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           Photonic crystals are a new class of artificial optical materials with periodic 

dielectric structures, which promise to miniaturize photonic devices. Optical true-time 

delay techniques are an emerging technology for the squint-free beam steering of phased 

array antennas with wide bandwidth, reduced system weight and size, and low 

electromagnetic interference. In this dissertation, highly dispersive photonic crystal fibers 

based optical true time delay modules were designed, integrated and characterized. An 

ultra-compact optical modulator based on silicon photonic crystal waveguides for phased 

array antenna systems was designed, fabricated and characterized. A true-time delay 

controlled X-band phased array antenna system was designed, integrated, and 

characterized.  

             The continuously tunable optical true time delay module employ highly 

dispersive photonic crystal fibers connected with various lengths of nondispersive 

telecom fiber. A highly dispersive silica photonic crystal fiber using dual-core structure 

was developed to achieve high chromatic dispersion. By employing photonic crystal 

fibers to increase the dispersion, the true time delay module size can be proportionally 
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reduced. A 4-element linear X-band phased array antenna system using photonic crystal 

fibers based true-time delay modules was developed and demonstrated. The beam 

steering angle of the phased array antenna system was scanned by tuning the optical 

wavelength. Squint-free operation is experimentally confirmed.  

         An optical modulator based on silicon photonic crystal waveguides was developed, 

which could be implemented in phased array antenna systems to replace conventional 

optical modulators. Silicon photonic crystal waveguides were firstly developed and 

demonstrated. Photonic crystal line-defect waveguides showed high group velocity 

dispersion and slow photon effect near the transmission band edge. An ultra-compact 

silicon electro-optic modulator based on silicon photonic crystal waveguides was 

proposed, developed and demonstrated for the first time. Modulation operation was 

demonstrated by carrier injection into an 80 µm-long silicon photonic crystal waveguide 

of a Mach-Zehnder interferometer structure.  
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 1

 Chapter 1   Introduction 
 

1.1  Overview of photonic crystals 
         For many years, engineers have tried to control and manipulate photons and 

electromagnetic waves in the same way that semiconductor materials control and 

manipulate electrons and electron-waves. From solid-state theory, it is known that 

electrons with certain range of energies are forbidden in semiconductor materials [1]. The 

range of the forbidden energies is often called the band-gap. Photonic crystals (PhC), 

also called photonic band-gap (PBG) materials, are a new class of artificial optical 

materials composed of periodic dielectric structures with different permittivity and 

feature size on the order of optical wavelengths. PhCs have unusual optical properties and 

promise to provide revolutionary solutions to the miniaturization of photonic devices. 

Photon propagation in periodic dielectric materials is analogous to electron propagation 

in semiconductor materials. In the past two decades, there has been a great deal of 

exciting progress in the area of PhCs. In 1987, PhCs were first realized by Yablonovitch 

[2] and John [3]. The idea is to form PBG from the periodic dielectric materials. Photons 

with energies in PBG are forbidden to propagate in PhCs and will be totally reflected. 

PhCs generated a large amount of interest at the end of 1990’s.  PhCs can be classified as 

one, two, or three-dimensional (1-D, 2-D, or 3-D) according to the dimensionality of the 

periodicity. An example of 1-D PhCs is distributed Bragg reflectors as highly reflective 

and wavelength selective mirrors in lasers [4].  

 

1.1.1 Maxwell’s equations, Bloch waves, and Brillouin zones in photonic crystals  

      The fundamental equations of electromagnetic theory for PhCs are Maxwell’s 

equation. Time dependent Maxwell’s equation in dielectric media can be written as [5, 6] 
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Where E and H are the electrical and magnetic fields, ε is the permittivity, µ is the 

permeability, t is the time, and r is the displacement to origin. 

        The time harmonic mode at the steady state is 
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By substituting Eq. 1.2 to Eq. 1.1, Maxwell equation for the steady state can be obtained 
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By expressing the equation in magnetic field H only, full-vector wave equation is [5, 6] 
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       Thus, the Maxwell’s equation for the steady state can be expressed in terms of an 

eigenvalue equation, with eigenvalue (ω/c)2.  

        PhCs correspond to a periodic function 

)()( arr vvv += εε                                                            (1.5) 

for some primitive lattice vector a. By employing Bloch theorem 
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v

,  is the periodic envelope function, to Eq. 1.4, a full-vector wave equation of 

Bloch envelope function knH v
v

,  can be obtained [5, 6] 
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        The eigensolutions are periodic functions of Bloch wavevector k. The solution at k is 

the same as the solution at k+G, where G is a primitive reciprocal lattice vector defined 

by Ri·Gj=2πδi,j. Owing to this periodicity, only the eigensolutions for k within the 

primitive cell of this reciprocal lattice need to be calculated. Generally it is proper to 

choose the first Brillouin zone, equivalent wavevector closest to the k=0.  

      

Table 1.1 Direct analogies between electromagnetic wave in photonic crystals and 

electron in periodic potential 

 
 

          All of the equations described above for PhCs are directly analogous to quantum 

mechanics that governs the properties of electrons, as shown in Table 1.1 [5]. The master 

eigenvalue equation of electromagnetic wave in PhCs is analogous to Schrödinger 

equation of electron in periodic potential. The periodic dielectric material ε is analogous 

to periodic potential V. The magnetic field H is analogous to wave function ψ. The 

photonic bandgap ∆ωg is analogous to electronic bandgap Eg. Also, both have Brillouin 
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zone concept. Thus some simulation methods in solid state physics or semiconductor 

physics such as plane wave expansion method can be directly implemented into PhCs 

with some modifications. 

 

1.1.2 Photonic crystals waveguides 

       PhCs without defects can work as an optical insulator. However, PhCs can be more 

useful by introducing defects, analogous to intentionally doping defects into 

semiconductor materials. Point defects can trap light in cavities. If gain material is added 

into the point defects, PhC cavities can work as lasers. Line defects can function as 

waveguides. PhCs with photonic band gaps (PBGs) are expected to be key platforms for 

future optical integrated circuits [2-3, 5-6]. Due to these unique properties, the size of 

most optical components can be dramatically reduced. In initial studies it seems that 3-D 

PhC structures with 3-D PBGs are essentially required to obtain these unique properties. 

However, recent studies show that 2-D PhC slab can also obtain very good performance 

[7]. PhC slabs are 2-D PhC structures located within the slab waveguide. In PhC slab, the 

light is confined by a combination of in-plane PBG confinement and vertical total-

internal-reflection (TIR) confinement. Due to all these unique properties and easy 

fabrication techniques, 2-D PhC slab line defect waveguides have been most extensively 

studied [6-11]. 

       One of the most interesting and exciting properties of photonic crystal waveguides 

(PCW) is high group velocity dispersion and slow photon effect near transmission band 

edge. Notomi et al firstly demonstrated high group velocity dispersion and slow photon 

effect from 2-D silicon slab line defect PCWs [8]. Several other groups also demonstrated 

similar effects in both line defect and coupled cavity PCWs [12-15]. Insertion loss 

including propagation and coupling loss is also a very important factor for using these 

waveguide. Kuramochi et al of NTT Basic Research Lab demonstrated 0.5 dB/mm on 

silicon air-bridge line defect PCWs [16]. The paper pointed out that propagation loss is 

dominated by excess optical scattering introduced by structure disorders. Barclay et al 

demonstrated 94% coupling efficiency by evanescent coupling between a conventional 



 5

silica optical fiber and a silicon PCW [17]. Therefore it is clear that the total insertion 

loss of PCWs is low enough for most practical application, since the length of most 

practical PCW devices are shorter than 100 µm.    

