based structures 

are continuously tunable over 10 GHz by adjusting, with stable filter shapes and over 60 dB 

rejection ratio over the entire tuning range. The center frequency of the proposed MWP notch 

filters are able to be tuned at gigahertz speed, which is achieved by the ultra-fast electro-optics 

Pockels effect in a phase modulator. The proposed MWP notch filter is tested as an ultrafast RF 

switch with fast switching speed and ultra-short ON/OFF transition time. Both the ON/OFF switch 

Figure 2.15. Performance metrics measurement of the ultrafast RF switch. (a) Dynamic range 

measurement of the system, with a SFDR of 96 dBm*Hz2/3 and IIP3 at 25 dBm. (b) Measured 

isolation between ON and OFF states, with an isolation of 58 dB. 

(a) (b) 
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and the two-channel switch have been experimentally demonstrated and shown switching times of 

tens of picosecond with stable and repeatable switching performance. This design significantly 

improves the tuning speed of the MWP notch filter and has practical value for dynamic systems 

and high-speed signal processing applications. 
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CHAPTER 3 

HIGH-SPEED SWITCHABLE MWP DUAL-BAND BANDPASS FILTER  

 

3.1 RF Bandpass Filter  

 In the previous section, high-speed tunable MWP bandstop filters are developed. Although 

gigahertz tunability is demonstrated and the filter is successfully used as an ultrafast RF switch, 

the inherent limitation of the bandstop response hinders its application. The reason is a RF 

bandstop filter can only block one of input signal at a time, the demonstrated RF switch is only 

suitable for special scenarios when there is only one or two input signals. An ideal device which 

only selects one particular signal at a time is more desired in common applications – a bandpass 

filter. In this chapter, we will focus on the photonic implementation of MWP bandpass filters and 

bring high-speed tuning capability to bandpass filter design. 

RF bandpass filters are essential components for selecting desired frequency signals and 

removing unwanted interference signals, they only allow signals which lie within the specified 

frequencies to pass through. An ideal RF bandpass filter should perform good frequency selectivity 

– high main-to-sidelobe suppression ratio (MSSR), sharp passband profile, high out-of-band 

rejection ratio, and high Q factor (quality factor). In the past several decades, various types of RF 

bandpass filter have been demonstrated through different electronic techniques, including 

microstrip [29,30], low-temperature cofired ceramic (LTCC) [31], and stepped impedance 

resonator [32]. These techniques are already very mature and related products can be found in 

various of RF systems. Although conventional RF electronics approaches offer on-chip, compact 
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and low-cost design, the performance and functionality of conventional RF bandpass filters already 

meet the bottleneck, in particular on the operating flexibility, wideband and multiband capability. 

In recent years, researchers have been actively trying to add tunability on RF bandpass filter design 

which is extremely desired in modern dynamic systems. The center frequency of the RF bandpass 

filter is required to be changed over a wide range of frequency to meet the requirement of dynamic 

systems. Possible electronics based solutions include adding adjustable trimmer capacitor or 

varactor to microstrip [29,30], using defected ground structure on microstrip [33] and RF MEMS 

[34]. These approaches allow slight adjustment of the RC value of the circuit design, which in turn 

change the center frequency of the generated RF filter. However, the resulted tunability is very 

limited in terms of the tuning range (i.e., only several MHz to at most a few GHz) and tuning speed 

(i.e., kHz to MHz range) [30], at the same time undesired changes on other characteristics of the 

RF filter are observed during the tuning process.  

Microwave photonics techniques have received great attention and brought a number of 

significant performance enhancements to RF devices and systems, especially on the operating 

flexibility. Various studies for designing MWP bandpass RF filters with tunable passbands have 

been intensively reported in recently years, mainly including multi-tap delay line based schemes 

[35,36], optical comb based schemes [37-41], and stimulated Brillouin scattering (SBS) based 

schemes [42-44]. The first two categories are based on finite impulse response filter, which is the 

most commonly used method to implement a RF bandpass filter, and the center frequency of the 

passbands can be continuously tuned through an optical tunable delay line [37]. While the SBS 

based approaches are implemented through nonlinear optics effect, which usually result in 

extremely narrow bandwidth of the RF filter. The center frequency of generated passbands can be 

adjusted by controlling the wavelength of the pump laser, which could support a wide tuning range 
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of the RF filter. Although photonics brings exceptional operation flexibility to RF filter design, 

most of the existing tuning mechanisms are based on thermal tuning or mechanical tuning [41,44], 

e.g., adjusting polarization controllers, optical delay lines, heaters or laser wavelengths, which can 

only support slow tuning speed of kilohertz range, limiting their application in high-speed dynamic 

microwave systems. 

 In this chapter, we developed an optically controlled reconfigurable MWP dual-band filter 

with gigahertz tuning speed. The filter is based on finite impulse response, which is a widely used 

method to generate RF bandpass filters and introduced in this chapter. A Lyot loop filter is used 

to slice the broadband light source, and generate an optical comb with four different frequency 

spacing combinations. Correspondingly, four different operation states in the MWP bandpass filter 

is obtained, i.e., all-block state, dual-band state and single-band state with two different 

frequencies. The switching between four different operation states is achieved by the ultrafast 

nonlinear polarization rotation effect (NPR) in an SOA, gigahertz reconfiguration speed between 

different states is experimentally demonstrated through the control of the optical pump power. To 

the best of our knowledge, this is the first demonstration of an optically controlled RF filter with 

such high-speed reconfigurable capability. Furthermore, good passband quality and good filter 

selectivity are achieved, which are indicated by the 40 dB sidelobe suppression, as well as the 

clean and sharp filter profiles. 

As such, the following work is drawn from our paper published on IEEE Transactions on 

Microwave Theory and Techniques (vol. 65, pp. 253-259, Jan. 2017) by Jia Ge and Mable P. Fok, 

entitled “Optically controlled fast reconfigurable microwave photonic dual-band filter based on 

nonlinear polarization rotation”. 
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3.2 Finite Impulse Response Filter  

 The most widely applied approach for implementing RF bandpass filter is based on 

discrete-time signal processing, where a number of weighted and delayed replicas of the original 

RF signal are processed and then combined upon detection. In particular, finite impulse response 

(FIR) filters combine a finite set of samples (or taps) of the input signal, which are usually 

implemented through arrayed lasers and delay lines. While if the number of the replicas of the RF 

signal is infinite, an infinite impulse response (IIR) filter can be obtained. IIR filters are usually 

implemented through recirculating devices or systems, such as ring resonators or loop structure. 

In general, FIR filters are much easier to be implemented than IIR filter, and usually have more 

stable performance, while IIR filters usually perform better Q factor since there is an infinite 

number of filter taps. It is worth mentioning that FIR and IIR filter can be implemented by both 

electronic and optical techniques, meaning that the generation of replicas of the original signal can 

either in RF domain or optical domain. This make it possible to build RF filters using optical signal 

processing techniques – MWP filter. 

 For an FIR based MWP filter, the frequency response can be expressed as the addition of 

a series of weighted and delayed replicas of the RF input signal, as illustrated in Eq. (3.1),  

                                                    (3.1)    

where Ω is the microwave frequency, N is the total tap number, Pn is the power of the nth tap, and 

T is the differential time delay between each adjacent tap. The tap number N governs the order of 

the filter response, for the design of a bandpass filter, a large tap number is desired to get a high 

MSSR and a high passband quality factor (Q factor). In the experiment, usually tens or up to a 

hundred total tap number is desired for a good bandpass filter performance. The center frequency 

of the generated passband is governed by the time delay T between each tap. As can be seen in Eq. 
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(3.1), the overall response is periodic in frequency domain, the period, known as the free spectral 

range, is given by  

ܴܵܨ ൌ 1/	ܶ                                                         (3.2)    

In order to build a MWP filter with tunable passband, the FSR of the frequency response needs to 

be changed, meaning that flexibly control of time delay T in the setup is required. The values of 

Pn govern the overall amplitude profile of the multiple taps, which in turn determines the profile 

of the generated passband in RF domain. An inverse Fourier transform can be performed to 

precisely tailor the amplitude and phase of each filter tap for generating desired passband profiles, 

which could be done in an optical wave shaper [45]. Gaussian, flat-top and chirped passband 

profiles have been demonstrated for different applications [46]. These parameters in Eq. (3.1) 

provide flexibility on FIR filter designs, for both electronics based on photonics based approaches.  

Photonic implementation of FIR filters (MWP FIR filter) is first implemented by a classic 

delay line array based scheme, as illustrated by the top part of Figure 3.1. A continuous-wave 

(CW) laser is used as the optical carrier, and the input RF signal is modulated onto the CW laser 

through an electro-optic modulator. Then the modulated signal is divided into N parallel branches 

through a 1 by N divider, working as the N taps of the FIR filter. Each of the replica of the input 

RF signal is weighted by an attenuator, and delayed by an optical delay line with a constant delay 

difference of T. Then the weighted and delayed taps are combined in an N by 1 combiner, and then 

converted back to an electric signal in a photo diode. A MWP FIR filter response in RF domain is 

then formed and can be measured by a vector network analyzer. This multiple delay line based 

approach is straightforward in terms of generating multiple taps of the FIR filter, however, it has 

several limitations. First, the total number of filter tap is limited by the complexity of the delay 

line array, which will in turn result in low quality of the filter. Usually a larger number of filter tap 
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will result in a higher quality (Q factor) of the generated bandpass filter. In this scheme, the system 

complexity and cost will significant increase when a large number of filter tap is applied, since 

each branch requires an optical attenuator and a delay line. Second, this straightforward scheme is 

not suitable for passband tuning. In order to change the center frequency of the generated passband, 

the time delay T between each adjacent tap needs to be tuned. This requires the adjustment of the 

values of all the delay lines in the setup, which is extremely inconvenient and impractical. Because 

of these limitations, the delay line array based scheme is not preferred in large tap number and 

tunable MWP filter design.   

The bottom scheme shown in Figure 3.1 is a more compact and low cost structure, which 

is based on a multi-wavelength optical source and a dispersive medium. A relative larger amount 

of filter tap can be implemented through the multi-wavelength optical source, and the time delays 

between each filter tap are obtained through a dispersive medium. Each single wavelength of the 

Figure 3.1. Schematic diagram of a photonic implemented FIR filter [1]. Upper scheme: 

delay line array based structure, Bottom scheme: Multi-wavelength source based structure.  
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multi-wavelength source works as a filter tap, and the input RF signal is modulated and duplicated 

onto the multiple optical carriers through an electro-optic modulator. The linear dispersive medium 

has a linear wavelength dependent dispersion, which provides different amount of time delay for 

different optical carriers. There are two key points to successfully build a FIR filter based on this 

scheme: (1) The wavelength spacing between each adjacent optical carrier must be the same, and 

(2) the dispersive medium must have a linearly group velocity dispersion over wavelength. These 

two requirements are needed to obtain a contact time delay between each adjacent tap of filter, 

which is required by the FIR filter design and can be expressed by Eq. (3.3) 

2 DT L                                                                    (3.3) 

where β2 and LD are the group velocity dispersion and length of the dispersive device, and ∆ω is 

the frequency spacing between each adjacent tap of the optical multi-wavelength source. In this 

scheme, usually the dispersion and length of the dispersive device are fixed. However, there are 

Figure 3.2. Two schemes to implement the multi-wavelength optical source based MWP FIR 

filter. (a) Based on a laser array. (b) Based on a broadband source and an optical comb filter.  
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several possible schemes to adjust the center wavelengths of the multi-wavelength optical source, 

making it suitable for building MWP filter with tunable passband.   

Figure 3.2 shows two multi-wavelength optical source based schemes to build MWP FIR 

filters with tunable passbands. In Figure 3.2(a) the multi-wavelength optical source is implemented 

by a laser array, which consists a large number of laser diodes with tunable operating wavelengths. 

The center wavelengths of the laser diodes are set to have an equal wavelength spacing (∆ω), such 

that the time delay difference T between each adjacent filter tap is the same. Time delay T can be 

adjusted by setting the center wavelengths of the laser diodes with different wavelength spacing 

(∆ω), which will in turn controls the center frequency of the generated passband of the FIR filter, 

as described in Eq. (3.1). The amplitudes of the filter taps can be adjusted by the output power of 

each laser diode, or through the optical attenuators in the laser array. Although tunable MWP filters 

can be achieved through this laser array scheme, tuning process requires simultaneous adjustment 

of the center wavelengths a large number of laser diodes with different amount. Furthermore, 

accurate fixing the center wavelengths of the laser diodes is also needed, which required active 

thermal control of the laser array. These requirement makes the laser array based scheme not 

favored in practical applications.   

Another scheme for implementing MWP FIR filter is shown in Figure 3.2(b), that the 

multi-wavelength source is generated through an optical broadband source and an optical comb 

filter. The broadband source is spectrally sliced by the optical comb filter, such that a large number 

of optical carriers can be easily generated. Usually optical comb filters are based on interferometric 

structures, such that the generated optical combs have same comb spacings between each adjacent 

peaks. The transmission function of an interferometric optical comb filter can be described as  

ܶሺߣሻ ൌ ଵ

ଶ
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where ߮ሺߣሻ is the phase difference between the two interfered optical beams. For a classic Mach-

Zehnder interferometer (MZI) structure, the phase difference can be calculated by Eq. (3.5) 

																										 																																																													(3.5) 

where ne is the refractive index of the fiber used in the MZI, and d is the path difference between 

the two branches. The comb spacing of the generated optical frequency comb can be written as  

																										 																																																																	(3.6) 

When optical comb filter is analyzed within a certain wavelength range (e.g., C-band), the 

comb spacing of can be regarded as same for each adjacent peaks. With the use of a linear 

dispersive device, this feature guarantees the time delay difference T between each adjacent filter 

taps is always the same, fulfilling the requirement of the FIR filter design. Meanwhile, 

continuously adjustment of the comb spacing can be simply achieved by using an optical delay 

line in one of the interferometric branch, such that the center frequency of the generated FIR filter 

can be continuously tuned over a wide range of frequency. The amplitudes of the filter taps in this 

scheme can be adjusted by using a broadband optical filter or a wave shaper to shape the overall 

profile of the optical comb. Compared with the laser array based scheme, only two devices are 

used and a much larger number of taps can be generated through the broadband source and optical 

comb filter based scheme, which could result in better filter quality and with lower system 

complexity and cost.  Furthermore, this scheme is more practically in term of the tunability of the 

FIR filter. Based on these reasons, the MWP filters demonstrated in this chapter is based on the 

broadband source and optical comb filter based scheme.  
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3.3 Implementation of the Reconfigurable MWP Dual-Band Filter 

Figure 3.3 shows the schematic diagram of the optically controlled reconfigurable MWP 

dual-band filter. A broadband source is used as the light source, which is reshaped by a Gaussian 

profile optical filter and then spectrally sliced by an optically controlled Lyot loop filter. Polarizer 

P1 is aligned with P2 like a standard Lyot filter. The Lyot loop filter is an optical comb filter with 

switchable frequency spacings, which is controlled by the optical pump power from a DFB laser 

injecting into the SOA. An optical comb is generated after the Lyot loop filter and then modulated 

by the RF input signal through a phase modulator (PM). Each of the comb lines works as a single 

tap, which is weighted by the Gaussian optical filter and then delayed by the dispersion 

compensation fiber (DCF). The Gaussian optical filter is used to apodize the amplitude of the taps 

such that the passband sidelobes can be significantly suppressed and resulting in a clean bandpass 

profile with high sidelobe suppression; while the DCF is used to provide linear time delay for 

different wavelengths (filter taps). Finally the modulated optical signal is fed into a photo-detector 

and converted back to a RF signal [47]. In the experiment, a swept signal from a network analyzer 

Figure 3.3. Schematic diagram of the optically controlled reconfigurable MWP dual-band 

filter. BBS: broadband source; Amplifier: Erbium-doped fiber amplifier (EDFA); DFB: 

distributed feedback laser; SOA: semiconductor optical amplifier; P1-P2: polarizers; PM: 

phase modulator; PMF: polarization maintaining fiber; PD: photo-detector; DCF: dispersion 

compensating fiber. 
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is used as the RF input, while the output of the MWP filter is launched to the input of the network 

analyzer for measuring the frequency response of the reconfigurable MWP filter. 

The optically controlled Lyot loop filter, shown in the dashed box in Figure 3.3, is a 

modified version of a Lyot loop filter [48][21] (or a Solc filter [49]), which uses a circulator-SOA 

loop to replace the manual polarization controller for fast optical frequency spacing tuning. The 

operation principle is shown in Figure 3.4. The circulator-SOA loop allows the light to propagate 

through a single piece of PMF twice, and the SOA is used for high-speed polarization state 

adjustment. As shown, the input optical signal is a linear polarized broadband light and is aligned 

at 45° with respect to the fast axis of the PMF. A phase difference of ∆φ is obtained between the 

fast and slow axis after the light passes through the PMF, as given in Eq. (3.7). B and L are the 

birefringence and length of the PMF, and λ is the wavelength of the light. Then the optical signal 

is launched back to the same PMF through the circulator-SOA loop and propagates in the opposite 

direction with a polarization rotation angle (∆θ). By adjusting the optical power of the pump laser, 

the polarization rotation angle (∆θ) can be changed to 0°, 45° or 90°, and an accumulated phase 

difference (∑∆φ) of 2∆φ, ∆φ or 0 can be obtained at the output, which corresponds to a piece of 

PMF with equivalent length (Le) of 2L, L and 0, respectively. Different equivalent PMF lengths 

will result in different frequency spacings (Δω) in the Lyot loop filter, which is determined by Eq. 