 

1.1.3 Photonic crystals fibers 

          Standard optical fibers, or step-index fibers, guide light by total internal reflection 

(TIR), which requires core region having higher refractive index than that of cladding 

region. The cladding of the step-index fiber is usually silica glass with refractive index of 

1.444. The core of the step-index fiber is usually Ge-doped silica with refractive index of 

1.45.  

 
(a)                                                                (b) 

Fig. 1.1 Cross section of photonic crystal fiber: (a) Modified total internal reflection 

guided solid-core photonic crystal fiber (b) Photonic band-gap guided air-core photonic 

crystal fiber 

 

           There is a long history of fiber design involving holes and deformations such as 

polarization maintaining (PM) fibers. In late 1980’s, PhCs was introduced by 

Yablanovitch [2] and John [3]. In early 1990’s, PhC concepts was applied to optical 

Silica

Air
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fibers. The initial idea was to guide light in air using PBG to achieve low loss and low 

nonlinearity. In 1991, P. St. J. Russell proposed an idea that light could be trapped inside 

a hallow fiber core by creating a periodic wavelength scale lattice of microscopic holes in 

the cladding glass [18]. In 1996, Knight et al [19] firstly created photonic crystal fiber 

(PCF) with hexagonal air hole lattice, as shown in Fig. 1.1(a). It is also called holey fiber, 

or microstructured fiber. The core is formed from solid silica, and the cladding contains 

periodic air holes. The air holes act to lower the effective refractive to form a cladding, 

which is possible to use step-index analogy. The guidance mechanism is called modified 

total internal reflection (MTIR). In 1997, Birks et al [20] demonstrated endlessly single 

mode PCFs. In 1998, Knight et al [21] demonstrated in air core PCFs in honey comb 

structure. The mode is only guided by PBG, and only certain wavelengths are confined 

by PBG. Propagating mode takes on symmetry of PhCs. A high degree of fabrication 

control is generally needed. PCF can be categorized by application into endlessly single-

mode PCF, hollow core bandgap PCF, highly nonlinear PCF, polarization maintaining 

PCF, multicore PCF, and highly dispersive PCF.  

        For guided modes in PCFs, light cannot propagate in the transverse plane in some 

frequency range. Fig. 1.2 shows an example of the transverse mode profile of MTIR 

guided solid core PCF computed by using Rsoft Bandsolve software. The MTIR guided 

PCFs can generate high chromatic dispersion. The high dispersion is mainly generated 

from high index contrast between and silica core and the air holes in cladding. The PBG 

guided PCFs can generate high dispersion from photonic bandgap edges and defect mode 

band edges. The upper edge has very high positive dispersion, and the lower edge has 

very high negative dispersion. 

       The effective index in cladding is h/k, which is a strong function of wavelength. The 

MTIR guided PCFs have large range of single mode, and the range can be tailored by 

changing the air hole size. There are several methods to study PCFs including full-vector 

numerical technique, scalar analytical approach, and fully analytical vector approach. The 

full-vector numerical technique is the most accurate. 
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Fig. 1.2 Computed transverse mode profile of modified total internal reflection guided 

solid core photonic crystal fibers 

 

        PCFs are usually fabricated by stack-and-draw techniques [18]. The doped rods are 

stacked with pure silica tubes to the desired fiber structure. PCF preforms are made from 

stacking bundles of silica rods (doped or undoped) and tubes into desired pattern (usually 

hexagonal). Then the preforms are fused together at high temperature around 1800 oC and 

drawed into PCFs. High pressure is generally applied during the drawing process to avoid 

the collapse of air holes. The losses of PCFs can be reduced by increasing the number of 

air hole rings. In 2001, the losses of PCFs have been reduced comparable to conventional 

telecommunication fibers. Tajima et al [22] demonstrated 10 km-long PCF with the 

lowest loss of 0.37 dB/km at 1550 nm. PCFs can be spliced to standard step-index fibers 

or other PCFs with low splicing loss. Splice loss is mainly determined by mode field 

mismatch. 
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Fig. 1.3 Loss spectrum of fabricated low loss photonic crystal fiber [22] 

     

 

1.2  Introduction to photonic crystal waveguide based optical modulator 

and true-time delay devices for phased array antenna systems 
  

        From the previous section, it can be seen that PhC waveguides and fibers are very 

useful devices. In this dissertation, PhC waveguides and fibers are employed in active 

optical modulator and passive optical true-time delay (TTD) devices, which can be 

implemented in a phased array antenna (PAA) system. A proposed PAA 1×4 subarray 

system structure is shown in Fig. 1.4. The optical modulator is a high speed optical 

modulator. The TTD modules are made by connecting various lengths of highly 

dispersive silica photonic crystal fibers (PCF) with non-dispersive telecommunication 

optical fibers. The radio frequency (RF) signal is modulated by a silicon photonic crystal 

waveguide (PCW) modulator onto an optical carrier with tunable wavelengths. The 

modulated signal is split and fed into the PCF based TTD devices, providing time delays 
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for the beam steering. After the appropriated time delay within the delay modules, the 

1×4 optical signals are converted into the corresponding electrical signals by 1×4 

photodiodes. The electrical signals are then connected to a 1×4 antenna head. By tuning 

the optical wavelengths a 1-D continuously tunable TTD can be obtained. The silicon 

PhC line-defect waveguide based Mach-Zehnder interferometer (MZI) modulator can be 

used to replace conventional optical modulators in the proposed phased array antenna 

systems. 
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Fig.1.4 Schematic diagram of1×4 phased array antenna sub-array system. (RF: radio 

frequency; MOD: high speed optical modulator; EDFA: erbium doped fiber amplifier; 

PCF based TTD: photonic crystal fiber based true-time delay; PAA: phased array 

antenna; red dash line in TTD: highly dispersive photonic crystal fiber, blue solid line in 

TTD: non-dispersive telecommunication fiber) 

 

 

1.3  Overview of phased array antennas 
 

         An antenna is a device that can transmit and receive electromagnetic wave energy. 

Antenna plays a key role in wireless communication. For example, every cell phone we 

use has an antenna. Antennas can be categorized into narrow band antennas and broad 

band antennas by bandwidth. Antennas can also be categorized to directional antennas 
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and isotropic antennas by radiation direction. Phased array antenna (PAA) is one type of 

directional antennas. For PAA, array elements can be arranged to a pattern such as linear, 

circular, rectangular, and triangular.      