(3.8) below, where c is the speed of light. By controlling the optical power of the pump light, 

various frequency spacings can be obtained from the Lyot loop filter. As a result, an optically 

controlled comb filter with switchable frequency spacing is achieved, which is the foundation of 

the proposed reconfigurable MWP filter. 

2 BL


                                           (3.7) 
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The frequency spacing of the optical comb (Δω) determines the optical carrier frequency 

separation between taps in the MWP filter, which in turn governs the passband frequencies (Ω0) 

of the MWP filter through Eq. (3.9). β2 and LD are the group velocity dispersion and length of the 

DCF, which are fixed in a MWP filter. Therefore, the passband frequency is solely governed by 

the optical comb frequency spacing, which is optically tunable in the proposed MWP filter by 

adjusting the pump power being injected into the SOA. With different frequency spacing 

combinations in the optical comb, an optically controlled reconfigurable MWP filter can be 

achieved. The 3-dB bandwidth of the passbands is determined by Eq. (3.10) [40], where δω 

represents the overall bandwidth of the Gaussian optical comb, which is also fixed in the MWP 

filter. As a result, the filter passband bandwidth is inversely proportional to the group velocity 

dispersion and the length of the DCF. With the use of different dispersion medium, bandwidth of 

the MWP filter can be adjusted correspondingly.  

Figure 3.4. Operation principle of the optically controlled Lyot loop filter. The pump laser 

and semiconductor optical amplifier (SOA) work as an optically controlled polarization 

controller through ultrafast nonlinear polarization rotation (NPR) effect. 
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3.4 Gigahertz Speed Switching Through Nonlinear Polarization Rotation  

Instead of adjusting the polarization rotation angles through a polarization controller 

manually, polarization states can be changed rapidly through nonlinear polarization rotation effect. 

The SOA together with the pump laser work as an optically controlled polarization controller for 

adjusting the polarization rotation angle inside the Lyot loop filter. With different optical pump 

powers, the effective birefringence of the SOA is changed, such that the broadband signal (probe) 

experiences different polarization rotation angles after propagating through the SOA [50]. By 

adjusting the optical power of the pump signal through an electro-optic intensity modulator, a 

polarization rotation range up to 180° can be achieved [51], providing enough polarization rotation 

angle to tune the comb spacing of the Lyot loop filter. Furthermore, NPR effect is an ultrafast 

optics effect that has been proved to be able to operate at gigahertz rate [52], enable high-speed 

tuning of the proposed MWP filter. Due to the counter-propagation of the optical pump and the 

broadband light, the optical pump is blocked by the circulator after NPR in the SOA and will not 

affect the rest part of the system.  

The experimental setup of the proposed system is shown in Figure 3.5. First, we 

investigated the performance of nonlinear polarization rotation effect in SOA. A laser source at 

1550 nm is launched into the SOA as the optical pump, which is counter-propagating with the 

broadband source (probe signal). The SOA is driving at a constant current of 150 mA, and a 

polarization controller is used at the DFB laser output to optimize the NPR effect in the SOA. 
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Figure 3.6(a) shows the measured result of the polarization rotation angles under different pump 

powers, optical power of the pump laser is adjusted from -13.0 dBm to +12.0 dBm. As shown, 

NPR effect is not significant when the pump power is relatively low (i.e., below 0 dBm), while the 

probe polarization starts to rotate significantly when the pump power is above +2.0 dBm. A 

polarization rotation angle of 45° is obtained at a pump power of +4.9 dBm and a 90° rotation is 

observed at a pump power of +10.0 dBm, which provides sufficient rotation angle for the optically 

controlled Lyot loop filter to achieve the desired comb spacings. Operation speed measurement of 

the NPR effect is shown in Figure 3.6(b), where a 1 Gb/s “10101100” non-return-to-zero (NRZ) 

bit sequence is modulated onto the pump laser through an electro-optic intensity modulator, as 

shown by the solid waveform. A polarizer is used after the SOA to translate the polarization 

rotation into amplitude change by blocking the probe signal when the optical pump is off. Optical 

pump power for bit “1” is set to +10.2 dBm to let the probe signal rotate by 90° through NPR, such 

that it can pass the polarizer when the control signal is a bit “1”. Corresponding NPR response 

measured after the polarizer is shown by the dotted waveform in Figure 3.6(b), a 1 Gb/s waveform 

Figure 3.5. Experimental setup of the optically controlled reconfigurable MWP dual-

band filter.  
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with the same bit sequence is observed, proving that the NPR effect can be operated at gigahertz 

speed. The rise/fall time of the resulted signal is about 200 ps, which is mainly determined by the 

gain recovery time of SOA [53]. 

 

By adjusting the optical pump power, different polarization rotation angles are obtained at 

the circulator-SOA loop, resulting in an optical frequency comb with different comb spacings. 

Figure 5 shows the Gaussian broadband optical source spectrally sliced by the Lyot loop filter with 

different optical pump powers for polarization control. The optical spectra are measured by an 

optical spectrum analyzer with resolution of 0.8 pm. A piece of 9-meter PMF with a birefringence 

of 6.33×10-4 is used in the Lyot loop filter for generating the optical comb. During the experiment, 

the initial polarization rotation angle of the circulator-SOA loop is set to 90° such that no comb is 

observed when the pump signal is off. Then the pump power is gradually increased to obtain 

polarization rotation angles from 0° to 90°. As shown in Figure 3.7(a)-3.7(c), optical combs with 

a Gaussian profile and three different comb spacing are observed. The resultant comb spacings are 

(b) (a) 

Figure 3.6. Nonlinear polarization rotation effect in a semiconductor optical

amplifier. (a) Measured polarization rotation angles with respect to the optical pump

powers. (b) Optically controlled tuning speed measurement. Solid: 1 Gb/s control

signal of “10101100”; dotted: corresponding NPR output after SOA.  
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no comb, 0.66 nm, and 0.33 nm, corresponding to a piece of PMF with an equivalent length of 0 

m, 9 m, and 18 m, respectively. The optical pump power for different comb spacing is -13.0 dBm 

(pump off), +4.9 dBm, and +10.2 dBm, which corresponds to a polarization rotation angle of 90°, 

45° and 0° at the circulator-SOA loop, respectively. The corresponding relationship is summarized 

in Table 3.1. When the pump power is set to 6.7 dBm, a polarization rotation angle of ~20° is 

achieved, and a higher-order optical comb with two different comb spacings interleaving with each 

other is observed, as shown in Figure 3.7(d). The co-existing of two optical combs makes it 

possible to generate two different passbands at the same time in the RF domain, which results in 

the dual-band state of the MWP filter. The dual-band state is a combination of the two single-band 

states when the polarization rotation angle is set to a value between 0° and 45°, such that the 

corresponded two single passbands (single-band 1 and single-band 2 in Table 3.1) can be generated 

Figure 3.7. Measured optical spectra of the Lyot loop filter under different pump

powers. (a) no comb at pump power of -13.0 dBm (pump off); (b) comb spacing of 0.66

nm, at pump power of +4.9 dBm; (c) comb spacing of 0.33 nm, at pump power of +10.2

dBm; (d) interleaved comb spacing of 0.33 and 0.66 nm, at pump power of +6.7 dBm. 
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at the same time [54]. The total bandwidth of the Gaussian optical combs is 30 nm and the 

extinction ratios are 20 dB for all the comb spacing combinations. It is worth noticing that cross 

gain modulation effect is also happening when the pump power is on, which can be seen from 

Figure 3.7. As the pump power increases, the overall power of the optical comb decreases. A 5-

dB power change is observed when optical pump power of +10.2 dBm is used, as shown in Figure 

3.7(c). 

The frequency response of the MWP filter generated from the corresponding optical combs 

are shown in Figure 3.8, measured by a network analyzer with an intermediate frequency 

bandwidth of 3 kHz. A piece of 10.2-km DCF with a dispersion of -149.36 ps/(nm·km) (at 1530 

nm) is used as the dispersive medium, and the polarization rotation angle at the Lyot loop filter is 

controlled by optical pump power. In Figure 3.8(a), no passband is observed since the optical pump 

power is off and the initial polarization rotation angle of the circulator-SOA loop is 90°, and the 

RF filter is working in “all-block” state. While in Figure 3.8(b) and 3.8(c), the MWP filter is tuned 

to “single-band” state that only consists of one passband at either 1.1 GHz or 2.2 GHz. The MWP 

Table 3.1. Different Operation States of the Optically Controlled MWP Dual-Band Filter 

 

Operation state 
Polarization 

rotation angle 

Comb spacing 

(nm) 

MWP Filter 

passband 

(GHz) 

Pump power 

(dBm) 

All-block 90 o Null Null -13.0 

Single-band 1 45 o 0.66 1.1 +4.9 

Single-band 2 0 o 0.33 2.2 +10.2 

Dual-band 20 o 0.66 & 0.33 1.1 & 2.2 +6.7 
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filter is resulted from the Lyot loop filter with comb spacing of 0.66 nm or 0.33 nm and an optical 

pump power of +4.9 dBm and +10.2 dBm, respectively. By setting the value of optical pump power 

to +6.7 dBm, both the passbands at 1.1 GHz and 2.2 GHz are observed at the same time and the 

MWP filter is working in “dual-band” state, as shown in Figure 3.8(d). The weaker power observed 

at the 1.1 GHz passband is due to the carrier-suppression effect during the phase-modulation to 

intensity- modulation conversion process in DCF [55]. The corresponding rotation angles, comb 

spacings and passband frequencies under different optical pump powers are listed in Table 3.1. 

The four different operation states of the MWP filter are fast switchable by adjusting the optical 

pump power launching into the SOA. Compared with the manual polarization controller based 

Figure 3.8. Measured RF amplitude response of the four operation states of the optically

reconfigurable dual-band filter. (a) all-block state; (b) single-band state at 1.1 GHz; (c) single-

band state at 2.2 GHz; (d) dual-band state with two passbands. Inserts: corresponding results

with the use of shorter DCF (4.1 km), resulting in passbands with wider bandwidths and

different frequencies.   
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tuning schemes [41][56], the switching time between different operation states is significantly 

improved to gigahertz speed. Furthermore, the use of the SOA could further amplify the optical 

frequency comb. As a result, both the modulated signal and the amplified spontaneous emission 

noise are amplified, resulting in an increase in both the RF power and the noise floor at the MWP 

filter. The 30-nm wide Gaussian optical comb provides a large number of taps for the MWP filter, 

resulting in good sidelobe suppression and clean filter profile. The total insertion loss of the MWP 

filter is ~8 dB. Both the passbands at 1.1 GHz and 2.2 GHz show uniform and clean filter profiles, 

with sidelobe suppression of 40 dB and 3-dB bandwidth of 90 MHz.  

Center frequencies and bandwidths of the MWP filter passbands can be adjusted by using 

different lengths of PMF and DCF, as described in Eq. (3.9) and Eq. (3.10). The insets in Figure. 

3.8(a)-3.(d) show the corresponding results when the DCF length is decreased to 4.1 km, while the 

length of PMF and other parameters of the system are kept same. As shown, two passbands with 

larger 3-dB bandwidths of 200 MHz are observed at 2.4 GHz and 4.8 GHz, which can be explained 

by Eq. (3.10). Figure 3.9 shows the measured results when two pieces of PMF of different lengths 

(9 m and 55 m) are used in turn, while the DCF length is kept at 10.2 km. As shown in Eq. (3.9), 

the passband center frequencies are adjustable by varying the lengths of PMF. When a piece of 9-

m PMF is used, two passbands at 1.1 GHz and 2.2 GHz are achieved; while two passbands at 6.8 

GHz and 13.6 GHz are resulted when the length of PMF is changed to 55 m. It can be seen that 

passbands at higher frequencies have wider bandwidth, this is caused by the difference in 

dispersion slopes of the dispersive medium (DCF) over different wavelengths [38]. A difference 

in noise floor power is observed at different PMF length, which is caused by the length difference 

(i.e. insertion loss difference) between the PMFs. 
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Since NPR is an ultrafast optical effect, switching between different operation states can 

be performed at gigahertz speed. To investigate the switching speed of the proposed MWP dual-

band filter, the power level of the pump light launching into the SOA is switched rapidly between 

-13.0 dBm and +4.9 dBm with the use of an electro-optic intensity modulator, such that the MWP 

filter is switching between all-block state and single-band state with a passband at 6.8 GHz. A 

0.85-Gb/s “10001000” NRZ bit sequence is used as the control signal with a rise/fall time of ~130 

ps, and a 6.8-GHz sinusoidal signal is launched into the MWP filter as the RF input signal. As 

shown in Figure 3.10, the input signal passes through the MWP filter and is well maintained during 

the single-pass state, and is blocked by the MWP filter during the all-block state. The transition 

time between the two states is within 200 ps, proving that high-speed switching of the MWP dual-

band filter is achieved. Furthermore, it is worth noticing that the demonstration is based on a one 

stage Lyot loop filter with only one piece of PMF, such that center frequencies of the two resultant 

passbands with always be two times of the lower frequency one. By adding another piece of PMF 

with a different length to the Lyot loop filter, the maximum simultaneous number of passband can 

Figure 3.9. Measured RF amplitude response of the MWP dual-band filter with the use of 

different lengths of PMF. Solid, 9-meter PMF; dashed, 55-meter PMF. 
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be dramatically increased to 12 with various passband combinations [56,57], which the passband 

number and frequency can also be rapidly reconfigured through nonlinear polarization rotation.   

3.5 Summary 

In summary, a high-speed reconfigurable MWP dual-band filter is proposed and 

experimentally demonstrated. An optically controlled Lyot loop filter with switchable comb 

spacings is used to generate the optical comb with different frequency separations, resulting in 

four different operation states in the MWP filter. The four states are all-block state, dual-band state 

and single-band state with two different passband frequencies. The switching between different 

operation states is achieved by the use of ultrafast nonlinear polarization rotation in a 

semiconductor optical amplifier, and gigahertz speed tuning of the MWP filter is experimentally 

achieved. The MWP filter has a good selectivity that over 40 dB passband sidelobe suppression is 

obtained, with clean and sharp filter profile. A comparison of the tunability/reconfigurability as 

well as the tuning mechanisms among state-of-the-art RF multiband filters are summarized in 

Table II, including both RF electronics and photonics based approaches. As shown, the tuning 

speed is dramatically improved to tens of picoseconds level with the use of ultrafast NPR effect. 

Compared with state-of-the-art multiband RF filters, this design significantly improves the tuning 

Figure 3.10. Tuning speed measurement of the optically controlled MWP dual-band filter, the

filter is switching between all-block and single-block state with rise/fall time less than 200 ps. 
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speed of RF filter to gigahertz speed, which can potentially fulfill the critical needs in dynamic 

multiband systems and high-speed microwave signal processing applications. Furthermore, larger 

operation frequency range and wider bandwidth are achieved by the MWP filter, with both the 

passband center frequency and bandwidth being adjustable to fit various applications.  
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Table 3.2. Comparison of the Tuning Mechanism of State-of-the-art Multiband RF Filters 

Reference Technique 
Number of 

passbands 

Rejection 

level 

Tunability/ 

Reconfigurability 

Tuning 

mechanism 

[31] LTCC 3 20 dB Not tunable --- 

[32] 

Stepped 

impedance 

resonator 

6 25 dB Not tunable --- 

[30] 
Microstrip + 

trimmer capacitor 
4 40 dB 

Continuously tunable/ 

Reconfigurable 

Adjustable 

capacitor 

[29] 
Microstrip + 

varactor 
2 35 dB Continuously tunable 

Adjustable 

varactor 

[113] RF-MEMS 2 30 dB Discretely tunable 
RF MEMS 

capacitor 

[33] 
Microstrip +  

DGS 
3 30 dB Reconfigurable PIN diode 

[55] 
Broadband 

optical source 
2 20 dB Continuously tunable Optical delay line 

[40] 
Optical frequency 

comb 
3 35 dB Discretely tunable Optical switch 

[41] 
Optical frequency 

comb 
3 35 dB Reconfigurable 

Manual polarization 

controller 

[71] 
Phase-shifted 

FBG 
2 25 dB Continuously tunable 

Laser wavelength 

adjustment 

[44] 

Stimulated 

Brillouin 

scattering 

6 20 dB 
Continuously tunable/ 

Reconfigurable 

Laser wavelength 

adjustment 

[56] 
Optical frequency 

comb 
12 30 dB Reconfigurable 

Manual polarization 

controller 

This work 
Optical frequency 

comb 
2 40 dB Reconfigurable 

 Ultra-fast 

Nonlinear 

polarization rotation 

*LTCC: low-temperature cofired ceramic, MEMS: micro-electro-mechanical system,  

DGS: defected ground structure, FBG: fiber Bragg grating. 
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CHAPTER 4 

TUNABLE AND RECONFIGURABLE MWP MULTIBAND FILTER  

 

4.1 RF Multiband Bandpass Filter 

Due to the ever-increasing demand of multiband wireless and satellite systems, multi-

service systems and multi-function devices, multiband communications are of critical need in 

various RF systems. Multiband communications have been extremely important for modern 

wireless communications and satellite communications in the commercial, defense, and civilian 

federal marketplace [58-60]. The use of cognitive wireless technology to solve the frequency 

resource shortage problem, as well as the capabilities and operational flexibility necessary to meet 

ever-changing requirements is necessary. Frequency multiplexing is extremely useful to improve 

system spectral efficiency and multi-function capability, where several frequency channels over a 

wide RF range are implemented simultaneously to provide multiple functions and services. Thus, 

to pre-select the desired band, and prevent interference in multiband communications, tunable 

multiband RF filters are critically needed.  

Despite the increasing importance and critical needs, reconfigurable RF multiband filters 

are currently underdeveloped even both RF electronics and photonics technologies are being 

explored. This kind of RF bandpass filter is difficult to achieve using conventional RF electronic 

techniques because of the lack of reconfigurability; in addition, it is also difficult to simultaneously 

satisfy all the design parameters for all passbands [61-65] when a large number of simultaneous 

passbands is required, which would result in non-uniform and inconsistent merits of different 
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passbands. For state-of-the-art electronics based RF multiband filters, the maximum number of 

simultaneous passbands recorded was six with fixed passband frequencies [32]; and very few 

tunable tri-band and quad-band filters have been realized with limited tunablity [29-31]. Although 

electronic approaches offer on-chip solutions, both the number of simultaneous passbands and 

passband tunability are limited [34]. A promising way to implement RF multiband filters with 

flexible passband reconfigurability and frequency tuning capability is urgently desired. 

MWP RF filters have received increasing attention in recent years due to the significant 

improvements over conventional RF systems, such as low-loss, wide bandwidth, flexibility, 

tunability and reconfigurability [1-8]. Among these, MWP single bandpass filter is always an 

active topic and different approaches have been reported [35-39, 72-80]. Approaches include 

multi-tap delay line schemes [35-36, 72-74] and optical frequency comb schemes [37-41, 75-80]. 

However, most existing approaches either lack of the ability to support multiband operations, or 

the resultant passbands are periodic over a very wide frequency range, limiting its ability to isolate 

unwanted frequencies within a certain frequency range. In order to achieve multiple passbands 

with a MWP filter, the corresponding optical frequency comb must either simultaneously consist 

of multiple combs with different comb spacings [41] or it has to be sampled spectrally [79]. 

Unfortunately, due to the scalability, uniformity and selectivity of the above schemes, it is hard to 

achieve a MWP multiband filter with a large passband number, high selectivity, reconfigurable 

filter characteristics, and good passband uniformity. For example, a MWP multiband bandpass 

filter based on a high-birefringence loop mirror filter is proposed [41]. Three passbands with non-

uniform bandwidths are achieved using three pieces of birefringence fibers, while a MWP 

multiband bandpass filter with sidelobe suppression of 10 dB is achieved with wavelength 

sampling technique [40].   
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In this chapter, we develop several schemes to achieve MWP multiband filters with large 

numbers of simultaneous passbands. The demonstrated MWP filter are based on FIR, that multiple 

comb spacings and FIR filter response are applied at the same time to generate multiple passbands. 

Both switchable and tunable MWP multiband filters are experimentally demonstrated, with up to 

13 simultaneous passbands. Three different schemes are demonstrated to achieve the highly 

reconfigurable MWP multiband filters, which are based on Two-Stage Lyot Loop Filter structure, 

Lyot-MZI structure, and cascaded MZI structure.  

As such, the following work is drawn from our paper published on Scientific Reports (vol. 

5, p. 15882, Nov. 2015) by Jia Ge and Mable P. Fok, entitled “Passband switchable microwave 

photonic multiband filter”, and paper published on IEEE Photonics Conference (p. WA1, Oct. 

2017) by Jia Ge and Mable P. Fok, entitled “Continuously tunable and reconfigurable microwave 

photonic multiband filter based on cascaded MZIs”, and paper published on Optical Fiber 

Communication Conference (p. W1G.2, Mar. 2016) by Jia Ge, A. E. James, A. K. Mathews, and 

Mable P. Fok, entitled “Simultaneous 12-passband microwave photonic multiband filter with 

reconfigurable passband frequency”. 

 

4.2 Switchable Multiband Filter based on Two-Stage Lyot Loop Filter  

The first demonstration is a reconfigurable MWP multiband filter with selectable and 

switchable passbands, which has a maximum of 12 simultaneous passbands evenly distributed 

from 0 to 10 GHz. The scheme is based on the generation of tunable optical comb lines using a 

two-stage Lyot loop filter, such that various filter tap spacings and spectral combinations are 

obtained for the configuration of the MWP filter. Through polarization state adjustment inside the 

Lyot loop filter, an optical frequency comb with 12 different comb spacings is achieved, which 
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corresponds to a MWP filter with 12 selectable passbands. Center frequencies of the filter 

passbands are switchable, while the number of simultaneous passbands is tunable from 1 to 12. 

Furthermore, the MWP multiband filter can either work as an all-block, single-band or multiband 

filter with various passband combinations, which provide exceptional operation flexibility. All the 

passbands have over 30 dB sidelobe suppression and 3-dB bandwidth of 200 MHz, providing good 

filter selectivity. 

 

4.2.1 Principle and Experimental Setup  

Figure 4.1 shows the experimental setup of the proposed MWP multiband filter, where the 

two-stage Lyot loop filter is shown in the dashed box. A broadband amplified spontaneous 

emission (ASE) source is used as the light source and reshaped by an optical filter with a Gaussian 

profile. The reshaped broadband source is then launched into a two-stage Lyot loop filter via 

polarizer P1 for spectral slicing. Polarizer P2 is aligned with P1 like a classic Lyot filter [81]. At 

the output of P2, an optical comb source is generated and works as a multi-wavelength optical 

carrier for electrical-to-optical conversion, which is then modulated by the RF input signal through 

a phase modulator. Each of the comb lines generated by spectral slicing works as a single tap for 

the MWP filter, while the Gaussian optical filter is used to apodize the amplitude of the taps such 

that the MWP filter sidelobes can be greatly suppressed, resulting in a clean bandpass profile with 

high sidelobe suppression. The modulated signal is then launched into a piece of dispersion 

compensating fiber (DCF), which provides constant time delay between each filter taps. That is to 

say, each of the taps are weighted by the Gaussian filter and delayed by the DCF. The weighted 

and delayed signal is then fed into a photo-detector and converted back to a RF signal. In the 
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experiment, a sweeping RF signal from a network analyzer is used as the RF input for measuring 

the frequency response of the proposed MWP multiband filter.  

 

The two-stage Lyot loop filter used in the MWP filter is shown in the dashed box in Figure 

4.1. Each stage consists of a piece of PMF, two PC and two optical circulators. The operating 

principle of each stage is illustrated in Figure 4.2. Unlike the standard Lyot filter, light propagates 

through the PMF twice bi-directionally through a circulator-PC based loop in our Lyot loop filter, 

which significantly increases the number of comb spacing combinations. In the Lyot loop filter, a 

phase difference of ∆φ=2πBL/λ is obtained between the fast and slow axis when the light pass 

through the PMF at 45° (4/ߨ) with respect to the fast axis, where B and L are the birefringence 

and length of the PMF, respectively, and ߣ is the wavelength of the light. By allowing the light to 

propagate twice in the PMF and adjusting the PC inside the loop to let the light have different 

polarization rotation angles (∆ߠ) of 0, 4/ߨ or 2/ߨ at the circulator-PC based loop, a total phase 

Figure 4.1. Experimental setup of the passband switchable MWP multiband filter. BBS:

broadband source; P1-P2: polarizers; C1-C2: circulators; PC1-PC3: polarization controllers;

PMF1-PMF2: polarization maintaining fibers; PM: phase modulator; DCF: dispersion

compensating fiber; PD: photo detector. 
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difference (∑∆߮) of 2∆߮,	∆߮ and 0 can be obtained at the output, respectively. With different 

polarization rotation angles ∆ߠ , each stage works as one piece of PMF with an adjustable 

equivalent length (Le) of 2L, L and 0, correspondingly. With a two-stage Lyot loop filter, 12 

different equivalent lengths ( 1 2e
L mL nL  , with m, n = 0, 1, or 2, shown in Table. 4.1) are 

obtained, where L1 and L2 are the physical lengths of PMF1 and PMF2, respectively. As a result, 

a comb filter with 12 selectable comb spacings is achieved, so that the comb spacing (∆߱, in 

angular frequency) is determined by the equivalent length of PMF, as shown in Eq. (4.1).  

                         
2

e

C

BL


                                                      (4.1) 

The comb spacing of the Lyot loop filter determines the carrier wavelength for each of the 

taps in the MWP filter, which in turn determines the temporal delay between taps after propagating 

in the DCF. By apodizing the tap amplitude with a Gaussian optical filter, a bandpass response in 

Figure 4.2. Operation principle of the comb spacing tunable Lyot loop filter using

bidirectional propagation of light in a PMF. Input light propagates through a polarization

maintaining fiber (PMF) twice bi-directionally via the circulator-PC loop (on the right) 

with a polarization rotation angle of  0, π/4 or π/2, resulting in a total phase difference of

2∆φ, ∆φ or 0 at the output. 
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the RF domain with good sidelobe suppression and a clean passband profile can be achieved. The 

passband frequency (Ω0) of the MWP filter is governed by Eq. (4.2), where β2 and LD are the group 

velocity dispersion and length of the DCF, which are fixed during the experiment. That is to say, 

the passband frequency is mainly governed by the optical comb spacing, which is tunable by 

adjusting the PC in the Lyot loop filter to change the ∆ߠ in Figure 4.2. The 3-dB bandwidth of the 

passbands is determined by Eq. (4.3), where ߱ߜ represents the overall bandwidth of the Gaussian 

optical comb, detailed derivations can be found in [37,38]. As shown, the bandwidth of the MWP 

filter (δΩ3dB) is inversely proportional to the overall bandwidth of the optical comb and the length 

of the DCF. With the use of a longer piece of DCF, much narrower and further separated passbands 

can be obtained to meet specific requirements for different applications. 

                         0

2 2

2 e

D D
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                                           (4.2) 
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The Lyot loop filter can be tuned to have multiple combs with different comb spacings 

simultaneously by setting ∆ߠ  to a value between 0 and 4/ߨ, such that a higher order filter is 

resulted. As shown in Figure 4.3, two optical combs with a different comb spacing are observed 

by using a one-stage Lyot filter. This situation can be regarded as two optical combs with different 

spacings appearing at the same time and spectrally interleaved with one another, which makes it 

possible to generate a MWP filter with two passbands at the same time. Based on different comb 

spacing combinations, a MWP multiband filter with switchable frequency bands can be achieved: 

with a one-stage Lyot loop filter, an optical comb with 2 selectable spacings is obtained; when a 

second stage is added into the Lyot loop filter, up to 12 selectable spacings are achieved [21], 

corresponding to a MWP filter with 12 different possible passbands. Table 4.1 shows the 12 
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combinations of the two-stage Lyot filter, as well as the calculated relationship between the 

equivalent length of PMF (Le) and the passband frequency of the MWP filter (Ω0). L1 and L2 are 

the physical lengths of the PMF in the first and second stage, respectively. In the experiment, both 

L1 and L2 are set such that all the 12 equivalent lengths are different and the resultant passbands 

are evenly distributed within the frequency range of interest (0-10 GHz).  

  

Figure 4.3. Measured optical comb spectra and frequency response of the one-stage Lyot loop

filter based MWP multiband filter. (a)-(d) Gaussian optical frequency comb with different

comb spacings: (a) no comb; (b) 0.66 nm; (c) 0.33 nm; (d) interleaved 0.33 nm & 0.66 nm.

(e)-(h) Corresponding frequency response of the MWP multiband filter in 3 different operating 

states: (e) all-block state with zero passband; (f) single-band state with a passband at 4.8 GHz;

(g) single-band state with a passband at 9.6 GHz; (h) multiband state with two passbands at

4.8 GHz and 9.6 GHz.  
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  Table 4.1. Twelve combinations of the two-Stage Lyot loop filter based MWP multiband filter 

(L1 = 2 m, L2 = 10 m) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

4.2.2 Results and Discussion 

We first investigate the performance of our proposed MWP multiband filter with a one-

stage Lyot loop filter. The spectrally sliced Gaussian broadband optical source with different comb 

spacings are shown in Figure. 4.3(a)-4.3(d). A piece of 12-m PMF with a birefringence of 6.6×10-

4 is used in the one-stage Lyot loop filter. Through polarization state adjustment, 30-nm wide 

Gaussian optical combs with four different comb spacing combinations are observed (0, 0.66 nm, 

0.33 nm and interleaved 0.66 nm & 0.33 nm), corresponding to a PMF equivalent length of 0, 12 

m, 24 m, and interleaved 12 m & 24 m, respectively. The extinction ratios of the optical combs in 

Figure 3a-3d are over 20 dB for all combinations. RF spectra of the resultant MWP filter generated 

Number Length Combination 
Equivalent PMF length 

(Le , m) 

MWP Filter passband 

(Ω0, GHz) 

1 L1 2 0.8 

2 2L1 4 1.6 

3 │2L1-L2│ 6 2.4 

4 │L1-L2│ 8 3.2 

5 L2 10 4.0 

6 L1+L2 12 4.8 

7 2L1+L2 14 5.6 

8 │2L1-2L2│ 16 6.4 

9 │L1-2L2│ 18 7.2 

10 2L2 20 8.0 

11 L1+2L2 22 8.8 

12 2L1+2L2 24 9.6 
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from the corresponding optical comb are shown in Figure 4.3(e)-4.3(h), measured by the RF 

network analyzer with an intermediate frequency bandwidth of 5 kHz. Figure 4.3(e), no passband 

is observed and the filter is working in the “all-block” state, corresponding to a polarization 

rotation angle ∆ߠ of 2/ߨ. While in Figure 4.3(f) and 4.3(g), the filter is in a “single-band” state 

that only consists of one passband at either 4.8 GHz or 9.6 GHz (Δθ = π/4 and 0, respectively). By 

properly adjusting the PC in the circulator-PC loop one can achieve two different comb spacings 

at the same time (∆ߠ is between 0 and 4/ߨ). Two clean passbands are observed and the filter is in 

“multiband” state, as shown in Figure 4.3(h). The four different configurations of the MWP filter 

are switchable by adjusting the PC to different rotation angles. The 30-nm wide Gaussian profile 

optical comb provides enough taps for the MWP filter, resulting in better sidelobe suppression and 

a clean filter profile. All the passbands show consistent performance, with a sidelobe suppression 

of 46 dB and a 3-dB bandwidth of 200 MHz.  

With a two-stage Lyot filter, 12 different passband center frequencies can be obtained from 

the proposed MWP filter. Two pieces of PMFs with lengths of 2 m (L1) and 10 m (L2) are used in 

each state of the Lyot loop filter. The lengths of the PMFs are chosen to make the equivalent length 

(Le) to have the same length difference between adjacent combinations, which results in an even 

frequency distribution of all the possible passbands, as shown in Table 4.1. First, the MWP filter 

is set to operate in the single-band state, i.e. only one passband appears at one time. Figure 4.4 

shows the measured RF frequency spectra of all the 12 different single passband outputs of the 

MWP filter, i.e. from 12 different measurements. The single passband of the MWP filter is tuned 

to 12 different positions through polarization state adjustment in the two-stage Lyot loop filter. 

The 12 passbands are evenly distributed from 0 to 10 GHz with a same frequency spacing of 0.8 

GHz, and the experimental result agrees well with the calculation in Table 4.1. The passband has 
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a 3-dB bandwidth of 200 MHz and the sidelobe suppression is up to 40 dB, with a sharp and clean 

filter profile. It is worth noticing that the sidelobe suppression of the first passband at 0.8 GHz is 

about 30 dB, which is smaller than other passbands. This is due to the fact that the corresponding 

comb spacing of the first passband is relatively large, such that there is not enough comb lines 

(taps) for the MWP filter, which results in a relatively lower sidelobe suppression.  

 

    Frequency spectra of the proposed MWP multiband filter working in the multiband state 

are shown in Figure 4.5. By setting the two-stage Lyot loop filter to have more than one comb 

spacing combination interleaving spectrally, a MWP filter with multiple passbands is achieved. 