 

 
 

Fig. 1.5 Schematic diagram of phased-array antenna 

 

         PAA is a promising technology in modern civilian and military communication and 

targeting systems. PAAs have the advantage of high directivity, quick beam steering 

without physical movement, reduced weight when compared to dish antennas, high 

bandwidth communication, low visibility, high directivity and quick steering, compact 

size, low electromagnetic interference, and simultaneous multimode operation (multi-

targets) [23-24]. In order to get a general idea of the working principle of phased-array 

antennas, a simple linear array structure is explained first. The schematic diagram of a 

linear phased array antenna is shown in Fig. 1.5. Each antenna element is fed with 

different certain initial phase information, φ+n·∆φ, and transmit electromagnetic waves 

with different travel distances. These travel distance differences can make additional 

. . . d d d 

θ
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phases for different elements. All electromagnetic waves with different phases combine 

together and generate a wave front according to the phase relationship among the 

electromagnetic waves from different array elements. At the wave front, the EM waves 

transmitted by different array elements have the same phase information. The direction 

perpendicular to the PAA wave front is called the scan direction or radiation direction of 

the array antenna. The angle between scan direction and array normal direction is called 

the steering angle. For some PAAs, the steering angle changes with RF frequencies, 

which is usually called the beam squint effect.          

       PAAs have many applications on both military and civilian systems. Military 

applications include airborne radar, marine radar, satellite communication, mobile 

communication, missile guidance, trajectory determination, and GPS etc. Civilian 

applications include airborne radar, marine radar, satellite communication, mobile 

communication, air traffic control, global broadcast system, and smart antenna etc. 

        For linear PAA systems with individual amplitude and phase controlled by radiating 

elements transmitting in air or free space, the electric field E in the far filed region along 

θ is [23-24]: 

                          (1.8) 

where t is time, N is the total array element number, Am is the amplitude of mth element, k 

is the wave vector with k = 2π/λ, λ is the RF wavelength, d is the array pitch, ω is the RF 

frequency, ψm is phase. For scanning angle θ,  

θψ sinkmdm −=                                                    (1.9) 

        Conventional PAAs use phase shifters or phase trimmers to scan the radiation 

direction, which is usually of narrow bandwidth accompanied with beam squint effect, 

low EMI noise immunity, and bulky volume. The schematic diagram of PAA systems 

using phase shifter is shown in Fig. 1.6. Here beam squint means radiation direction 

shifts when the RF frequency changes with the relationship of  
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where θ0 is the initial radiation angle, and ω is RF angular frequency. Here it can be 

clearly seen that beam squint is proportional to the frequency change when using phase 

shifters, which results in narrow RF bandwidth. One solution to this problem is to use 

true time delay (TTD) techniques, which will be discussed in the following section. 

 

 
Fig. 1.6 Schematic diagram of phased array antenna system using phase shifter 

 

1.4 Overview of true-time delay techniques 
 

Phased-array antennas (PAAs) have many advantages for applications. However, 

the application of PAAs is limited by conventional intrinsically-narrow-band electrical 

phase trimmers that introduce beam squint. One solution to this problem is to use true-

time delay (TTD) techniques, which is critical for broadband PAA systems. TTD 

techniques can be categorized into electrical TTD techniques and optical TTD techniques. 

Electrical TTD techniques have a long history and are more mature than optical TTD 
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techniques. However, electrical TTD modules are usually very bulky and prone to 

electromagnetic interference (EMI). Since the 1990’s, there has been growing interest in 

optical TTD techniques. Compared to their electrical counterpart, optical TTD techniques 

can provide large time delay with low loss distribution. The optical TTD techniques also 

have the exciting features of squint-free beam steering, wide bandwidth, reduced system 

weight and size, and low electromagnetic interference (EMI) when compared with 

electrical TTD techniques [25-29]. However, most of the optical TTD techniques require 

a large number of precisely time-delay matched optical elements such as lasers, optical 

modulators, photodiodes, and optical delay segments. This usually results in a complex 

system design that may also suffer from large power losses, specialized component 

needs, instability, or inability to easily scale to real-world two-dimensional (2-D) arrays.  

        For optical TTD based PAA system, the initial different phases mψ  for different 

radiating elements are introduced by the optical TTD modules. The steering angle will be 

always along θ even the radiating frequency changes due to the time delay is 

c
mdkmdt m

m
θ

ω
θ

ω
ψ sinsin

=−==                                   (1.11) 

         Electrical TTD techniques mainly include the binary path selection TTD technique 

and the length tunable waveguide TTD technique [30]. Optical TTD techniques can be 

categorized into discrete optical TTD techniques and continuously tunable optical TTD 

techniques. The discrete optical TTD techniques include bulk optical TTD technique [31-

35], optical non-dispersive fiber TTD technique [36], wavelength-division-multiplexer 

TTD technique [37-42], holographic-grating based TTD technique [28, 43], wavelength-

selective waveguide TTD technique [44], acoustic-optic TTD technique [45-48]. The 

continuously tunable optical TTD techniques include fiber prism based TTD technique 

[26, 27, 49], chirped fiber grating based TTD technique [50-51], and holographic-grating 

based TTD technique [52-54]. The fiber prism TTD technique uses conventional 

dispersion compensating fiber. However, conventional dispersion compensation fibers 

(DCF) have fairly small dispersion parameter, D = -100 ps/nm·km, and therefore long 
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fiber lengths (0.1 – 10 km) are usually needed in the TTD module to achieve the required 

time delay. If the fiber group velocity dispersion is increased, the total fiber length will be 

decreased proportionally. 

 
Fig. 1.7. Schematic diagram of phased array antenna system using true time delay 

technique. (RF: radio frequency; MOD: optical modulator; EDFA: Erbium doped fiber 

amplifier; TTD: true time delay; PD: photodiode; PAA: phased array antenna) 

 

           A typical schematic diagram of PAA system using optical TTD technique is 

shown in Fig. 1.7. The PAA radiation beam can be scanned by TTD formation. It will be 

very expensive to feed every array antenna with an optical TTD module. In real PAA 

system, TTD usually requires long time delays up to nanoseconds with resolution of few 

to several bits of delay. Thus this requires low insertion loss and efficient RF link. From 

practical application point of view, it would be proper to feed long time delay or coarse 

delay with optical TTD, and short time delay with phase shifter into subarrays, as shown 

in Fig. 1.8. A typical optical TTD technique also works in the optical wavelength of 1550 

nm region to be compatible with existing optical communication technique. 
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Fig. 1.8 Phased array antenna with phase shifters for short time delays and optical true 

time delay for long time delays (LNA: low noise amplifier) 

  

1.5 Overview of optical modulators 
      

1.5.1 Operational principles and categories 

     Optical modulators are devices used to modify any characteristic of an optical signal 

for the purpose of conveying information. When designing optical modulators, there are 

four key factors: modulated parameters, modulation mechanism, structures, and material 

[55-56]. The modulated parameters include intensity, phase, frequency, polarization, 

propagation direction, etc. of the lightwave. For the modulation mechanism, the intensity 

can be modulated by changing material absorption coefficient. For semiconductor 

materials, this can be done through Franz-Keldysh effect or quantum confined stark 

effect. The phase, frequency and propagation direction can be modulated by changing 

refractive index of the material and the optical mode. The refractive index can be 

changed by applying an external electrical filed (electrical optic effect, or E-O effect), by 

tuning the device temperature (thermo optic effect, or T-O effect), or by a mechanical 

strain (photoelastic effect). For semiconductors, more mechanisms can be used to change 

refractive index. These include plasma effect, quantum confined stark effect, bandgap 

shift effect, etc. The structures of optical modulators include bulk structure, waveguide 

structure, photonic crystal waveguide (PCW) structure, Mach-Zehnder interferometer 

Optical true-time delay 
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(MZI) structure, grating structure, micro-machine structure, etc. Due to converting a 

phase modulation into an intensity modulation, MZI structure has been widely employed 

in optical modulators. The materials used to fabricate optical modulators include 

inorganic crystalline materials (lithium niobate, etc.), semiconductor material (gallium 

arsenide, silicon, etc.), and polymer materials. By the combination of these four key 

designing factors, a large number of optical modulators have been developed. 