With the adjustment of ∆ߠ , various combinations of the number of passbands and passband 

frequencies are achieved. In Figure 5a, three passbands at 0.8 GHz, 3.2 GHz and 4.8 GHz are 

obtained simultaneously from the MWP multiband filter, while four passbands at 2.4 GHz, 4.8 

GHz, 7.2 GHz and 9.6 GHz are observed in Figure 4.5(b). In Figure 4.5(c), 4.5(d) and 4.5(e), five, 

six and eleven passbands from 6.4 - 9.6 GHz, 1.6 - 5.6 GHz and 1.6 - 9.6 GHz are obtained, 

Figure 4.4. Measured frequency spectra of the MWP filter in single-band state. 12 single 

passbands are evenly distributed from 0.8 GHz to 9.6 GHz, with sidelobe suppression of

40 dB and 3-dB bandwidth of 200 MHz.     
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respectively. All the 12 passbands of the MWP multiband filter calculated in Table. 4.1 can be 

observed at the same time as shown in Figure 4.5(f), with an equal frequency spacing of 0.8 GHz 

between each passband. Sidelobe suppression is over 30 dB for all the passbands except the first 

passband at 0.8 GHz, as explained previously. Noticing that when adjacent passbands are chosen, 

the transition bandwidth between pass and stop bands are smaller. This can be improved by using 

a longer DCF or DCF with a higher dispersion, such that a narrower passband and wider transition 

bandwidth are resulted. Compared with current state-of-the-art multiband RF filters, the proposed 

MWP multiband filter has uniform passband response, flexible reconfiguration capability and a 

much larger number of simultaneous passbands.  

Figure 4.5. Measured frequency spectra of the MWP filter in multiband state with different 

combinations of passbands.  
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4.2.3 Implementation through one-stage Lyot filter with two pieces of PMF 

The previous results are based on the scheme of two-stage cascade Lyot loop filter, the 

system setup is relative complex that two polarizer with four circulator are used. In real-world 

application, the setup can be simplified into a one-stage structure with two cascade PMF, as 

introduced in this section. Furthermore, different lengths of the PMF and DCF are used and the 3-

dB bandwidth of the generated passbands are reduced for better filter selectivity.   

Figure 4.6 shows the experimental setup of the simplified structure. The Lyot loop filter 

now consists of two pieces of PMF, and a PC1 is added between them. With two pieces of PMFs 

in series, effective length (Le) of the PMF depends on the polarization rotation introduced by PC1. 

If PMF1 and PMF2 are aligned, then the length add up; if PMF1 and PMF2 are orthogonal, the 

length subtracts; if PMF1 is aligned at 45° with PMF2, then PMF2 is “invisible”, resulting in 

different phase differences. In the Lyot loop filter, input light propagates through the two PMFs 

twice bi-directionally through a circulator-PC based loop at the far end. Thus, with two pieces of 

PMFs, up to 12 different equivalent lengths can be obtained (ܮ௘ ൌ ଵܮ݉| ൅  ,ଶ|, with m, n = 0, 1ܮ݊

or 2, shown in Table. 4.1), where L1 and L2 are the physical lengths of PMF1 and PMF2. By 

adjusting the polarization rotation angles of the light through PC1 and PC2, different effective 

lengths is resulted, thus, the two PMFs essentially perform like a single piece of PMF with 

adjustable equivalent lengths. Table 4.1 shows the 12 possible comb spacings (∆ω) that can be 

obtained from the use of two pieces of PMFs, as well as the corresponding relationship between 

the equivalent length of PMF (Le) and the passband frequencies of the MWP filter (Ω0). In the 

experiment, length of the two PMFs, L1 (11 m) and L2 (55 m) are chosen such that all the 12 

equivalent lengths are different and the resultant passbands are evenly distributed throughout the 

frequency range of interest (0-18 GHz). 
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Figure 4.6. Experimental setup of the reconfigurable MWP multiband filter based on Lyot loop 

filter. BBS: broadband optical source; P1-P2: polarizers; PC1-PC2: polarization controllers; 

PMF1-PMF2: polarization maintaining fibers; PM: optical phase modulator; DCF: dispersion 

compensating fiber; PD: photo-detector. 

Table 4.2. Twelve combinations of the two-PMF Lyot loop filter based MWP 

multiband filter (L1=11 m, L2=55 m) 

Number Length Combination 
Equivalent PMF 

length  
( Le , m ) 

Comb spacing 
( ∆ω, pm ) 

MWP Filter 
passband 

 ( ଴, GHzߗ	) 

1 L1 11 336.19 1.3 

2 2L1 22 168.09 2.6 

3 │2L1-L2│ 33 112.06 4.0 

4 │L1-L2│ 44 84.04 5.4 

5 L2 55 67.24 6.7 

6 L1+L2 66 56.03 8.1 

7 2L1+L2 77 48.02 9.5 

8 │2L1-2L2│ 88 42.02 10.9 

9 │L1-2L2│ 99 37.35 12.2 

10 2L2 110 33.62 13.6 

11 L1+2L2 121 30.56 14.9 

12 2L1+2L2 132 28.01 16.2 
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Figure 4.7 shows an optical comb with three interleaved comb spacings where the comb 

spacings are 28 pm, 67 pm and 168 pm. This situation can be regarded as three optical combs with 

different comb spacings appearing at the same time, making it possible to generate a MWP filter 

with three passbands simultaneously. 

Frequency spectra of different passbands combinations from the simplified structure are 

shown in Figure 4.8. By adjusting the polarization rotation angle inside the Lyot loop filter, 

different comb spacing combinations can be obtained, resulting in various combinations of the 

number of passbands and passband frequencies in the multiband RF filter. In Figure 4.8(a), one 

single passband at 5.4 GHz is observed with the MWP RF filter working in a single-band state, 

while in Figure 4.8(b) two passbands at 8.1 GHz and 16.2 GHz are recorded with the MWP RF 

filter working as a dual-band filter. Figure 4.8(c) to 4.8(f) show the measured results of multiple 

passbands, the passband numbers are adjusted so that the MWP RF filter simultaneously can have 

3, 5, 7, and 12 passbands, respectively. All 12 passband frequencies calculated in Table 4.2 are 

Figure 4.7. Measured optical spectrum of the second-order Lyot loop filter with 3 different comb 

spacings interleaving with each other. FSR1= 28 pm, FSR2= 67 pm and FSR3=168 pm.  
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observed at the same time in Figure 4.8(f), which are evenly distributed between 1.3 GHz to 16.2 

GHz. The 12 passbands are equally separated with a frequency spacing of 1.3 GHz. Furthermore, 

all the passbands can be switched off such that the MWP filter can work as an all-block filter. In 

this demonstration, the length of the DCF is increased to 10.4 km, which results in narrower 3-dB 

bandwidth of the generated passbands. Sidelobe suppression is over 35 dB for all the passbands, 

and all the passbands have very clean and sharp passband profiles, providing good filter selectivity. 

 

 

 

Figure 4.8. Measured frequency spectra of the reconfigurable MWP multiband filter with different 

passband combinations. (a) One single passband at 5.4 GHz. (b) Two passbands at 8.1 GHz and 

16.2 GHz. (c) Three passbands at 6.7 GHz, 8.1 GHz and 13.6 GHz. (d) Five passbands at 5.4 GHz, 

8.1 GHz, 12.2 GHz, 13.6 GHz, and 14.9 GHz. (e) Seven passbands from 1.3 GHz to 9.5 GHz. (f) 

Twelve passbands from 1.3 GHz to 16.2 GHz (All twelve passbands shown in Table 4.2).  
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4.2.4 Summary 

In summary, a MWP multiband filter with reconfigurable passband numbers and center 

frequencies is experimentally demonstrated. Up to 12 different passbands can be selected 

simultaneously and are evenly distributed from 0 to 10 GHz. The adjustment of passband numbers 

and center frequencies are achieved through polarization state adjustment in the two-stage Lyot 

loop filter. Sidelobe suppression of all the passbands is over 30 dB and each passband has a 3-dB 

bandwidth of 200 MHz with a sharp and clean bandpass profile, providing good filter selectivity. 

Moreover, the proposed MWP multiband filter can work either as an all-block, single-band, or 

multiband RF filter with adjustable multi-passbands combinations. A simplified structure is also 

introduced to implement the 12 simultaneous passbands, but with a much narrow 3-dB bandwidth 

and better filter selectivity. This design significantly increases the number of passbands that can 

be achieved with a MWP multiband filter as well as providing exceptional operation flexibility.  

 

4.3 Tunable and Switchable Multiband Filter based on Lyot-MZI scheme   

In the previous section, a big step is taken forward through the use of a two-stage Lyot loop 

filter scheme, that a switchable MWP multiband filter with up to 12 simultaneous passbands is 

achieved. However, the passbands can only be configured to 12 specific pre-designed frequency 

channels, tuning of the center frequencies of the passbands require the adjustment of the length of 

the PMF, which is not practical in real world applications. To fulfill the functionality and flexibility 

needed in dynamic multiband systems, continuously tuning of the multiple passbands to cover a 

wide frequency range is highly desired and will significantly advance filter capability to the next 

level.   

 In this section, we present a MWP multiband filter with continuously tunable and 

reconfigurable passbands. The passband frequencies are continuously tunable and can cover a 
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large frequency range without any dead-points, while the number of simultaneous passbands is 

adjustable from zero to seven. The proposed scheme is based on the utilization of a tunable Mach-

Zehnder interferometer (MZI) and a reconfigurable Lyot loop filter to generate high-order optical 

comb with variable comb spacing. As a result, the MWP multiband filter can operate in several 

states through the same system setup --- single-band state, all-block state, dual-band and multiband 

states --- all with tunable and reconfigurable passbands.  

 

4.3.1 Principle and Experimental Setup  

The demonstrated MWP filter is also based FIR introduced in Chapter 3. The tunable MZI 

brings the continuous tunability to the RF filter design and the Lyot loop filter provides the 

reconfigurability of the number of simultaneous passbands. Figure 4.9 shows the schematic 

diagram of the proposed MWP multiband filter based on finite impulse response filter scheme, 

that a finite set of delayed and weighted signal taps are combined to implement the desired filter 

response. A broadband source is used as the light source and spectrally reshaped by a 30-nm wide 

optical Gaussian filter. The reshaped broadband source is then spectrally sliced by a tunable MZI 

and a Lyot loop filter to generate optical frequency comb with variable comb spacings. In this way, 

the tunable MZI provides continuously tunability of the comb spacings, while the Lyot loop filter 

enables dynamic selection of passband channels. Each of the comb lines works as a single tap, 

which is temporally delayed by the DCF and weighted by the Gaussian optical filter to construct 

the desired MWP filter response. The weighted and delayed signal is then fed into a photo-detector 

and converted back to a RF signal at the output. The comb spacings ∆ω of the MZI and Lyot loop 

filter determine the carrier wavelength for each of the taps in the MWP multiband filter. For a 
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system that has a fixed dispersion, passband frequency can only be adjusted by varying the 

frequency spacing of the filter taps (∆ω), as described by Eq. (4.2) in the previous section.  

We first investigate the performance of the tunable MZI and its corresponding frequency 

response in the MWP filter by disabling the Lyot loop filter. As illustrated in the inset of Figure 

4.9, the MZI is a modified two-branch interferometer, which consists of a tunable coupler at the 

input to adjust the power ratio of the two branches, and a tunable delay line to vary the path length 

difference between the two branches. A standard 50:50 coupler is used to combine the two 

branches for interference. Based on the path difference d between the two branches, the two beams 

arrive at the coupler with a phase difference such that different extent of constructive interference 

or destructive interference is resulted at each wavelength λ. The transmission function and the 

comb spacing of the resultant optical comb filter is determined by Eq. (4.4) and Eq. (4.5),  

Figure 4.9. Schematic diagram of the tunable and reconfigurable MWP multiband RF

filter. BBS: broadband light source; MZI: Mach-Zehnder interferometer; d: tunable

temporal delay line; PC: polarization controller; PM: phase modulator; DCF: dispersion

compensating fiber; PMF: polarization maintaining fiber; PD: photo-detector. 
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where ne is the refractive index of the fiber used in the tunable MZI. Figure 4.10(a) shows the 

measured optical spectrum of the broadband source that is reshaped by a Gaussian optical filter 

and spectrally sliced by the MZI. A close-up look of a 1 nm portion of the optical comb is shown 

in Figure 4.10(b), showing a comb spacing of 65 pm. The corresponding RF response is shown in 

2
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Figure 4.10. Mach-Zehnder interferometer based MWP single bandpass filter with

continuously tunability and reconfigurability. (a) Measured optical spectrum of the

Gaussian profile optical frequency comb generated from the MZI; (b) Close-up of the 

optical comb in 1 nm range with a frequency spacing of 65 pm; (c) Measured frequency 

response of the RF single bandpass filter tuned to different frequencies; (d) The passband 

can be adjusted between ON/OFF  states. 

(a) 

 (c) 

 (b) 

 (d) 
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Figure 4.10(c), where a single bandpass RF filter is observed and the center frequency is tunable 

over a wide frequency range by adjusting the comb spacing of the MZI through the tuning of the 

delay line. A tunable optical coupler with adjustable coupling ratios is used to vary the power ratio 

between the two MZI branches, such that the amplitude of the resultant passband is dynamically 

tunable over a 58 dB range, which essentially can go down to the noise floor --- switching off the 

channel, as shown in Figure 4.10(d).  

While the tunable MZI generates a single passband filter and provides continuous 

tunability, system reconfigurability is provided by the Lyot loop filter. The operating principle of 

the Lyot Loop filter and its corresponding MWP filter are detailed introduced in the previous 

section, that two switchable passbands can be generated with a one stage Lyot loop filter. The 

proposed RF multiband filter utilizes the MZI-Lyot architecture to enable continuous tunability, 

multiband capability, and high reconfigurability of the passbands. The MZI is a tunable first order 

comb filter, while the Lyot loop filter is a reconfigurable second-order comb filter, thus, by 

cascading the MZI and Lyot loop filter together, a higher order comb filter with multiple comb 

spacings and reconfigurability can be achieved. As a result, the resultant multiple passbands will 

be highly flexible and dynamic. 

 

4.3.2 Results and Discussion  

Figure 4.11 shows the measured tuning results of the MWP multiband filter, seven 

passbands are generated at the same time and marked as #1 to #7. Passbands #1 and #2 are 

generated directly from the comb lines of Lyot loop filter, as shown in the previous section. 

Passband #5 is generated directly from the tunable MZI, while passbands #3, #4, #6 and #7 are 

generated by the addition and subtraction of the cascaded MZI and Lyot loop filter, as described 
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by Table 4.3. As shown, passband #4 and #6 are generated from the interacting between the first 

passband from Lyot loop filter and MZI (Lyot1: #1 and MZI: #5), such that the frequency spacing 

between #4 (#6) and #5 is 1.35 GHz, which is explained as MZI – Lyot 1 and MZI + Lyot 1, as 

shown in Table 4.3. Correspondingly, passband #3 and #7 are the cascading results of the second 

passband of Lyot loop filter and MZI (Lyot2: #2 and MZI: #5), which has a frequency spacing of 

2.70 GHz away from passband #5 and is explained as MZI − Lyot 2 and MZI + Lyot 2. The 

relationship between all seven passbands and their corresponding comb spacings generated from 

the cascaded MZI and Lyot loop filter are summarized in Table 4.3, where the seven passbands 

are set to be evenly distributed within a 10 GHz range with the same frequency spacing of 1.35 

GHz, as indicated in Figure 4.11(a). Since passband #5 is generated from a continuously tunable 

MZI, any passbands related to #5 are also continuously tunable, which are passbands #3, #4, #5, 

#6 and #7. Figure 4.11(c) to 4.11(e) show the measured tuning performance, the right five 

passbands (#3 to #7) generated from the MZI are continuously tuned over 20 GHz. The MSSR for 

all the passband are over 35 dB and the average 3-dB bandwidth is about 100 MHz, resulting a 

passband Q-factor of 200 at 20 GHz. The frequency spacing between each passband among the 

five tunable passbands is kept the same (1.35 GHz), which is determined by the length of the PMF 

inside the Lyot loop filter. Figure 4.11(b) shows the measured relationship between the passband 

frequency and the time delay between the two branches of the MZI. The maximum frequency 

tuning range is up to 35 GHz, and is determined by the adjustable range of the delay line.  
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Table 4.3. Seven passbands of the MZI-Lyot filter based MWP multiband filter 

Number 
Optical comb 

combination 

Tap frequency 

spacing    

(∆ω, pm) 

Passband 

frequency (Ω0, 

GHz) 

#1 Lyot 1 304.2 1.35 

#2 Lyot 2 152.1 2.70 

#3 MZI – Lyot 2 101.4 4.05 

#4 MZI – Lyot 1 76.0 5.40 

#5 MZI 60.9 6.75 

#6 MZI + Lyot 1 50.8 8.10 

#7 MZI + Lyot 2 43.5 9.45 

Figure 4.11. Demonstration of the continuous tunability of the RF multiband filter. Measure 

frequency response of the multiband filter. (a) Seven single passbands are evenly distributed 

from 1.35 GHz to 9.45 GHz, with the same frequency separation of 1.35 GHz between each 

adjacent passband; (b) Passband frequency tuning in response to the time delay between the 

two branches of the MZI; (c)-(e) The right five passbands are continuously tuned within a 

frequency range of 20 GHz. 