 

1.5.2 Silicon optical modulators 

      Silicon photonics including microphotonics and nanophotonics (optics on a single 

silicon chip) open a door for the integration of photonics and microelectronics. It offers a 

lot of benefits such as high bandwidth, high speed, low loss, ultra-compact size. In the 

past few years, silicon nanophotonics have made great progress [57]. However, most of 

the devices demonstrated are either passive devices or are based on compound 

semiconductor materials, which remain discrete and not monolithically integratable with 

current silicon CMOS (complementary metal oxide semiconductor) technology. There 

are strong needs for active devices such as silicon optical modulators and silicon lasers 

that are compatible with silicon CMOS technology. As an optical material, silicon has a 

lot of advantages. Silicon is transparent at the optical wavelength of 1.3 ~ 1.6 µm that 

covers the optical telecommunication wavelength, 1.55 µm. Owing to the rapid 

developed microelectronic technology, silicon is very mature in processing. Now 130 nm 

and 90 nm silicon CMOS technologies become semiconductor industry standards.  

            Silicon optical modulators are key components for photonic integrated circuits. 

The modulation mechanism of silicon modulators includes electric filed effects, carrier 

injection or depletion, and thermo-optic effects [58]. Electric field effects include the 

Pockels effect, the Kerr effect, and the Franz-Keldysh effect. For practical high speed 

silicon optical modulators, carrier injection or depletion is widely used. 
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1.6 Objectives of the dissertation 
 

 The objectives of this dissertation are: 

• To start up a technology in the optical domain for implementation into highly 

dispersive silica photonic crystal fibers based true time delay modules for phased array 

antenna systems. This innovative technology should be able to provide highly compact, 

high resolution, wideband optical true-time delay lines for wideband phased array 

antenna scanning without beam squint. 

• To demonstrate the feasibility of the innovatively designed silica photonic crystal 

fibers structured true time delay lines for an X-band phased array antenna system. 

•  To start up a technology in the optical domain to implement highly dispersive silicon 

photonic crystal waveguides into optical modulators, which could be used in phased array 

antenna systems. The innovative technology should be highly compact, high speed, large 

bandwidth, and silicon CMOS compatible.  

• To demonstrate the feasibility of silicon photonic crystal waveguides based optical 

modulators with reduced size and power. 

 

1.7 Research contributions 
 

     The major contributions of this dissertation are summarized below: 

• Proposed and developed novel continuously tunable photonic crystal fibers based 

optical true time delay modules for the first time. A novel highly dispersive silica 

photonic crystal fiber using dual-core structure was developed to achieve high chromatic 

dispersion. Thermo sensitivity of the highly dispersive photonic crystal fibers are 

analyzed and experimentally measured for the first time. The photonic crystal fibers 

based true time delay module was developed to obtain continuously tunable time delay. 

The true time delay module utilizes the beneficial high dispersion characteristics of 

photonic crystal fibers to reduce system payload while retaining the desirable properties 



 18

of other photonic true time delay technologies. The true time delay technology provides 

highly compact, high resolution, wideband optical true-time delay lines. 

• Developed and demonstrated a 4-element linear X-band phased array antenna system 

using fabricated highly dispersive silica photonic crystal fibers based true-time delay 

modules for the first time. The radiation patterns at various optical wavelengths and 

various RF frequencies were measured. The measurement results verified the beam 

steering angle of the phased array antenna system was scanned by tuning the optical 

wavelength. No beam squint phenomenon was observed in the measurement. 

• Proposed, developed and demonstrated highly dispersive silicon photonic crystal 

waveguides. The fabrication process of silicon photonic crystal waveguide was 

developed and optimized to improve morphological quality and reduce propagation loss. 

Photonic crystal line-defect waveguides showed high group velocity dispersion and slow 

photon effect near the transmission band edge. An efficient method for the measurement 

of optical transmission was developed. The high group index and group velocity 

dispersion of the fabricated silicon PhC line-defect waveguides was experimentally 

demonstrated. The optically activated spectrum shifting effect of the silicon photonic 

crystal waveguide was experimentally demonstrated, which may find application in 

optically activated phase modulator.  

• Proposed, developed and demonstrated an ultra-compact silicon electro-optic 

modulator based on silicon photonic crystal waveguides for the first time. Modulation 

operation was demonstrated by carrier injection into an 80 µm-long silicon PhC 

waveguide of a Mach-Zehnder interferometer structure. The fabrication process of silicon 

photonic crystal waveguide based optical modulator was developed and optimized. 

 

1.8 Dissertation layout 
 

     In Chapter 1, basic concepts of photonic crystals, phased array antennas, true time 

delay technologies, and optical modulators are introduced and overviewed. 
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     In Chapter 2, the proposed photonic crystal fibers based true time delay modules and 

the system-structure of phased array antennas are introduced. Some general issues 

concerning phased array antennas are discussed. 

     In Chapter 3, highly dispersive photonic crystal fibers are presented in detail including 

design, fabrication, characterization, and thermo sensitivity measurement. 

     In Chapter 4, highly dispersive photonic crystal fibers based true-time delay devices 

for X-band phased array antenna systems are presented in detail including design, 

fabrication, and characterization. The system demonstration of an X-band phased array 

antenna system is also presented in detail. 

     In Chapter 5, the design, fabrication, and characterization of highly dispersive 

photonic crystal waveguides are presented in detail. Also, the development of a silicon 

photonic crystal fabrication process and optical testing setup is described. 

     In Chapter 6, an innovative approach to building ultra-compact silicon Mach-Zehnder 

optical modulators based on silicon photonic crystal waveguides are presented including 

design, fabrication, characterization, and optimization. 

     In Chapter 7, recommendations for future works are given including 2-D continuously 

tunable photonic crystals enhanced true-time delay modules for phased array antenna 

systems, highly dispersive silicon photonic crystal waveguides based true-time delay 

devices, highly dispersive silicon photonic crystal coupled cavity waveguides, and all 

photonic crystal MZI modulator. Some preliminary results are also shown in this chapter. 

     Finally, in Chapter 8, a summary of this dissertation is given. 
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Chapter 2   Structure design of true-time delay formation and 

phased array antenna systems 
 

          In this chapter, the proposed photonic crystal fibers based true time delay 

formation scheme and the structure of phased array antenna system will be briefly 

described. A general description of phased array antenna will also be discussed. 