(a) 

(c) (d) (e) 

(b) 
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Passband reconfigurability is achieved by adjusting the polarization rotation angle ∆ߠ 

inside the Lyot loop filter. Since each of the passband generated from the Lyot loop filter can be 

independently switched ON or OFF, any passbands generated from Lyot 1 and Lyot 2 are also 

reconfigurable. From Table 4.3, one can see that all the passbands except #5 are related to the Lyot 

loop filter and, therefore, are all ON/OFF switchable. While passband #5 is also switchable itself 

through the control of the tunable optical coupler. Furthermore, since the right five passbands (#3 

to #7) are continuously tunable, these passbands can be tuned to the frequencies such that they are 

overlapping with passbands #1 or #2 --- two passbands at the same frequency, acting like one 

single passband. Figure 4.12 shows the RF multiband filter with different numbers of simultaneous 

passbands. The initial center frequencies of the passbands are set to be evenly distributed within 0 

to 10 GHz, and the numbers of simultaneous passband are adjustable from six to three. Figure 

4.12(a)   to 5d are achieved by tuning the right five passbands (#3 to #5) to the same frequencies 

as the Lyot 1 and Lyot 2 (#1 & #2), such that two or three passbands are overlapping at the same 

frequency, consequently varying the simultaneous numbers of passband. In particular, in Figure 

4.12(a) passbands #2 & #3 are at the same frequency, while in Figure 4.12(b) passbands #1 & #3 

and passbands #2 & #4 are both overlapping. The passband overlapping in RF domain is resulted 

because the optical comb spacings generated from the cascaded MZI-Lyot filter and the Lyot loop 

filter itself are the same. Furthermore, the simultaneous numbers of passbands is adjustable by 

switching off Lyot 1 or Lyot 2, such that a quad-band filter is resulted, with one passband being 

fixed and the other three are tunable. By doing this the frequency spacings of the continuously 

tunable passbands is adjusted between 1.35 GHz and 2.70 GHz, as shown in Figure 4.12(e) and 

4.9(f), respectively. Since both the MZI and Lyot loop filter can be switched off separately, the 

number of simultaneous passbands can be adjusted to any value between zero and seven. The 



 

76 

passbands selection is based on polarization state adjustment, high-speed and programmable 

tuning of the passbands can be potentially achieved up to gigahertz speed with the use of an 

electrically tunable polarization controller or through optical nonlinear polarization rotation effect 

[45-48]. All the passbands show consistent performance with uniform and sharp passband profiles, 

and the passband qualities are well maintained during both the tuning and reconfiguring processes. 

Another factor that determines passband frequencies, bandwidths and frequency spacings of 

the proposed multiband filter is the amount of dispersion, as shown in Eq. (4.2) and Eq. (4.3). 

Figure 4.12. Demonstration of the passband reconfigurability of the multiband RF filter.

The simultaneous passband number is adjusted from three to seven, with different

frequency combinations. (a) Six passbands at 1.35 GHz, 2.70 GHz, 4.05 GHz, 5.40 GHz, 

6.75 GHz and 8.10 GHz. (b) Five passbands at 1.35 GHz, 2.70 GHz, 4.05 GHz, 5.40 GHz

and 6.75 GHz. (c) Four passbands at 1.35 GHz, 2.70 GHz, 4.05 GHz and 5.40 GHz. (d)

Three passbands at 1.35 GHz, 2.70 GHz and 4.05 GHz. (e) Four passbands when Lyot 1 

(@1.35 GHz) is switched off. (f) Four passbands when Lyot 2 (@2.70 GHz) is switched

off. 

 

a b 

d e  f 
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Figure 4.13 shows the above tuning performance of the multiband filter while the length of the 

DCF is changed, where the orange filter profiles are captured when a piece of 10.2-km DCF is 

used and the blue ones are based on a piece of 6.1-km DCF. As shown in Figure 4.13(a), with the 

same MZI and Lyot loop filter, the seven evenly distributed passbands are spanned to a 14 GHz 

range instead, and the frequency spacing between two adjacent passbands is increased to 1.9 GHz. 

The average 3-dB bandwidth of the passbands is adjusted from 100 MHz (orange) to 180 MHz 

(blue). With the same DCF length as in Figure 4.13(a), Figure 4.13(b) shows the corresponding 

result when the right five passbands are continuously tuned through temporal adjustment in the 

MZI. The adjustment of the dispersion and length of PMF of the system is to match the initial 

design requirements of various applications, and the proposed filter tunability and 

reconfigurability are not relying on any physical change of the components. Furthermore, the 

maximum simultaneous passband number can be further increased by using a two-stage Lyot loop 

filter [56], or cascading another optical comb filter to have more comb spacing combinations.  

 

 

Figure 4.13. Passband bandwidth adjustment of the multiband RF filter. The bandwidths of 

the passbands are broadened with the use of shorter dispersion compensating fiber. Orange: 

with the use of a piece of 10.2-km DCF; Blue: with the use of a piece of 6.1-km DCF. 

(a)  (b) 
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4.3.3 Summary 

In summary, a continuously tunable and highly reconfigurable MWP multiband filter is 

proposed and experimentally demonstrated. The number of simultaneous passbands is adjustable 

between zero and seven, functioning as an all-block, single-band, dual-band, or multiband filter, 

while the passband frequencies are continuously tunable over a 35 GHz range. The scheme utilizes 

a cascaded MZI and Lyot loop filter architecture, such that various optical comb spacing 

combinations are obtained for the implementation of the MWP multiband filter.  The MSSR of all 

the passbands are over 35 dB with sharp and uniform passband profiles, providing good filter 

selectivity. The MWP multiband filter shows stable and consistent performance during the tuning 

and reconfiguring processes. Furthermore, the proposed work demonstrated a general 

methodology to implement MWP multiband filters through cascading multiple optical comb filters 

with various functionalities. Compared to the state-of-the-art RF multiband filters [30], this design 

significantly increases the simultaneous number of passband as well as providing exceptional 

operation flexibility. 

 

4.4 Fully Tunable and Reconfigurable Multiband Filter based on Cascaded MZI Scheme  

In the previous section, the demonstrated MWP filter has both fixed and tunable passbands, 

which is suitable for a multiband system with both fixed and dynamic channels. In general, Lyot 

loop filter structure provides better stability in terms of the center frequency of the generated 

passbands, since it is only determined by the length of the PMF, which is very stable. However, in 

other scenarios where all the channels are changing over time, a multiband filter with fully tunable 

passbands is required. 
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 In this section, we present a fully tunable and reconfigurable MWP multiband filter with 

up to 13 simultaneous passbands. The number of passbands is adjusted from 1 to 13, while the 

passband frequencies of all the passbands are continuously tunable from 0 to 20 GHz with no blind 

spot. The proposed multiband filter is based on the generation of high order optical frequency 

combs from three cascaded MZIs. The cascaded MZI structure is compact, and has been widely 

used in various integrated optical devices, making it an excellent candidate for potential 

integration. To the best of our knowledge, this is the first demonstration of a RF multiband filter 

to achieve a large number of simultaneous passbands with such continuously tunability and 

reconfigurability. Furthermore, all the passbands have 35 dB sidelobe suppression, providing good 

filter selectivity.   

 

4.4.1 Principle and Experimental Setup 

The proposed scheme is based on the utilization of three cascaded tunable MZIs to generate 

high-order optical comb with variable comb spacings for implementing a MWP multiband filter, 

experimental setup is shown in Figure 4.14. A superluminescent diode (SLD) is used as the optical 

source to generate broadband light, and is then spectrally sliced by three cascaded MZIs. An optical 

frequency comb consists of a large number of comb lines is obtained, which works as a multi-

wavelength optical carrier. The RF input signal is then modulated onto the comb lines through an 

EOM, where each line in the comb contains a copy of the RF input signal. The modulated signal 

is then launched into a piece of wavelength dependent DCF such that each of the copies of the RF 

signal is properly delayed in time. A 4-nm optical filter with Gaussian profile is used after the SLD 

to weight each of the comb lines, essentially weighting the amplitudes of the RF signal copies. The 
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weighted and delayed copies are then added up and converted back to an RF signal through a 

photo-detector. A finite impulse response RF filter with a bandpass profile can be obtained.  

 

Since center frequency of the passband is determined by Eq. (4.2), in order to generate 

multiple tunable passbands at the same time, an optical frequency comb with multiple tunable 

comb spacings is required. This is achieved by cascading three MZIs in series and simultanously 

generating multiple length differences. The path length difference of the first MZI is d1, such that 

the generated comb spacing is ∆߱ ൌ  ଵ. By cascading a second MZI with a branch length݀݊/ܿߨ2

difference of d2 and adjusting the coupling ratios of the tunable couplers, four length difference 

combinations can be achieved at the same time, which are d1, d2, d1 + d2, and d1 − d2. As a result, 

four different comb spacings are obtained which corresponds to four RF passbands at different 

center frequencies. When three MZIs are cascaded, up to 13 different combinations can be obtained 

and resulting in 13 different passbands, as summarized in Table 4.4. Figure 4.15 shows an example 

Figure 4.14. Experimental setup of the MWP multiband filter based on cascaded MZIs. SLD: 

Superluminescent diode; MZI: Mach-Zehnder interferometer; EOM: Electro-optic modulator; 

DCF: dispersion compensating fiber; PD: photo-detector. (b) Measured optical spectrum of 

the cascaded MZIs. 
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of the optical comb generated by the three cascaded MZIs. A tunable optical coupler with 

adjustable coupling ratio is used to vary the power ratio between the two MZI branches to achieve 

different extents of interference, such that amplitude of the resultant passband can be adjusted. 

Furthermore, each of the MZIs can be independently switched on/off, such that the simutanoues 

passband number can be flexibly adjusted to obtain various combinations. Since the length 

differences (d1, d2 and d3) can be continously adjusted by the tunable delay lines inside each MZI, 

all the resulted passbands are continously tunable in frequency. The passbands can be tuned to 

match with different frequency channels, therefore, a highly reconfigurable and continuously 

tunable MWP multiband filter is achieved. 

 

  

Figure 4.15. Measured optical spectrum of the cascaded MZIs, which is a high-order optical 

frequency comb consists of multiple comb spacings. 
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4.4.2 Results and Discussion  

In the experiment, a frequency-sweeping signal from an electrical network analyzer is used 

as the RF input for measuring the frequency response of the proposed MWP multiband filter. The 

measured results of different passband combinations are shown in Figure 4.16. By adjusting the 

tunable couplers inside the three MZIs (i.e. enabling/bypassing some of them), the MWP filter is 

reconfigured to have various simultaneous passbands. A single bandpass filter at 5.4 GHz is shown 

in Figure 4.16(a), which is achieved by setting the tunable couplers inside MZI2 and MZI3 to be 

100:0 such that these two interferometers are bypassed. As a result, only one comb spacing is 

generated from MZI1 and a single bandpass filter is obtained. When only MZI3 is bypassed, four 

passbands are observed as shown in Figure 4.16(c). The four-passband filter can turn into a three-

passband filter by adjusting the tunable delay line in MZI2, such that two of the passbands are 

tuned to the same frequency and are overlapping with each other, as shown in Figure 4.16(b). 

Table 4.4. Passband combinations of the proposed MWP multiband filter 

when three MZIs are cascaded in series 
 

Number One MZI Two MZIs Three MZIs 

1   d1 – d2 – d3 
2  d1 – d2 d1 – d2 
3   d1 – d2 + d3 
4   d1 – d3 
5 d1 d1 d1 
6   d1 + d3 
7   d1 + d2 – d3 
8  d1 + d2 d1 + d2 
9   d1 + d2+ d3 
10   d2 – d3 
11  d2 d2 
12   d2 + d3 

13   d3 
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When all the three MZIs are employed, all of the thirteen passbands shown in Table 1 are obtained.  

The passbands can be set to be evenly distributed from 0 to 8 GHz with same frequency spacings 

of 0.6 GHz, as indicated in Figure 4.16(f). On the other hand, the passbands can be adjusted to 

overlap with each other, such that various passbands combinations are achieved. Figure 4.16(d)-

4.16(e) show the results when the MWP filter is configured to have five and eight passbands, 

providing flexible operation reconfigurability. The thirteen passbands can also be tuned to spread 

across a 20 GHz range. Figure 4.17(a) shows an example of an eleven-passband configuration 

across a 20 GHz bandwidth. Since the center frequencies of the passbands are determined by the 

length differences between the two branches of the MZIs, all the demonstrated passbands’ 

frequency can be continuously tuned by adjusting the tunable delay lines insides each of the MZIs. 

As shown in Figure 4.17(b), all the thirteen passbands are tuned to different frequency positions 

that are not on fixed preset channels. The frequency tuning range is governed by the adjustable 

range of the delay lines. In our setup, a 17.5 ps time delay can result in a 1 GHz frequency tuning 

(shown in Figure 4.17(c)), and up to 35 GHz frequency tuning is achieved with the use of a 600 

ps tunable delay line. Furthermore, all the passbands show good filter selectivity, with sharp 

bandpass profiles and over 35 dB sidelobe suppression.   
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Figure 4.16. Measured RF amplitude response of the MWP multiband filter with 

different passband combinations. (a) One single passband at 5.4 GHz. (b) Four 

passbands from 1.8 to 7.2 GHz. (c) Three passbands at 2.0 GHz, 4.1 GHz and 6.2 GHz. 

(d) Five passbands from 1.8 to 9.0 GHz. (e) Eight passbands from 1.0 to 8.7 GHz. (f) 

Thirteen passbands from 0.6 to 8.0 GHz.  

 

Figure 4.17. Demonstration of continuous tunability of the MWP multiband filter. (a) 

Eleven passbands from 1.2 to 16.3 GHz. (b) All the thirteen passbands are tuned to 

unevenly spread across a 20 GHz range. (c) Passband frequency tuning in response to the 

time delay. 
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4.4.3 Summary  

In summary, a fully tunable MWP multiband RF filter with up to 13 simultaneous 

passbands is demonstrated based on three cascaded MZIs. The number of simultaneous passbands 

is adjustable from 1 to 13, and the passband frequencies are continuously tunable over 20 GHz, 

providing the flexibility to dynamically to select different frequency channels. To date, the 

proposed MWP multiband RF filter has the largest number of simultaneous passband – a total of 

13, with an exceptional tunability and reconfigurability, as well as uniform and good filter 

selectivity. Furthermore, since MZI is a well developed structure in photonic integrated circuit 

[85,86], the proposed scheme has great potential to be integrated with multiple cascaded on-chip 

MZIs. A photonics based programmable RF processor can be potentially achieved with an 

integrated 2D waveguide structure as introduced in [87], which could dramatically improve and 

RF signal processing functionality and meanwhile reduce the size of the system.    

 

4.5 Summary  

In this chapter, we demonstrated MWP multiband filters based on three different 

approaches – Lyot loop filter structure, Lyot-MZI structure and cascade MZIs structure. The 

simultaneous passband number is significantly increased to up to 13, which is achieved through 

high-order optical frequency combs with multiple comb spacings. Switchable, reconfigurable and 

fully tunable passbands are experimentally demonstrated, providing extraordinary operating 

flexibility for dynamic RF systems. All the demonstrated MWP multiband filters show stable and 

consistent performance during the tuning and reconfiguring processes, with up to 40 dB MSSR 

and sharp filter profiles. Compared to the state-of-the-art RF multiband filters [30], this design 

significantly increases the simultaneous number of passband as well as providing exceptional 
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operation flexibility. The proposed multiband RF filter could dramatically enhance multiplexing 

capabilities, functionality, and performance of multiband RF systems, where the channel 

frequencies could dynamically adapt to diverse environments with various desired functions and 

spectral availability. Furthermore, the use of different combinations of tunable MZI and 

reconfigurable Lyot loop filter demonstrates a general methodology for MWP multiband filter 

implementation, which has instructive values for existing MWP filter techniques. 
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CHAPTER 5 

BROADBAND AND RECONFIGURABLE RF SPECTRAL SHAPER AND EQUALIZER 

 

5.1 RF Spectral Shaper and Equalizer 

RF signal processing is ubiquitous in a number of field where arbitrary shaping of the RF 

spectrum is extremely desired to achieve various signal processing functions. A reconfigurable RF 

spectral shaper with the capability to flexibly manipulate a wide range of RF components is 

extremely power as a universal RF processor. Arbitrary shaped pulses and waveforms are widely 

used in various applications, including wireless and optical communications, radar and satellite 

systems, and biological imaging and spectroscopy [88,89]. Furthermore, due to the nature of 

electronics, RF devices and systems always have frequency dependent performance, that the gain 

or loss of the components varies a lot at different frequency bands. For example, the most 

commonly used components – RF cables and amplifiers – have uneven loss/gain curves over 

frequencies, and varies dramatically between different brands and manufactures [94-96]. When 

designing a system consists of a series of components, the optimization of system design can only 

achieve a relative narrow operation bandwidth, the uneven performance and limited bandwidth 

greatly hinder their applications from wideband systems. Similar situation happens in multiband 

communication networks, where multiple radio channels at different frequencies are transmitted 

at the same time and the carrier frequencies may change dynamically over time [58-60]. The 

uneven losses during the transmissions would result in tremendous received power differences, 

and thus greatly deteriorate the received signal quality. In these cases, a broadband and 
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reconfigurable RF spectral shaper or equalizer is required to compensate and balance the frequency 

dependent gain/loss for better system performance. The need is clear and urgent, however, there 

is still no promising solution so far.  

Current existing RF spectral shaper and equalizers are all electronics based, usually 

achieved through the use of a wideband tunable attenuator plus a fixed bandpass/bandstop filter 

[96]. By adjusting the attenuation coefficient, frequency response curves with different slopes are 

achieved over a relative narrow bandwidth. However, the available functions are very limited that 

only linear and first-order parabolic signal processing functions can be obtained. Furthermore, 

since the electronic devices are in general lack of reconfigurability, the processing functions are 

either fixed or can only be slightly adjusted. These existing approaches are limited for 

compensating linear gain/loss in RF cables and certain systems, while a more comprehensive RF 

spectral shaper with arbitrary processing functions and multiple control points over a wider 

frequency range are desired for versatile applications. Although the capability to flexibly 

manipulate a wide range of RF spectral components is extremely desired, spectral shaping using 

RF electronics is very challenging due to its tight design criteria to satisfy a wide range of 

frequency range as well as its limited tuning and reconfiguring abilities. Therefore, RF electronics 

can only provide very limited shaping functions and can hardly be tuned, such as limited gain slope 

control, bandpass filtering, and pulse superimposing [114]. The key component for achieving such 

functionality is a reconfigurable multiband filter, which consists of multiple tunable and 

reconfigurable passbands – working as the multiple control points. However, this kind of filter is 

extremely challenging to achieve through conventional RF electronic technique due to the lack of 

reconfigurability; in addition, it is also very difficult to simultaneously satisfy the design 

parameters for multiple passbands over a wide frequency range [61-65]. A RF multiband filter 
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with flexible passband reconfigurability and wide frequency tuning range is the key for 

implementing the desired RF spectral shaper. 

Microwave photonics technique has attracted considerable attentions to achieve unique 

functions and enhancements on RF systems, thanks to its unique properties like wide bandwidth 

and flexible tunability, photonics matches the flexibility requirement urgently needed in current 

and future RF systems. Among these, tunable MWP filter is always an active topic and various 

schemes have been successfully demonstrated, as introduced in the previous chapters. However, 

there is still no successful demonstration of photonics based RF spectral shaper due to the 

challenge to simultaneous generate multiple tunable and reconfigurable passbands. MWP arbitrary 

pulse shaping and waveform generation techniques have been demonstrated by line-by-line 

spectral shaping of optical frequency comb through spatial light modulator [90], on-chip spectral 

shaper [91] or 2D ring resonator arrays [92], and frequency-to-time mapping in a dispersive 

medium [93]. Through these approaches, arbitrary pulse and waveform generation is usually 

achieved by spectrally shaping the optical frequency combs and then mapping them into time 

domain, which is a signal generation approach instead of processing an existing RF signal, and the 

demonstrated functions are not suitable for equalization purpose. Direct RF spectrum shaping 

would be the most efficient and straight forward way to achieve the pulse shaping, however, this 

requires the capability to process the broadband RF components, which is still quite challenging. 

Although microwave photonic signal processing technique has shown its enormous potential, the 

unique advantages from photonics have not been fully explored and developed. Overall, both the 

electronics and photonics based existing approaches cannot fulfill the functionality of a highly 

reconfigurable RF equalizer, where flexible gain/loss equalization over a wide range of frequency 

is desired. 
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With the powerful MWP filters demonstrated in the previous chapters, we are able to 

separately control the frequency components over a wide frequency range through the multiple 

tunable passbands, which enables us the capability for spectral shaping and equalization purpose. 

In this chapter, for the first time we present a photonics based RF spectral shaper with highly 

reconfigurable functionalities. Wideband and flexible spectrum shaping and equalization functions 

are achieved through the use of a highly tunable and reconfigurable MWP multiband filter. The 

RF spectral shaper is first tested as an equalizer for broadband equalization purpose, then the 

functionality and performance of is tested through arbitrary pulse shaping. The demonstrated RF 

spectral shaper shows extraordinary operation flexibility that it can be switched between different 

signal processing functions.  

 

5.2 Photonic Implementation based on a MWP Multiband Filter 

As mentioned in the previous section, the key to implement a highly reconfigurable RF 

spectral shaper is to generating multiple flexible passbands with wide frequency tuning range. The 

proposed photonics based approach is achieved through a tunable MWP multiband filter and its 

addition/subtraction interaction with an all-pass response. The system setup is shown in Figure 

5.1, a multi-wavelength optical comb works as the optical carrier, which is generated from a 

broadband light source (BBS) and cascaded Mach-Zender interferometers (MZI). Each MZI 

consists of a tunable coupler and a tunable delay line, such that the amplitude and the wavelength 

spacing of the multi-wavelength optical comb can be adjusted. A waveshaper is used to reshape 

the overall spectral profile of the 4-nm multi-wavelength optical comb for fine-tuning of the 

equalization curves. The RF input signal is then modulated onto this multi-wavelength carrier 

through an EOM. The modulated signal is then split into two branches -- a bandpass response 
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branch and an all-pass response branch. As shown in Figure 5.1, the upper branch consists a piece 

of DCF which provides linear time delays among different carriers (taps), then RF bandpass filter 

response is formed in the photo-detector based on the finite impulse response. While in the bottom 

branch, a piece of single-mode fiber (SMF) is used to match the lengths of the two branches, and 

simply forms an all-pass response since the dispersion of the SMF is unneglectable compared with 

the DCF. Then the all-pass branch and the bandpass response are combined in a balanced photo 

detector (BPD), where an optical tunable attenuator and delay line are used to precisely adjust the 

amplitude and phase of the two branches before the balanced detection. The combination of the 

FIR filtering response and the all pass response are used to shape the RF spectrum of the input 

signals, since the setup is highly reconfigurable, arbitrary shaping of the RF spectrum is achieved 

at the output.   

Arbitrary spectral shaping in RF domain requires the capability of manipulating the RF 

frequency components over a wide frequency range. The number of the control points determines 

the reconfigurability of the RF spectral shaper, multiple adjustable control points are desired to 

flexibly control the amplitudes at different frequency bands, which is the primal limitation of 

Figure 5.1. Schematic diagram of the photonics based reconfigurable RF spectral shaper. 

BBS: broadband source; WS: wave shaper; MZI: Mach-Zehnder interferometer; EOM:

electro-optic modulator; SMF: single mode fiber; DCF: dispersion compensating fiber; 

BPD: balanced photo-detector. 
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electronics based solutions. In order to have multiple control points, a MWP multiband filter is 

implemented in the proposed scheme that 4 tunable and reconfigurable passbands are generated 

through the use of two cascaded tunable MZIs and work as the control points. For a microwave 

photonic FIR filter, the center frequency of the passband (Ω0) the can be described as Eq. (5.1),  

଴ߗ ൌ
ଶగ

ఉమ௅ವ∆ఠ
                                                    (5.1) 

ଷௗ஻ߗߜ ൌ
√଼௟௡ଶ

ఉమ௅ವఋఠ
                                                  (5.2)     

where β2 and LD are the group velocity dispersion and length of the DCF, and ∆ω is the frequency 

spacing between each filter taps (or optical carriers). Since the total dispersion is fixed in the 

system, the center frequency of the passband is solely determined by the spacing of the optical 

carriers, which can be controlled by adjusting the delay line inside the MZI. This multiband 

capability can be achieved by using high-order optical filter for comb generation, as introduced in 

the previous chapter. With the use of two cascade MZIs, an optical comb consists 4 different comb 

spacings can be generated at the same time, resulting in 4 passbands as the tunable control points. 

Furthermore, beside the center frequency, both the bandwidth and the profile of the control points 

can also be adjusted. The 3-dB bandwidth of the passbands (δΩ3dB) is determined by Eq. (5.2) 

when the dispersion slope of the DCF is neglected, where δω represents the overall bandwidth of 

the optical comb. As shown, the 3-dB bandwidth of the MWP filter is inversely proportional to the 

overall bandwidth of the optical comb, which can also be adjusted through the wave shaper. The 

profile of the MWP filter passband is governed by the overall amplitude profile of the filter taps, 

an inverse Fourier transform can be performed to precisely tailor the amplitude and phase of each 

filter tap in wave shaper for generating desired passband profiles [97]. Gaussian, flat-top and 

chirped passband profiles have been demonstrated previously and can be used for different 

functionalities of the multiple control points [46]. As a result, multiple highly reconfigurable 
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control points of the RF spectral shaper are achieved, with adjustable positions, bandwidths, 

profiles, as well as the overall counts. Instead of shaping the RF signals in optical domain, which 

is limited by the resolution of shaper (~10 GHz), the shaping function is directly realized by the 

highly reconfigurable frequency response in the RF domain. 

 

5.3 Equalization Functions 

In this section, the proposed RF spectral shaper is first tested as a RF equalizer to 

compensate the inconsistent frequency dependent gain/loss for a broadband RF system. The 

demonstrated functions include positive/negative linear slopes, parabolic and inverted parabolic 

responses, and high-order and multiple-peak equalizations. 

 

5.2.1 Linear equalization curves 

Various equalization functions can be achieved from different combinations of the multiple 

control points, including positive/negative linear compensations, parabolic and inverted parabolic 

equalizations, and high-order and multiple-peak equalizations. We first investigate the 

implementation of linear equalization curves, which are commonly applied for compensating 

linear losses in systems where large scale of waveguide or RF cables are used. When a Sinc-square 

spectral profile is applied to the optical comb, a triangular profile of the passband can be achieved 

such that the edge of the passband can be used as linear compensation curves. As shown in Figure 

5.2(a), the 8-nm optical comb is reshaped to a Sinc-square profile through the wave shaper, and 

the corresponding profile of the generated passband is shown in Figure 5.2(b). As plotted in both 

linear (red) and log (blue) scale, a triangular passband with linear sloped passband edge is obtained, 

which is ideal for linear compensation application. In our demonstration, a single triangular 
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bandpass filter is implemented by enabling one MZI in the system, and the all-pass branch is 

switched off by applying a large attenuation. This triangular bandpass filter is first located at zero 

frequency such that the right half of the passband can work as negative compensation curve.  The 

bandwidth of the passband follows Eq. (5.2), and can be controlled by adjusting the bandwidth of 

the optical comb (δω) through the Wave shaper. As shown in Figure 5.3(a), linear compensating 

curves with different negative slopes are obtained when different bandwidth of the optical comb 

(δω) is applied. Similarly, positive compensation curves can be achieved by tuning the center 

frequency of the passband to a higher frequency, such that the left half of the passband can work 

as positive compensation curve, as shown in Figure 5.3(b). Both the positive and negative 

compensation curves are adjusted to cover different frequency ranges and up to 50 dB 

compensation depth are obtained. 

 

 

 

 

Figure 5.2. Triangular passband and its corresponding optical comb spectrum with

a Sinc-square profile.  

(a) (b) 
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5.2.2 Parabolic shaped equalization curves 

Half-sine parabolic shaped equalizer are primarily used to compensate the gain variations 

in wideband devices or systems where the maximum amplification/attenuation occurring at the 

mid-band, such as travelling-wave-tube and solid-state amplifiers. Parabolic shaped compensation 

curves can be generated through single bandpass filters with Gaussian profile. In this scenario, the 

all-pass branch is also switched off and a phase modulator is used for EO conversion so that the 

baseband response is removed. As shown in Figure 5.4(a), different parabolic compensation curves 

covering various frequency ranges are achieved through the adjustment of the overall bandwidth 

of the optical comb (δω). The equalization curves are centered at 5.0 GHz, and can be tuned to 

different center frequencies by adjusting the optical tunable delay line in the tunable MZI. 

Meanwhile, inverted-half-sine parabolic can be achieved through the combination of two Gaussian 

passbands (two control points). By adjusting the center frequency and bandwidth of the two 

passbands, different depths and slopes of the compensation curves can be obtained. As shown in 

Figure 5.4(b), inverted parabolic compensation curves are generated with the use of a baseband 

Figure 5.3. Linear negative and positive slope compensation curves.  

 

(a) (b) 
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filter and a bandpass filter through an intensity modulator and a MZI. The compensation depth is 

adjusted from 10 dB to 50 dB when different bandwidths of the passbands are applied.  

 

5.2.3 Tunable attenuation floor 

Besides the flexible reconfigurability from the MWP filters, the all-pass branch can work 

as a tunable attenuation floor over the entire operation range. The frequency response of the all-

pass branch is shown by the black curve in Figure 5.5(a), when the bandpass response branch is 

switched off. A flat response over 10 GHz range is observed, and the amplitude difference is within 

1 dB. This tunable attenuation floor provides additional flexibility on adjusting the compensating 

depth to all the equalization functions. The rest curves in Figure 5.5(a) show the equalization 

performance when a baseband filter and a single bandpass filter is combined with the tunable 

attenuation floor. The attenuation of the out-of-band response is adjusted up to -60 dB through the 

optical tunable attenuator in the all-pass branch, without affecting the profile of the passband. 

Furthermore, when the bandpass channel and all-pass channel are both enabled, and the response 

Figure 5.4. Demonstration of parabolic and inverted-parabolic equalization functions.

(a) Parabolic compensation curves with various compensation slopes. (b) Inverted-

parabolic compensation curves with various compensation slopes and depths. 

(a) (b) 
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are combined in the balanced photo-detector with similar received power, corresponding addition 

or subtraction function between these two channels can be achieved. The addition or subtraction 

will result in bandpass response or bandstop response, depending on the relative phase between 

these two channels, which can be controlled by a tunable delay line in one of the channel. The 

bandpass response is converted into bandstop response and a notch filter response is obtained as 

shown by the pink curve in Figure 5.5(a), providing notch filtering function when a certain portion 

of the frequency band is undesired.  

 

5.2.4 Arbitrary equalization curve with multiple control points  

The above functions are achieved through the use of a single MZI, which compose the 

basic functions of the RF equalizer for limited operation bands. While in wideband and multiband 

systems, usually more complex equalization curves with different compensation depths are needed 

for various frequency bands. In this case, an arbitrary compensation curve is desired to balance the 

powers between different bands. Based on various combinations of the basic functions, high-order 

and complex equalization curves can be obtained when multiple control points are generated 

Figure 5.5. (a) Bandpass response with tunable attenuation floors. (b) Low-pass 

response with tunable bandwidth.  

(a) (b) 
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through cascaded MZIs. Low-pass filter response is first implemented by using a baseband filter 

and a bandpass filter, by adjusting the bandwidth and center frequency of each of the passband, 

the overall 3-dB bandwidth of the low-pass filter is adjusted from 2.5 GHz to 7.0 GHz, as shown 

in Figure 5.5(b). Then four passbands are generated based on two cascaded MZIs, and work as 

four individual control points for balancing different channels, as shown in Figure 5.6(a). The 

center frequencies of the four passbands are set equally distributed over 10 GHz, and both the 

position and amplitude of all the four passbands are tunable. By adjusting the profile, bandwidth, 

position of each passband and the power and phase of the all-pass branch, various compensation 

curves with arbitrary profiles can be achieved. The equalization curves shown in Figure 5.6(a) are 

designed for multiband communications, that five frequency bands (baseband, 2.2 GHz, 4.4 GHz, 

6.6 GHz and 8.8 GHz) are transmitted at the same time, and frequency components at other 

undesired bands are suppressed. Figure 5.6(b) shows two special functions from the RF equalizer, 

the purple curve is a multiband notch filter to remove multiple undesired bands, and the red curve 

is a saw-tooth-like function for spectrum shaping in signal processing applications. 

 

 

Figure 5.6. High-order equalization curves with multiple control points.  

(a) (b) 
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5.4 Arbitrary Spectral Shaping 

To demonstrate the arbitrary RF pulse shaping performance and capability of the proposed 

RF spectral shaper, a 125 Mbit/s square-like pulse train is used as the input RF signal and is 

launched into the RF spectral shaper for reshaping. The original waveform and RF spectrum are 

shown in Figure 5.7(a) and 5.7(d). To shape the square-like pulse into a Gaussian pulse, the RF 

spectral shaper is configured into a low-pass filter with a Gaussian profile and cut off frequency at 

1 GHz, i.e. inverse Fourier transform of Gaussian. This can be achieved by setting the waveshaper 

into an overall Gaussian profile, and only active one stage of the MZI. The resultant RF pulse is 

now reshaped into a Gaussian pulse, as shown in Figure 5.7(b), with its corresponding Gaussian 

RF spectrum shown in Figure 5.7(e). Next, we reconfigured the RF spectral shaper to reshape the 

square-like pulse into a triangular pulse, by setting the RF spectral profile into a Saw-tooth-like 

function. The waveshaper is then set to an overall Sinc-square profile while the cascaded MZI is 

set to have 4 interleaving comb spacings. Figure 5.7(c) shows the resultant shaped triangular pulse, 

while the corresponding RF spectrum is shown in Figure 5.7(f). 4 spectral control points are used 

at the same time to shape the RF spectrum into a Sinc-square profile. The reshaped pulse trains 

has exactly the same repetition rate as the input pulse train. The insertion loss of the RF spectral 

shaper is about 4 to 10 dB depending on the frequency, which can be compensated by optical 

amplification. As a result, the noise floor of the reshaped waveforms is 5 dB higher than the 

original RF input, as observed in Figure 5.7 (e) and 5.7(f). Besides shaping the profile of the input 

RF pulse, both the 3-dB bandwidth and the slope of the reshaped Gaussian and triangular pulses 

can be adjusted by precisely tailoring the corresponding frequency components through the RF 

spectral shaper, the reshaped results are shown in Figure 5.8. 
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As can be seen, the multiple control points and flexible reconfigurability are the keys of 

the RF spectral shaper, which are achieved through cascaded MZIs. With the use of two serial 

cascaded MZIs as demonstrated in this paper, 4 different control points are obtained to cover 10 

GHz operation range. Increasing the number of cascaded MZIs will significantly increase the 

number of simultaneous control points, which will in turn result in better flexibility and wider 

Figure 5.7. Demonstration of the arbitrary pulse shaping using the RF spectral shaper. (a) 

Original square-like pulse in time domain. (b) Reshaped to a Gaussian pulse through the 

low-pass equalization function. (c) Reshaped to a triangular pulse pulse trough the saw-

tooth equalization function. (d)-(f) Corresponding RF spectra of the pulses.  