 

2.1 Structure design of true-time delay formation and phased array 

antenna systems 
         Photonic crystal fibers (PCFs) have generated a lot of interest due to their unusual 

and attractive properties, such as high chromatic dispersion, endless single-mode, large 

numerical aperture, and enhanced nonlinearity [1-6]. Highly dispersive PCFs have been 

proposed for the application of dispersion compensation in telecommunication [6]. It was 

for the first time proposing to use highly dispersive PCFs to build true-time delay (TTD) 

devices for phased array antenna (PAA) systems [7-8].  

 
Fig.2.1 Principle of the true time delay module. 

 

         Fig.2.1 shows an example of a TTD module with 4 delay elements. The TTD 

module is made by connecting varying amounts of highly dispersive PCFs and non-
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dispersive single mode fiber (SMFs). Each link has the same nominal group delay but 

with slightly different net dispersion. Therefore, a change in the optical wavelength will 

introduce different amount of time delay change in each fiber link. At the central tuning 

wavelength λ0 all the time delays are matched by trimming the non-dispersive SMFs to 

the appropriate length. Thus, when the TTD modules are used as beamformers, at λ0 the 

main antenna beam will be directed broadside. At a wavelength λ less (or greater) than λ0, 

each of the fiber delay lines adds (or subtracts) a time delay proportional to the dispersion 

coefficient, D, and the length of PCFs. It is worth to notice that the dispersion coefficient 

of PCFs (> 300 ps/nm·km) is usually more than two orders of magnitude higher than that 

of non-dispersive SMFs (3 ps/nm·km). So the dispersion of non-dispersive SMFs can be 

disregarded here.  Thus the delay ∆t between adjacent delay lines is 

                             ∫ ∆=∆
λ

λ
λλ

0

)( dlDt PCFPCF                                                  (1) 

where ∆l is the difference of the lengths of PCFs between adjacent delay lines. This 

results in element phasing such that the main antenna beam is steered in dual directions 

besides the array normal direction by tuning optical wavelength. Because the relative 

phasing is formed by true time delay through the PCFs array, beam squint is eliminated 

and all microwave frequencies are radiated at the same angle [9].            

Fig. 2.2 shows a 1×N PAA subsystem structure controlled by the PCF-based TTD 

module. A 1×4 array is used as an example in the Fig. 2.2. The RF signal is modulated 

onto an optical carrier with tunable wavelengths. The modulated signal is split and fed 

into the TTD lines, providing time delays for the beam steering. After the appropriated 

time delay within the delay modules, the 1×N optical signals are converted into the 

corresponding electrical signals by 1×N photodiodes. The electrical signals are then 

connected to a 1×N antenna head. By tuning the elevation wavelengths one can obtain a 

1-D continuously tunable true-time delay. Due to the wide tunable range of time delay 

from the photonic crystal fibers, the phased-array antenna can support multi-bands from 

several MHz to hundreds of GHz.  
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Fig.2.2 1×4 phased array antenna sub-array system diagram. (RF: radio frequency; MOD: 

high speed modulator; EDFA: erbium doped fiber amplifier; PCF based TTD: photonic 

crystal fiber based true-time delay; PAA: phased array antenna; red dash line in TTD: 

highly dispersive photonic crystal fiber, blue solid line in TTD: non-dispersive 

telecommunication fiber) 

 

So far it can be seen from the system description above, the proposed approach is 

based on photonic crystals based devices and other commercially available components 

and has potentially high reliability and stability as it requires no moving parts during 

operation. The complexity and cost of the whole system could be greatly reduced. By 

using highly dispersive PCFs instead of conventional dispersion compensation fibers, the 

dispersion is dramatically increased so that the total fiber length will be decreased 

significantly. This makes the optical TTD modules ultra-compact. 

 

2.2 Features of phased array antennas 
         An array antenna is composed of several antenna radiation elements in a particular 

manner. A radiation element is called array element. In an array antenna, the distance 

between adjacent array elements is called array pitch. In general, antenna arrays can be 

categorized into linear array (1-D), planar array (2-D), and three-dimensional (3-D) array. 
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Due to the simplicity and generality of the linear PAA, the general electrical features are 

usually discussed based on this structure. Before investigating phased array antennas 

(PAAs), several important characteristics of the PAA need to be discussed. The far field 

pattern, one of the most important features of PAAs, will be discussed. The grating 

lobes, beam width and bandwidth will also be discussed.  

 

2.2.1 Far field pattern 

      An antenna radiation pattern or antenna pattern is defined as a mathematical 

function or a graphical representation of the radiation properties of the antenna as a 

function of a space coordinates [10]. In most case, the radiation pattern is determined in 

the far-field region. The required distance R for which one can safely use the far-field 

approximation depends on the degree of fine structure desired in the pattern. Using the 

distance 

                                                       R ≥ 2L2/λ                                                       (2.1) 

where L is the largest array dimension, and λ is the RF wavelength. 

Due to its simplicity and generality, the linear PAA is usually used to discuss the 

general electrical characteristics. For a linear PAA composed of identical dipolar array 

elements, with a pitch of d.  The radiated electrical field at a point in the far field can be 

expressed as [11, 12] 
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where E is the far field electrical field, θ is the space angle, t is the time, ω  is the 

microwave angle frequency, N is the total number of array elements, In is the illumination 

amplitude pattern of the nth individual element, nϕ  is the initial phase shift of the nth 

individual element, )( nelf θ  is the direction function of the array element, n is the number 

of an individual element, k  is the wave vector, d is the array pitch, and c is the light 

speed in free space.   
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If the point is sufficiently far away from the linear PAA (R ≥ 2L2/λ), the beams from 

all array elements to the point can be assumed to be parallel. Assuming uniform 

illumination I1 = I2 =…=  In = I, one can obtain 
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where nϕ  = ϕ)1( −− n . 

From the equation 2.3, the far field intensity directional function can be written as  
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(2.4)

where )(θelf  is the element factor, )(θaf  is the array factor, and ϕθψ −= sinkd . 

Assuming the elements are ideal point sources, the far field pattern is decided only 

by the array factor.  The far field pattern is a periodical function of ψ . The main lobe of 

the array antenna occurs at 0=ψ , and θϕ sinkd= . Fig. 2.3 shows the far field pattern 

of a linear PAA composed of 16 dipole elements with center frequency f = 10 GHz, d = 

λ/2.  The main lobe directs to θ = 0o and 45o. 
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(a) (b) 

 

Fig. 2.3 Far field pattern of a PAA composed of 16 linear dipole array elements with 

center frequency f = 10 GHz, d = λ/2 and main lobe directing at (a) θ = 0o (b) θ = 45o 

 

 

2.2.2 Grating lobes 

        When the antenna pitch d is much greater than λ/2, the far field pattern will have 

many high intensity lobes with the same maximum intensity. The high intensity lobe 

occurring at 0=ψ  is called the main lobe, and others are called grating lobes. When 

designing the phased array antenna, one design issue is trying to avoid grating lobes.  In 

order to eliminate all grating lobes, the antenna pitch d/λ should satisfy the following 

requirement [11-12] 

)sin1(
1

MN
Nd

θλ +
−

≤ , (2.5)

where Mθ  is the maximum scan angle of the PAA. 