 

(a) (b) (c) 

500 ps/div 500 ps/div 500 ps/div 

Figure 5.8. The 3-dB bandwidth and profile of the reshaped pulses are adjusted by the RF

spectral shaper, scale: 500 ps/div. 
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operation range. For example, 3 serial cascaded MZIs will result in 13 different control points [98], 

and 49 control points can be obtained when 4 MZIs are used. Meanwhile, it is very promising to 

integrate the RF equalizer into a chip with a larger number of cascaded MZIs in a 2-dimentional 

mesh structure, such that a programmable photonic signal processor for wideband spectrum 

shaping can be achieved. The possibility and potential plans for the system integration will be 

discussed in the next chapter.    

 

5.5 Summary 

In summary, we experimentally demonstrated a highly reconfigurable microwave photonic 

RF spectral shaper for wideband gain/loss equalization and RF spectrum shaping. The proposed 

scheme is based on the use of a MWP multiband filter, which consists of multiple tunable and 

reconfigurable passbands. Four highly tunable control points are experimentally achieved with 

adjustable center frequencies, bandwidths and compensating profiles, resulting in flexibly 

adjustable compensating curves and various equalization functions. Both equalization and 

spectrum shaping functions are experimentally demonstrated, with good reconfigurability and 

noise performance. To the best of our knowledge, this is the first demonstration of a photonics 

based solution for wideband gain/loss equalization and spectrum shaping, which significantly 

improves the functionality and operation flexibility of existing electronic counterparts. The 

wideband operation range and extraordinary reconfigurability make the proposed RF spectral 

shaper suitable for a variety of applications, including RF/microwave signal processing, spectrum 

shaping and multiband communications. 
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CHAPTER 6 

FUTURE WORK AND CONCLUSIONS 

    

6.1 Future Work – System Integration 

Thanks to the unique properties from photonics, the performance and functionality of 

conventional RF systems have been significantly enhanced through microwave photonic 

techniques.  However, the cost of the improvements is also non-negligible – the extra optical 

components, EO and OE conversions significantly increase the complexity, size, power 

consumption and cost of the systems, which hinder microwave photonic system from practical 

applications. Although the demonstrated capabilities and functionalities from microwave 

photonics are of great interest, a solution to reduce these extra cost is urgent desired. 

Integrated photonics becomes increasingly popular in both tele-communication industry 

and optical interconnections since the tremendous data explosion in recent years. The ever-

increasing demand of high-speed internet and wide bandwidth require a large number of optical 

devices, which extremely stimulates the development of photonic integrated circuit. By now, 

products based on integrated photonics are already commercially available, mainly used in tele-

communications and large-scale data centers. Integration could significantly reduce the 

complexity, power consumption and size of system, at the meanwhile, since many of the 

integration techniques are compatible with the well-developed micro-electronics industry, the cost 

for large-scale photonic integrated circuit fabrication is actually practical. These make integrated 

photonics a promising solution for existing microwave photonics system. During the last few 
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month of our study, we started the integration of our developed systems. In this section, we will 

discuss the possibility and challenges of integrating the demonstrated systems of our study.  

 

6.1.1 Platforms 

Among different photonic integration platforms, III–V materials (InP, GaAs, etc.) and 

silicon are the two most promising and commonly used material platforms, with their own 

advantages and limits. Most of the passive optical components are available on both platforms 

with good performance, active devices are the real challenges. III–V platform has unique 

advantages on integrating active devices, including chip based light sources (both laser and SLD), 

modulators, semiconductor optical amplifiers and photo-detectors, which allows the fully 

integration of various active and passive functions on the same chip [99]. However, the design 

difficulty and material/fabrication cost of III–V based platform are relative high, since it is not 

commonly used in other electronic industries. On the contrary, silicon based technique is much 

widely used in current electronic industries, billions of dollars have been spent to develop silicon 

based fabrication tools, processes and facilities, and the techniques are already very mature. We 

can use the same platform designed for electronic chips to fabricate integrated photonic circuits 

(e.g. CMOS compatible silicon photonic circuit) with just some minor modifications, this is a huge 

advantage of silicon photonics. Over the last decade, it has been proved that silicon is actually a 

fantastic material system for building photonic devices, most of the optical passive components 

have been successfully demonstrated based on silicon based waveguides (or silicon-on-insulator, 

SOI). On the active components side, light modulation and detection techniques also have rapid 

progresses that both silicon-based EO modulators and photo detectors or receivers are reported 

[107][108]. The most remained challenging aspect is to integrate a reliable and efficient light 
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source onto the chips – a silicon wafer based laser source. The challenge comes from the nature of 

material – silicon is not an efficient light-emitting material to build lasers. By far, the two most 

promising solutions would be: (1) to integrate gain materials, such as III–V materials (InP, GaAs) 

or Ge directly onto silicon wafers to build hybrid lasers [109], or (2) to use quantum dots as the 

active material to build on-chip lasers [101]. Based on our partial integration plan, for the first step 

we plan to use silicon photonics technique to implement the integration of all the passive 

components in our system.   

 

6.1.2 Hybrid Integration or Fully Integration  

There is no doubt that fully system integration will bring huge benefit to our bench-top 

systems on the system size, power consumption and cost, which makes the developed functions 

more practical for real world applications. An ideal fully integrated photonic system will require 

the integration of all the active and passive devices onto one single chip. For our systems, active 

optical devices usually include the light source, EO-modulator and photo-detector, which are 

standard commercial available devices and have been proved possible to be integrated separately 

[100-102]. Passive components are relative easier to be integrated compared with active devices, 

due to the simple structures and functions. Researchers have been intensively developing all-in-

one integration techniques for years and had many ground-breaking progresses recently. An 

exciting step was just taken forward this past year that the first monolithic integrated microwave 

photonic filter have been successfully demonstrate with the use of InP technique [99]. The entire 

system was integrated onto one single chip, including all the active and passive devices, making 

fully integrated microwave photonic system very promising in the coming future. However, by far 

the performance of integrated devices are not as good as discrete devices. For example, the 
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insertion loss of a 3.5 mm integrated phase modulator is about 15 dB, with a modulation extinction 

ratio of only10 dB [105], while a non-integrated phase modulator only has a loss of 4 dB, with a 

modulation extinction ratio of up to 40 dB [106]. The large insertion loss and low modulation 

efficiency would require extra amplifiers and significantly degrade the signal quality [103,104]. 

Although fully system integration shows exceptional advantages and has been proved promising, 

integrating all kinds of devices onto one single chip is still very challenging.  

In order to take advantages from the good performance of those commercial available non-

integrated devices, and reduce the system size at the same time, partial integration could be a 

transitional choice. The discrete passive optical components in our current system are very bulky, 

and cost most of the spacing – integrating them will significantly reduce the overall size of the 

system. The major passive components in our system are tunable Mach–Zehnder interferometers 

(MZI), which have been well studied and successfully demonstrated on silicon waveguide with 

competitive performance [85][86]. So our first feasible step of the system integration is to build a 

hybrid system – put all the passive optical components onto one chip, and incorporate with other 

discrete active devices (SLD, EOM and PD). Since the sizes of other discrete devices are 

acceptable, by doing this the overall size of the system can be greatly reduced with relative low 

design and fabrication difficulty, and still maintain a competitive overall system performance. 

Furthermore, the integrated passive components are not as sensitive as integrated active devices 

when temperature changes, and do not need extra temperature stabling circuit.    

 

6.1.3 Integration of the key components  

Since most of the commonly used optical devices have already been demonstrated 

integratable, in this section we will discuss about the possible integration of the special designed 
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components that are required in our systems. The key element of our system is tunable MZIs, basic 

MZI structure has been studied thoroughly and has been successfully integrated into photonic chips 

through various techniques [99,85,86,112]. The tunable MZI mainly consist of a tunable optical 

coupler and a tunable optical delay line, which are required in our design for the tunability and 

reconfigurability of the proposed functions. Furthermore, a dispersive medium with large 

dispersion is required in the current system, which is needed to be replaced by a dispersive 

component in smaller size. 

(a) Tunable delays line: In order to have the capability to tune the passbands over a wide 

frequency range (tens of gigahertz), a tunable delay line with large tuning range is required (> 100 

ps). However, by far the reported integrated tunable delay lines can only provide a continuously 

tuning range of ~10 ps, and there is no promising approach that leads to a successfully 

implementation of an on-chip optical delay line with a continuous tuning range of >100 ps.  If 

continuously tuning is too hard, we can also try discrete tuning – switching between several 

channels with different amounts of time delays, e.g. switching between for states:  25 ps, 50 ps, 75 

ps and 100 ps. In this case, subwavelength gratings (SWG) could be a good candidate for 

implementing onto silicon waveguide [110]. Furthermore, 2D optical waveguide mesh networks 

with reconfigurable structures are also capable to provide discrete tunable time delays [85].  

(b) Tunable coupler: A tunable coupler with adjustable coupling ratio is needed to switch 

ON/OFF of each MZI and adjust the amplitude of the generated passbands. Integrated tunable 

couplers with adjustable coupling ratio from 100:0 to 50:50 might be possible to be achieved by 

multimode interference couplers (MMI coupler) [111] and directional couplers, both through 

thermal tuning of heaters. Furthermore, a discrete ON/OFF switch between 0:100 and 50:50 may 
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also work, such that we can enable/disable each of the MZIs for RF passbands reconfiguration 

purpose. 

(c) Dispersive medium: Materials with large dispersion in a relative small size are desired 

to replace the DCF used in current system. Chirped fiber Bragg grating (CFBG) could be a good 

candidate to provide decent amount of time delays over a wide wavelength range, with a relative 

small size (several centimeters fiber). If a large amount of dispersion is required, cascading several 

CFBG at the same wavelength range may provide enough dispersion. However, the quality of the 

signal will be degraded since the signal is reflected back through several CFBGs. Another possible 

solution is to use special designed photonic crystal waveguide as the dispersion medium to replace 

the long DCF, up to 70 ps wavelength dependent time delay is achieved in a 1.5 mm long photonic 

crystal waveguide [18]. Although both of these two possible solutions are currently not 

integratable on silicon based waveguides, the overall size of the system can still be significantly 

reduced.  

(d) 2D Waveguide mesh structure: Last, as shown in Figure 6.1, an integrated 

reconfigurable 2D waveguide mesh structure that consists of multiple MZIs is desired in the future, 

similar to the scheme demonstrated in [85]. Parallel cascade can serial cascade can be used at the 

same time to build 2-dimentional MZI mesh structure [87], which would further improve the 

reconfigurability with more possible passband combinations. By switching ON or OFF some of 

the MZIs, the possible number of simultaneous passbands can be significantly increased, and the 

functionality can be greatly expanded. In this way, the proposed RF multiband filter can potentially 

work as a powerful programmable processor which can provide a variety of functionalizes for RF 

signal processing [87]. Furthermore, this 2D waveguide mesh structure is also a promising solution 
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for replacing tunable delay lines in the MZI, with different configurations of the 2D waveguide 

mesh, different amounts of path difference of the MZI can be achieved.  

 

6.2 Conclusions 

 In this dissertation, we developed and experimentally demonstrated several microwave 

photonics based RF signal processing techniques. Since RF filters are the most essential and widely 

used components in RF systems, we started with MWP filter designs and successfully developed 

several unique MWP filters. First, by taking advantage of the ultra-fast electro-optics Pockels 

effect, a MWP notch filter with gigahertz center frequency tuning speed was demonstrated. The 

ultrafast notch filter was used as a RF switch with a response time of ~100 ps, which was thousands 

time faster than existing RF switches. Then a switchable MWP dual-band filter was developed 

which can be optically controlled by a pump laser, also resulting gigahertz reconfigurable speed 

Figure 6.1.  Integrated 2D waveguide mesh structure with the capability to be reconfigured into

different schemes, demonstrated in [85,87]. 
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and hundreds picosecond level response time. With the help of ultrafast optical techniques, these 

RF filters significantly improved the tuning speed to gigahertz level, which was extremely useful 

for high-speed and dynamic applications. Later on, we moved on to the development of RF 

multiband filters for wideband signal processing, several FIR based tunable and reconfigurable 

MWP multiband filters were demonstrated. The maximum simultaneous passband number was 

increased to 13, which was the first experimental demonstration of a RF multiband filter with such 

a large number of passband. We also proposed a general methodology for MWP multiband 

implementation, which could dramatically increase the simultaneous passband number. 

Furthermore, all the generated passbands were both tunable and reconfigurable, providing 

exceptional operation flexibility for dynamic systems. Last, we applied the developed powerful 

MWP filters to wideband and dynamic signal processing applications, and successfully 

demonstrated arbitrary RF spectrum shaping and channel equalization functions. A RF spectral 

shaper was proposed with the capability to manipulate the frequency components over a wide 

range of frequency, which was extremely powerful and desired for arbitrary RF signal processing. 

Based on the developed techniques, ultimately a universal RF programmable processor is expected 

through integrated photonics techniques.  

 The signal processing capability for dynamic and wideband applications is significantly 

enhanced with the developed microwave photonic techniques above, many of which were first 

demonstrations. During the past two decades, microwave photonic signal processing already 

shows its great potential over conventional electronic solutions, and will keep bringing unique 

features to RF system design. With the rapid development of integrated photonics and its 

increasingly implementation in practical application, we believe microwave photonics will play a 

more important role in a number of fields.  
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APPENDICES B 

MATLAB CODE FOR CALCULATING FREE SPECTRAL RANGE AND PASSBAND 

CENTER FREQUENCY  

clear; 

wa=1530:0.00001:1550; 
f=1:0.1:20; 
f1=zeros(length(f)); 
bi=6.333e-4; 
l1=80; 
l2=60; 
l3=40; 
l4=20; 

b2=1.86e-25; 
ld=10.2e3; 
c=3e8; 

fi1=2*pi*(bi*l1)./(wa/1000000000); 
fi2=2*pi*(bi*l2)./(wa/1000000000); 
fi3=2*pi*(bi*l3)./(wa/1000000000); 
fi4=2*pi*(bi*l4)./(wa/1000000000); 

y1=0.5*(1-cos(fi1)); 
y2=0.5*(1-cos(fi2)); 
y3=0.5*(1-cos(fi3)); 
y4=0.5*(1-cos(fi4)); 

y=1*y1+1*y2+1*y3+1*y4; 
ylog=log(y); 

comb_spacing=(1530/1000000000)^2/(bi*l1)*1e12; 

disp(comb_spacing); 

figure; 
plot(wa,ylog); 

f0=(bi*l1)/(b2*ld*c)/(1000000000)/10;%add another /10 
f1(round(f0))=1; 
%figure; 
disp(f0); 

%plot(f,f1); 
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APPENDICES C 

MATLAB CODE FOR SIMULATING HIGH-ORDER LYOT LOOP FILTER 

clear; 
clc; 
Q0=pi/2 ;% angle 2 for second order modulation 
Einx=1*cos(Q0); %input E1 power 1 
Einy=1*sin(Q0); 
Ein1=[1;0];%? 

wave=1550:0.00005:1555; 
wa=wave/1000000000;%wavelength 

B1=0.0074;% delta N 
B2=0.00033;% delta N 
k_cr=0.5;%couplering ratio 
Q1=0*pi/4+30*pi/180;% PC 1 before PM and PMF  
Q2=0*pi/4+0*pi/180;% PC 2 , between  PMF and PM 
Q3=0*pi/4+30*pi/180;% PC 3 in the loop, between  2PMF 
l1=50*10^(-3);   %hbf length 
l2=53; 
OP=2; 

fi1=pi*B1*l1./wa;  %phase difference 1 
fi2=pi*B2*l2./wa;  %phase difference 2 

J_P1=[1 0; 0 0]; 
J_P2=[1 0; 0 0]; %Polarizer 

%J_CP=[sqrt(1-k_cr) 1i*sqrt(k_cr);1i*sqrt(k_cr) sqrt(1-k_cr)]; %coupler J 
% Jhbf=[exp(-j*fi1) 0;0 exp(j*fi1)];  %hbf J 
J_HBF1=zeros(2,2,length(fi1));%HBF 1,define 1000 2x2 jones mattrix, and give the value 
one by one.  
for k=1:length(fi1) 
    J_HBF1(:,:,k)=[exp(-1i*fi1(k)) 0;0 exp(1i*fi1(k))]; 
%1£ºÓÃ1iÀ´±íÊ¾ÐéÊý£¬¾¡Á¿²»ÓÃj£¬ÒÔÃâ»ìÏý¡£ 
    %2£ºÕâ¾äÒâË¼¾ÍÊÇJhbfÇ°Á½Î¬¾ÍÊÇ[exp(-1i*fi1(k)) 0;0  
exp(1i*fi1(k))]£¬µÚÈýÎ¬µÄindexÊÇk¡£ 
    %Jhbf(:,:,k)ÀïÃæ(:)Ã°ºÅ´ú±íÈÎÒâ£¬²»ÏÞ¶¨index¡£ 
end 
J_HBF2=zeros(2,2,length(fi2));%Ê×ÏÈ¶¨ÒåÒ»¸öÈýÎ¬ÏòÁ¿£¬ÀïÃæÈ«²¿Îª0 
for k=1:length(fi2) 
    J_HBF2(:,:,k)=[exp(-1i*fi2(k)) 0;0 exp(1i*fi2(k))]; 
%1£ºÓÃ1iÀ´±íÊ¾ÐéÊý£¬¾¡Á¿²»ÓÃj£¬ÒÔÃâ»ìÏý¡£ 
    %2£ºÕâ¾äÒâË¼¾ÍÊÇJhbfÇ°Á½Î¬¾ÍÊÇ[exp(-1i*fi1(k)) 0;0  
exp(1i*fi1(k))]£¬µÚÈýÎ¬µÄindexÊÇk¡£ 
    %Jhbf(:,:,k)ÀïÃæ(:)Ã°ºÅ´ú±íÈÎÒâ£¬²»ÏÞ¶¨index¡£ 
end 

J_PC1n=[cos(Q1) -sin(Q1); sin(Q1) cos(Q1)];%PC J may not be right 
J_PC1p=[cos(-Q1) sin(-Q1); -sin(-Q1) cos(-Q1)]; 
J_PC2n=[cos(Q2) -sin(Q2); sin(Q2) cos(Q2)]; 
J_PC2p=[cos(-Q2) sin(-Q2); -sin(-Q2) cos(-Q2)]; 
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J_PC3n=[cos(Q3) -sin(Q3); sin(Q3) cos(Q3)]; 
J_PC3p=[cos(-Q3) sin(-Q3); -sin(-Q3) cos(-Q3)]; 
%Jpc2=[cos(Q2) -sin(Q2);sin(Q2) cos(Q2)];%PC J Q2! 

%EoutLyot=J_P2*J_PC1p*J_HBF1.*J_PC2p*J_HBF2.*J_PC3n*J_HBF2.*J_PC2n*J_HBF1.*J_PC1n*J_P1
*Ein1;

E_P_PC1=J_PC1n*J_P2*Ein1;%start 

E_P_PC1_HBF1=zeros(2,length(fi1));%Ê×ÏÈ¶¨ÒåÒ»¸ö2Î¬ÏòÁ¿£¬ÀïÃæÈ«²¿Îª0 after HBF1,2x301 
 for k=1:length(fi1) 
    E_P_PC1_HBF1(:,k)=J_HBF1(:,:,k)*E_P_PC1; %1£ºÓÃ1iÀ´±íÊ¾ÐéÊý£¬¾¡Á¿²»ÓÃj£¬ÒÔÃâ»ìÏý¡£ 
     %2£ºÕâ¾äÒâË¼¾ÍÊÇJhbfÇ°Á½Î¬¾ÍÊÇ[exp(-1i*fi1(k)) 0;0  
exp(1i*fi1(k))]£¬µÚÈýÎ¬µÄindexÊÇk¡£ 
     %Jhbf(:,:,k)ÀïÃæ(:)Ã°ºÅ´ú±íÈÎÒâ£¬²»ÏÞ¶¨index¡£ 
 end 

E_P_PC1_HBF1_PC2=J_PC2n*E_P_PC1_HBF1;%2x1000 

%E_P_PC1_HBF1_PC2_HBF2=zeros(2,length(fi1));%Ê×ÏÈ¶¨ÒåÒ»¸ö2Î¬ÏòÁ¿£¬ÀïÃæÈ«²¿Îª0 after 
HBF1,2x301 
for k=1:length(fi1) 
    E_P_PC1_HBF1_PC2_HBF2(:,k)=J_HBF2(:,:,k)*E_P_PC1_HBF1_PC2(:,k); 
%1£ºÓÃ1iÀ´±íÊ¾ÐéÊý£¬¾¡Á¿²»ÓÃj£¬ÒÔÃâ»ìÏý¡£ 
     %2£ºÕâ¾äÒâË¼¾ÍÊÇJhbfÇ°Á½Î¬¾ÍÊÇ[exp(-1i*fi1(k)) 0;0  
exp(1i*fi1(k))]£¬µÚÈýÎ¬µÄindexÊÇk¡£ 
     %Jhbf(:,:,k)ÀïÃæ(:)Ã°ºÅ´ú±íÈÎÒâ£¬²»ÏÞ¶¨index¡£ 
end 

E_P_PC1_HBF1_PC2_HBF2_PC3=J_PC3n*E_P_PC1_HBF1_PC2_HBF2; 

%E_P_PC1_HBF1_PC2_HBF2_PC3_HBF2=zeros(2,length(fi1));%Ê×ÏÈ¶¨ÒåÒ»¸ö2Î¬ÏòÁ¿£¬ÀïÃæÈ«²¿Îª0 
after HBF1,2x301 
for k=1:length(fi1) 
    E_P_PC1_HBF1_PC2_HBF2_PC3_HBF2(:,k)=J_HBF2(:,:,k)*E_P_PC1_HBF1_PC2_HBF2_PC3(:,k); 
%1£ºÓÃ1iÀ´±íÊ¾ÐéÊý£¬¾¡Á¿²»ÓÃj£¬ÒÔÃâ»ìÏý¡£ 
     %2£ºÕâ¾äÒâË¼¾ÍÊÇJhbfÇ°Á½Î¬¾ÍÊÇ[exp(-1i*fi1(k)) 0;0  
exp(1i*fi1(k))]£¬µÚÈýÎ¬µÄindexÊÇk¡£ 
     %Jhbf(:,:,k)ÀïÃæ(:)Ã°ºÅ´ú±íÈÎÒâ£¬²»ÏÞ¶¨index¡£ 
end 
E_P_PC1_HBF1_PC2_HBF2_PC3_HBF2_PC2=J_PC2p*E_P_PC1_HBF1_PC2_HBF2_PC3_HBF2; 

%E_P_PC1_HBF1_PC2_HBF2_PC3_HBF2_PC2_HBF1=zeros(2,length(fi1));%Ê×ÏÈ¶¨ÒåÒ»¸ö2Î¬ÏòÁ¿£¬Àï
ÃæÈ«²¿Îª0 after HBF1,2x301 
for k=1:length(fi1) 

E_P_PC1_HBF1_PC2_HBF2_PC3_HBF2_PC2_HBF1(:,k)=J_HBF1(:,:,k)*E_P_PC1_HBF1_PC2_HBF2_PC3_H
BF2_PC2(:,k); %1£ºÓÃ1iÀ´±íÊ¾ÐéÊý£¬¾¡Á¿²»ÓÃj£¬ÒÔÃâ»ìÏý¡£ 
     %2£ºÕâ¾äÒâË¼¾ÍÊÇJhbfÇ°Á½Î¬¾ÍÊÇ[exp(-1i*fi1(k)) 0;0  
exp(1i*fi1(k))]£¬µÚÈýÎ¬µÄindexÊÇk¡£ 
     %Jhbf(:,:,k)ÀïÃæ(:)Ã°ºÅ´ú±íÈÎÒâ£¬²»ÏÞ¶¨index¡£ 
end 

E_P_PC1_HBF1_PC2_HBF2_PC3_HBF2_PC2_HBF1_PC1_P2=J_P2*J_PC1p*E_P_PC1_HBF1_PC2_HBF2_PC3_H
BF2_PC2_HBF1; 

E4outx=E_P_PC1_HBF1_PC2_HBF2_PC3_HBF2_PC2_HBF1_PC1_P2(1,:); 
E4outy=E_P_PC1_HBF1_PC2_HBF2_PC3_HBF2_PC2_HBF1_PC1_P2(2,:); 
P4out=abs((E4outx.^2+E4outy.^2));%Pout 
×îºóµÃµ½E2µÄÊä³öÄÜÁ¿dBÖµ£¬ÔÚ²¨³¤·¶Î§ÄÚÑ¡ÔñÂË²¨+E4outy.^2 

LG2out=10*log10(P4out); 
figure; 
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plot(wa,P4out); 
%E3!E3!E3!E3! 

%E3_CP=sqrt(1-k_cr)*Ein1; 
%E3_CP_PC1=J_PC1p*E3_CP;% 2x1 

%  
% E3_CP_PC1_HBF1=zeros(2,length(fi1));%Ê×ÏÈ¶¨ÒåÒ»¸ö2Î¬ÏòÁ¿£¬ÀïÃæÈ«²¿Îª0 after 
HBF1,2x301 
% for k=1:length(fi1) 
%     E3_CP_PC1_HBF1(:,k)=J_HBF1(:,:,k)*E3_CP_PC1; 
%1£ºÓÃ1iÀ´±íÊ¾ÐéÊý£¬¾¡Á¿²»ÓÃj£¬ÒÔÃâ»ìÏý¡£ 
%     %2£ºÕâ¾äÒâË¼¾ÍÊÇJhbfÇ°Á½Î¬¾ÍÊÇ[exp(-1i*fi1(k)) 0;0  
exp(1i*fi1(k))]£¬µÚÈýÎ¬µÄindexÊÇk¡£ 
%     %Jhbf(:,:,k)ÀïÃæ(:)Ã°ºÅ´ú±íÈÎÒâ£¬²»ÏÞ¶¨index¡£ 
% end 
% %Eout4=J_PC*Eout3;%2x301 
% %Eout=zeros(2,length(fi2));%Ê×ÏÈ¶¨ÒåÒ»¸ö2Î¬ÏòÁ¿£¬ÀïÃæÈ«²¿Îª0  after 
HBF2,2x2x301*2x301,µÚ¶þ¸ö301ÐèÒªÓÃk 
% E3_CP_PC1_HBF1_PC3=J_PC3p*E3_CP_PC1_HBF1; 
% E3_CP_PC1_HBF1_PC3_HBF2=zeros(2,length(fi2));%E4fan 
% for k=1:length(fi2) 
%     E3_CP_PC1_HBF1_PC3_HBF2(:,k)=J_HBF2(:,:,k)*E3_CP_PC1_HBF1_PC3(:,k); 
%1£ºÓÃ1iÀ´±íÊ¾ÐéÊý£¬¾¡Á¿²»ÓÃj£¬ÒÔÃâ»ìÏý¡£ 
%     %2£ºÕâ¾äÒâË¼¾ÍÊÇJhbfÇ°Á½Î¬¾ÍÊÇ[exp(-1i*fi1(k)) 0;0  
exp(1i*fi1(k))]£¬µÚÈýÎ¬µÄindexÊÇk¡£ 
%     %Jhbf(:,:,k)ÀïÃæ(:)Ã°ºÅ´ú±íÈÎÒâ£¬²»ÏÞ¶¨index¡£ 
% end 
%  
% E3_CP_PC1_HBF1_PC3_HBF2_PC2=J_PC2p*E3_CP_PC1_HBF1_PC3_HBF2; 
%  
% %E4·´ ·Öxy 
% E4outx=E3_CP_PC1_HBF1_PC3_HBF2_PC2(1,:); 
% E4outy=E3_CP_PC1_HBF1_PC3_HBF2_PC2(2,:); 
% P4out=abs((E4outx.^2+E4outy.^2));%Pout 
×îºóµÃµ½E2µÄÊä³öÄÜÁ¿dBÖµ£¬ÔÚ²¨³¤·¶Î§ÄÚÑ¡ÔñÂË²¨ 
%  
% %E4!E4!E4!E4! 
% E4_CP=1i*sqrt(k_cr)*Ein1; 
% E4_CP_PC2=J_PC2n*E4_CP;% 2x1 
%  
% E4_CP_PC2_HBF2=zeros(2,length(fi1));%Ê×ÏÈ¶¨ÒåÒ»¸ö2Î¬ÏòÁ¿£¬ÀïÃæÈ«²¿Îª0 after 
HBF1,2x301 
% for k=1:length(fi1) 
%     E4_CP_PC2_HBF2(:,k)=J_HBF2(:,:,k)*E4_CP_PC2; 
%1£ºÓÃ1iÀ´±íÊ¾ÐéÊý£¬¾¡Á¿²»ÓÃj£¬ÒÔÃâ»ìÏý¡£ 
%     %2£ºÕâ¾äÒâË¼¾ÍÊÇJhbfÇ°Á½Î¬¾ÍÊÇ[exp(-1i*fi1(k)) 0;0  
exp(1i*fi1(k))]£¬µÚÈýÎ¬µÄindexÊÇk¡£ 
%     %Jhbf(:,:,k)ÀïÃæ(:)Ã°ºÅ´ú±íÈÎÒâ£¬²»ÏÞ¶¨index¡£ 
% end 
% %Eout4=J_PC*Eout3;%2x301 
% %Eout=zeros(2,length(fi2));%Ê×ÏÈ¶¨ÒåÒ»¸ö2Î¬ÏòÁ¿£¬ÀïÃæÈ«²¿Îª0  after 
HBF2,2x2x301*2x301,µÚ¶þ¸ö301ÐèÒªÓÃk 
% E4_CP_PC2_HBF2_PC3=J_PC3n*E4_CP_PC2_HBF2; 
% E4_CP_PC2_HBF2_PC3_HBF1=zeros(2,length(fi2));%E4fan 
% for k=1:length(fi2) 
%     E4_CP_PC2_HBF2_PC3_HBF1(:,k)=J_HBF1(:,:,k)*E4_CP_PC2_HBF2_PC3(:,k); 
%1£ºÓÃ1iÀ´±íÊ¾ÐéÊý£¬¾¡Á¿²»ÓÃj£¬ÒÔÃâ»ìÏý¡£ 
%     %2£ºÕâ¾äÒâË¼¾ÍÊÇJhbfÇ°Á½Î¬¾ÍÊÇ[exp(-1i*fi1(k)) 0;0  
exp(1i*fi1(k))]£¬µÚÈýÎ¬µÄindexÊÇk¡£ 
%     %Jhbf(:,:,k)ÀïÃæ(:)Ã°ºÅ´ú±íÈÎÒâ£¬²»ÏÞ¶¨index¡£ 
% end 
%  
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% E4_CP_PC2_HBF1_PC3_HBF1_PC1=J_PC1n*E4_CP_PC2_HBF2_PC3_HBF1; 
%  
% %E3·´ ·Öxy 
% E3outx=E4_CP_PC2_HBF1_PC3_HBF1_PC1(1,:); 
% E3outy=E4_CP_PC2_HBF1_PC3_HBF1_PC1(2,:); 
% P3out=abs((E3outx.^2+E3outy.^2));%Pout 
×îºóµÃµ½E2µÄÊä³öÄÜÁ¿dBÖµ£¬ÔÚ²¨³¤·¶Î§ÄÚÑ¡ÔñÂË²¨ 

%final coupling 

%Eoutx=1i*sqrt(k_cr)*E3outx+sqrt(1-k_cr)*E4outx; 
%Eouty=1i*sqrt(k_cr)*E3outy+sqrt(1-k_cr)*E4outy; 
%Pout3=(abs(Eoutx)).^2+(abs(Eouty)).^2; 

%plot(wa,Pout3); 
%2 
%Erightx=[E3outx;E4outx]; 
%Erighty=[E3outy;E4outy]; 
%Eleftx=J_CP*Erightx; 
%Eleftxx=Eleftx(2,:); 
%Elefty=J_CP*Erighty; 
%Eleftyy=Elefty(2,:); 
%Etest=1i*sqrt(k_cr)*E4_CP_PC2_HBF2_PC3_HBF1_PC1+sqrt(1-
k_cr)*E3_CP_PC1_HBF1_PC3_HBF2_PC2; 
%Etestx=Etest(1,:); 
%Etesty=Etest(2,:); 
%Ptest=abs((Etestx.^2+Etesty.^2)); 

%P2out=abs((Eleftxx.^2+Eleftyy.^2)); 

%T1=(1-2*k)^2+4*k*(1-k)*sin(Q1)*sin(Q1).*cos(fi1).*cos(fi1); 
%T2=(cos(fi1+fi2).*cos(Q2).*sin(Q1)+sin(Q1).*cos(Q2).*cos(fi1-fi2)).^2;  % 
Õâ¸öT2ÊÇÓ¦¸ÃµÃµ½µÄ½á¹û£¬ÎÒÏëÓÃ¾ØÕóµÄ·½Ê½³Ë³öÀ´£¬ÒòÎªÐèÒª¸Ä±äÀïÃæµÄ²ÎÊý,no k_cr? 
%LL2=10*log10(T2); 

%LG3out=10*log10(P3out); 
%LG4out=10*log10(P4out); 

%LG2out=10*log10(Pout3); 
%LGtest=10*log10(Ptest); 
%figure; 
%plot(wa,LL2); 
%figure; 
%plot(wa,LG2out); 