When N  is quite large, Equation (2.5)  can be simplified as 
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Figure 2.4 is the far field pattern of a PAA, illustrating the effect of the grating lobe.  

The PAA is made up of eight elements with center frequency f = 10 GHz, d = 4×(λ/2). 

Here d = 4×(λ/2) is employed to show the grating lobes.  Fig. 2.4 shows that there is one 

main lobe located at 0° and two grating lobes located at –31° and 31° respectively. 

 
Figure 2.4  Far field pattern of a eight-element PAA with grating lobes  

 

2.3 Summary 
        In this chapter, an overview of the proposed photonic crystal fibers based true time 

delay formation scheme and the structure of phased array antenna system was described. 

The general issues related to phased array antennas were also discussed. 
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Chapter 3   Highly dispersive silica photonic crystal fibers 
 

        This chapter will describe highly dispersive silica photonic crystal fibers including 

simulation, design, fabrication and characterization.  

 

3.1 Design of photonic crystal fibers 
        Conventional single-mode fibers (SMFs), which are based on weakly guiding 

structures with doped silica, can be tailored to slightly increase the dispersion by 

increasing the refractive index difference between the core and cladding [1]. However, 

the dispersion cannot be changed significantly due to the small index variation across the 

transverse cross section of the fiber from doping. This shortcoming can be overcome by 

employing highly dispersive photonic crystal fibers (PCFs), which have more freedom to 

enhance the dispersion. PCFs have generated a lot of interest due to their unusual and 

attractive properties, such as high chromatic dispersion, endless single-mode, large 

numerical aperture, and enhanced nonlinearity [1-6].  

Λ

n1n2

d0d1d2d

Λ

n1n2

d0d1d2d

 

Fig. 3.1 Layout of the transverse section of a model highly dispersive photonic crystal 
fiber. 
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          PCFs are usually made of silica glass or polymer materials with a regular 

hexagonal array of sub-micrometer-sized air holes running along the axis of the fiber as a 

cladding [4]. A defect, usually one or multiple missing holes, acts as core. The dispersion 

of the PCFs can be flexibly tailored by tuning the pitch (Λ) of the periodic array, the hole 

diameter (d) and the doping concentration (n) of the cores, as shown in Fig. 3.1. 

         In the PCF design, a two-core PCF design is employed to achieve high dispersion. 

The inner core is a doped silica rod instead of a missing hole, and the outer core is 12 

concentric doped silica rods instead of missing holes, as shown in Fig. 3.1. Both cores are 

doped to have higher refractive index than pure silica, but the refractive index of the inner 

core is greater than that of the outer core. This two-core PCF can support two 

supermodes, which are analogous to the two supermodes of a directional coupler [7]. 

These modes are nearly phase matched at λ0 = 1550 nm. When the optical wavelength λ 

is much larger or smaller than λ0, these two cores are decoupled. When λ < λ0, most of 

the mode energy stays in the inner core (n1).  When λ > λ0, most mode energy stays in the 

outer core (n2). Close to the central phase matching wavelength λ0, the mode index of the 

PCF changes rapidly due to strong coupling between the two individual modes of the 

inner core and outer core. Due to strong refractive index asymmetry between the two 

cores, there is a rapid change in the slope of the wavelength variation of the fundamental 

mode index. This leads to a large dispersion around λ0 [8-10]. The air hole structure in 

the PCF helps not only to guide the mode, but also to increase the dispersion value.  

To have an intuitive understanding, the highly dispersive PCF is analogous to 

conventional dispersion compensation fibers, which are used in telecommunication to 

compensate the dispersion penalty of telecom optical fibers. Fig. 3.2 shows the structure 

of a typical dual core dispersion compensation fiber. The outer core is concentric ring to 

inner core. The refractive index of the doped inner core, n1, is usually larger than that of 

the doped outer core, n2, and both larger than that of pure silica cladding. Here r1, r2 and 

r3 are different radius from the center. There are coupling between inner core and outer 

core like a direction coupler, which leads to high dispersion. 
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Fig. 3.2 Cross section and index profile of conventional two core dispersion 

compensation (n1 > n2 >nsilica) 

 

         The dispersion of PCFs can be calculated using the full vectorial plane-wave 

expansion (PWE) method, which is fast and accurate compared to other methods [3-4]. 

The PCFs are simulated by using Rsoft Bandsolve software that is based on full vectorial 

PWE method. Since the PCF design is not a perfect crystal without defects, a supercell 

having a size of N×N instead of a natural unit cell is implemented for the periodic 

boundary conditions [3-4]. As shown in Fig. 3.3 an 8×8 supercell is used for simulation 

purposes. Here 8×8 meets the simulation convergence compared with a 9×9 supercell. 
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Fig. 3.3 Transverse section of a model dispersion enhanced PCF. The box with 

dimensions 8×8 corresponds to the supercell used to implement boundary conditions. 

 

         The group velocity dispersion or simply the dispersion parameter D(λ) of the 

guided mode of the PCF can be directly calculated from the modal effective index neff(λ) 

of the fundamental mode over a range of  wavelengths [11] 

                                                  2
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where the effective refractive index of the mode is given by neff = β[λ, nm(λ)]/k0, and β is 

the propagation constant and k0 is the free-space wave number. The dispersion parameter, 

D(λ), of PCF is strongly related to the structure and refractive index perturbation, and can 

thus be changed to achieve the desired characteristics [1, 6, 11]. In PCF design, different 

doping concentrations, period Λ, and hole diameters d0, d1, d2, d3, as shown in Fig. 3.3, 

are used to tune the dispersion. Here d0 and d2 are the diameters of the inner and outer 

doped silica rods, respectively. And d1 and d3 are the diameters of the air holes. By tuning 

these parameters, the desired large dispersion parameter, D, value can be obtained. Two 

guided modes in transverse cross section (X-Y plane) are shown in Fig. 3.4. The guided 

mode in (a) corresponds to the supermode that is guided in the inner core, while the 

guided mode in (b) corresponds to that in the outer core.  The guided mode in the 
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propagation direction is calculated. An example of the guided mode along propagation (Z 

direction) is shown in Fig. 3.5. 

 

 

(a)                                                                        (b) 

Fig. 3.4 Two guided modes of the highly dispersive PCF: (a) most mode energy in inner 

core, (b) most mode energy in outer core. 

 

Fig. 3.5 Propagation mode of PCF along the propagation direction 



 40

         The dispersion of the highly dispersive PCFs is also calculated. Fig. 3.6 shows the 

theoretical simulation results of dispersion enhanced PCFs with differing parameters 

using the full vectorial plane wave expansion method. High dispersion of about D = –

3,300 ps/nm·km is obtained at 1560 nm. 

 

Fig. 3.6 Dispersion parameter D for dispersion enhanced PCF with various 

microstructure parameters. 
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3.2 Fabrication of photonic crystal fibers 
         The photonic crystal fibers (PCFs) are usually fabricated using the stack-and-draw 

technique [4-5]. With this technique, silica tubes or rods with diameters around 20 mm 

are first draw down to silica tubes or rods with diameters around 1 mm at around 1,800 
oC. Then 1-mm-diameter tubes and rods are stacked together in a desired lattice array, 

usually hexagonal array, as a PCF preform. The PCF preform is fused together and then 

drawn down to PCFs. A typical stack-and-draw process is shown in Fig. 3.7. The drawing 

of silica-based PCFs is usually performed in a traditional fiber drawing tower. The PCFs 

reported here are fabricated by Crystal Fibre in Denmark. A scanning electron 

micrograph (SEM) image of the cross section of the fabricated highly dispersive PCF is 

shown in Fig. 3.8. 

 

 
 

Fig. 3.7 Stack-and-draw process to fabricate photonic crystal fibers (Ref: BlazePhotonics) 
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Fig. 3.8. Scanning electron micrograph (SEM) image of the fabricated highly dispersive 

PCF with magnified views. 

 

3.3 Experimental characterization of the dispersion of photonic crystal 

fibers 
     In order to obtain the chromatic dispersion of the fabricated highly dispersive PCFs, 

the time delay was measured between optical wavelengths of λo ± 0.1 nm. The phase 

difference as a function of microwave frequency was measured at optical wavelengths of 

(λo + 0.1 nm) and (λo - 0.1 nm). The time delay can be derived from the slope of each 

curve. The fiber chromatic dispersion is defined as )/( LTD ⋅∆∆= λ  which is obtained 

from the time delay divided by the fiber length and laser wavelength difference, 0.2 nm. 

The dispersion is –600 ps/nm·km at 1550 nm, as shown in Fig. 3.9. The dispersion is 
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increased by 33 times compared to telecom SMF-28 that has a dispersion parameter of 18 

ps/nm·km, and by 6 times compared to conventional dispersion compensation fiber 

(DCF).  
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Fig. 3.9 The simulated and measured chromatic dispersion parameter D for highly 

dispersive PCFs.        

 

3.4 Effects of temperature fluctuation on highly dispersive photonic 

crystal fibers 
         Owing to their high dispersion, PCFs can be used as dispersion compensation fibers 

to minimize the penalty by dispersion of large bandwidth optical networks [1, 6]. A 

dispersion enhanced wavelength tunable true-time delay technique for an X-band phased 

array antenna using highly dispersive PCFs was recently demonstrated [8-9]. In all of 

these systems, thermal sensitivity is an important factor for practical applications. 

Schneider et al [12] and Kato et al [13] demonstrated the temperature dependence of the 

chromatic dispersion of conventional fibers including telecommunication fibers and 

dispersion compensation fibers. However, to my knowledge there is no report about the 



 44

temperature dependence of the chromatic dispersion of highly dispersive PCFs. In this 

section, the temperature dependence of the chromatic dispersion of the highly dispersive 

PCFs is analyzed, simulated, measured, and the results are discussed.  
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Fig. 3.10 Waveguide dispersion vs. wavelength at difference material refractive index, n, 

for the highly dispersive PCF #1. Red shift of λp is clearly seen as n increases. 

 

        It is known that the dispersion parameter, D, of a single mode fiber is composed of 

material dispersion, Dm, and waveguide dispersion, Dw, with the relation of D = Dm + Dw 

[1, 4]. Dm only depends on material property and doesn’t change with fiber design. For 

highly dispersive PCFs, Dw is usually at least one order greater than Dm. The thermo 

coefficient of the material refractive index of fused silica is +1.2×10-5/oC at an optical 

wavelength around 1550 nm [14]. This means the material refractive index of fused silica 

increases 0.0012 if the temperature increases 100oC. However, the shift of λp is only 
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within 1 nm. In order to accurately measure the temperature dependence of the 

waveguide dispersion of PCFs, a large λp shift is needed. Thus large index change is 

chosen in the simulation. In the simulation, the full vectorial plane wave expansion 

(PWE) method is employed [8-9]. The unit cell is 8×8. Fig. 3.10 shows the simulated 

dispersion vs. wavelength curve of a designed PCF #1 of Fig. 3.1 with parameters (Λ = 

3.50 µm, d = 0.86 µm, d0 = 1.72 µm, d1 = 1.45 µm, d1 = 1.08 µm, ∆n1/n = 1.9%, ∆n2/n = 

1.2%.) at various material refractive index of n = 1.404, 1.444, 1.494, and 1.544, 

respectively. From Fig. 3.10 it can easily seen that the red shift of λp with increasing 

material index. The shift of λp is proportional to material refractive index change. The λp 

shifts +50 nm when the material refractive index increases 0.05. The λp shifts 

proportional to temperature change and it shifts to longer wavelength when temperature 

increases. For example, suppose temperature increases 100oC, the refractive index of 

fused silica will increase 0.0012, which corresponds to a red shift of 1 nm for λp. 

However, the dispersion slope dD/dλ of highly dispersive PCF is usually at least one or 

two orders larger than conventional telecom fibers and dispersion compensation fibers 

[12-13]. The dispersion change, dD/dT, is proportional to dispersion slope, dD/dλ, and 

phase matching wavelength shift, dλp/dT. This explains why high dispersive PCFs have a 

larger temperature dependence of dispersion than conventional telecom fiber [13] and 

dispersion compensation fiber [12-13].  

          Another PCF #2 with different design is also simulated to confirm the concept [15]. 

The index profile is shown in Fig. 3.11. The PCF is designed to have one ring of small air 

holes with period, Λ = 0.9 µm, diameter of regular air hole, d = 0.81 µm, and diameter of 

small air hole, ds = 0.75*d. After performing the same simulation procedure as PCF #1, 

similar results are obtained. Fig. 3.12 shows the simulated dispersion vs. wavelength 

curve of PCF #2. From Fig. 3.12 it can also be easily see the red shift of λp with 

increasing material index. The shift of λp is also proportional to material refractive index 

change, which is similar to that of PCF #1. The λp shifts are calculated to be about +2 nm 

with a temperature increase of 100oC. 
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Fig. 3.11 Index profile of the highly dispersive PCF #2 with period Λ   = 0.9 µm 

diameter of air hole d = 0.81 µm, diameter of small air hole ds = 0.75d 
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Fig. 3.12 Waveguide dispersion vs. wavelength at difference material refractive index, n, 

for the highly dispersive PCF #2. Red shift of λp is clearly seen as n increases. 
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          Photonic crystals provide a much larger range of group velocities which are 

intrinsically highly sensitive to refractive index perturbation [16]. Therefore, any PCF 

designed at the highly dispersive region will have larger environmental sensitivity, for 

example, temperature sensitivity. 
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Fig. 3.13 Schematic of the setup used to control the temperature of photonic crystal fibers 

and measurement of the respective time delay to calculate photonic crystal fiber 

dispersion. (Red solid line: optical link; Blue dash line: electrical link; EDFA: Erbium 

doped fiber amplifier; PCF: Photonic crystal fiber; DUT: device under test; PID: 

Proportional integral derivative) 

 

         In order to measure the chromatic dispersion of the fabricated highly dispersive 

PCFs, the time delay between adjacent optical wavelengths is measured using the setup 

described in ref. [17]. Fig. 3.13 shows the schematic diagram of the setup used to control 

the temperature of photonic crystal fibers and measurement of the respective time delay 

to calculate photonic crystal fiber dispersion. To obtain the time delay, the RF phase as a 

function of microwave frequency ranging from 8 to 12 GHz are measured. The time 

delay can be derived from the slope of the each curve. The fiber chromatic dispersion is 

defined as )/( LT ⋅∆∆ λ  which can be obtained from the time delay divided by the fiber 

length and optical laser wavelength difference. A copper pipe was lined with a heating 
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blanket that was connected to a proportional integral derivative (PID) temperature 

controller [17]. A thermocouple was externally attached to the copper pipe with thermally 

conductive epoxy. The thermocouple was connected to the PID controller to form a 

feedback loop. The sample fibers were wrapped around the outside of the copper pipe 

and dispersion measurements were made at the temperatures of 21, 50, and 80 oC. A 

waiting period of 1 hour or more was allowed between temperature cycles to ensure the 

thermal equilibrium of the fiber sample. The measurement results are shown in Fig. 3.14.  
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Fig. 3.14. Measured chromatic dispersion vs. wavelength at different temperatures for 

highly dispersive photonic crystal fiber (PCF). Insert is a scanning electron micrograph 

(SEM) image of the fabricated highly dispersive PCFs. 

 

Changes of the dispersion with relation to the temperature at a given wavelength can be 

calculated by 

                  %D(λ, T) = (D(λ, T) - D(λ, 21oC)) / D(λ, 21oC)                                       (3.2) 
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Typical shifts of the dispersion with a change in temperature are shown in Fig. 3.15. The 

dispersion shift is approximately +0.28%/oC from 21 to 80oC, and approximately 

+0.21%/oC from 21 to 50oC. This property may be useful for certain thermal sensors if 

the PCFs are carefully designed. For those applications trying to avoid this thermal 

sensitivity of dispersion, one can use a temperature controller. Another possible solution 

is to use another high dispersion fiber with an opposite temperature sensitivity in order to 

compensate for the change of dispersion due to the temperature change. 
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Fig. 3.15 Dispersion shift versus wavelengths at 50oC and 80oC. 

 

3.5 Summary 
             In this chapter, highly dispersive photonic crystal fibers were briefly reviewed. A 

two-core PCF design is employed to achieve high dispersion. The two-core PCF were 
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designed, simulated, and characterized. The dispersion of the fabricated photonic crystal 

fibers was as high as –600 ps/nm·km at 1550 nm.  Finally, the effects of temperature 

fluctuation on highly dispersive photonic crystal fibers were studied. Chromatic 

dispersion of highly dispersive photonic crystal fiber is theoretically simulated and 

experimentally measured as a function of temperature.  Highly dispersive photonic 

crystal fibers showed greater temperature dependence than conventional telecom fibers 

and dispersion compensation fibers mainly due to phase matching wavelength shift and 

large dispersion slope. For a fabricated highly dispersive PCF, the variation of the 

dispersion is measured to be around +0.28%/oC from 21 to 80oC, and around +0.21%/oC 

from 21 to 50oC at optical wavelength around 1550 nm.   
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Chapter 4   Photonic crystal fibers based true-time delay 

modules for X-band phased array antennas 
 

           In this chapter, highly dispersive photonic crystal fibers based true-time delay 

devices for X-band phased array antenna systems will be described. The design, 

fabrication, and characterization of true-time delay devices will be described. The system 

demonstration of an X-band phased array antenna system will also be described. 

 

4.1 Design and fabrication of true-time delay modules 

        After the highly dispersive photonic crystal fibers (PCFs) are designed and 

fabricated, they can be implemented to build true-time delay (TTD) modules for phased 

array antenna (PAA) systems. The time delay interval (time delay between adjacent 

antenna elements) of an equal space interval linear array can be calculated using the 

following equation [1]:  

                                                   ,sin cdt θ=∆                                                    (4.1) 

where d is the array pitch, θ  the steering angle, and c the speed of light in free space.  
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Fig.4.1 Required maximum time delay versus the number of elements 
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         In the design [2-3], the radio frequency (RF) range is X band, from 8 GHz to 12 

GHz. The array pitch size is λ12GHz/2 to avoid grating lobes. The steering range is 

assumed to be -45o to 45o. Substitute these design parameters to Eq. (3.2.1), time delay 

interval is 29.5 ps. The required maximum time delay versus the number of elements is 

calculated in Fig.4.1. 

        A 1×4 TTD module for the PAA subsystem was designed, as shown in Fig. 2.1. The 

lengths of the highly dispersive PCFs are 10.5 m, 7.0 m, 3.5 m and 0 m. The measured 

insertion losses of the delay lines are 3.4 dB, 3.3 dB, 3.2 dB, 0.5 dB, respectively as 

shown in Table 4.1. Here for the non-dispersive communication single mode fiber 

(SMFs) in the designed TTD module, Lucent TrueWave SMF (D ≈ 3 ps/nm·km from 

1530nm to 1565nm) is used. In Table 4.1, it can be seen that by substituting the PCF fiber 

with the communication fiber SMF-28 (D ≈ 18 ps/nm·km), the length will be 33 times 

longer.  

Table 4.1 The designed 1×4 TTD module.  

 

 

                  

 

 

 

4.2 Experimental characterization of true-time delay modules 

4.2.1   Delay interval measurement 

Fig. 4.2 (a) and (b) are the diagram and the experimental setup for measuring delay 

intervals.  Since the HP 83480A digital oscilloscope can detect signals only up to 40 
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GHz, the detected pulses will be broadened to 25 ps.  Due to this broadening effect, small 

delay intervals of several picoseconds cannot be distinguished by the digital oscilloscope. 

So the delay interval between TTD line #0 and #3 was measured. As shown in Fig. 4.3, 

the measured delay interval is 76.8 ps, which is the same as the designed value (25.6 × 3 

ps at 1557 nm). 
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Fig.4.2 (a)Diagram of delay interval measurement, (b)Experimental setup 
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Fig.4.3 Measured delay interval between #0 and #3 TTD lines 

 

4.2.2 Phase-frequency curve measurement 
 The phases versus RF frequencies were measured to verify the primary feature of 

the TTD approach  the delay independency of the RF frequencies. The diagram of the 

experimental setup for measuring phase-frequency curve is shown in Fig.4.4. The RF 

signal from the network analyzer is modulated onto optical carrier, and fed into each TTD 

line. The RF signal is fed into the network analyzer for measurement after detected from 

the photodetector. The experimental setup for measuring phase-frequency curve is shown 

in Fig.4.5. The phase of the delayed signal is measured with respect to the two adjacent 

delay lines.  
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Fig.4.4 Diagram of the experimental setup for measuring phase-frequency curve 
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Fig.4.5 Experimental setup for measuring phase-frequency curve 

 The measured RF phase differences versus modulation frequency curves are 

shown in Fig. 4.6 at several optical wavelengths.  The time delay shown in the inset is 

calculated from the slope of each curve. The 1545 nm wavelength was chosen as a 

reference for zero time delay. By tuning the wavelength from 1528 nm to 1560 nm, time 

delays ranging from –31 ps to 31 ps between any two adjacent delay lines are achieved. 

This is equivalent to scanning angles ranging from –45o to 45o for a 4-element PAA 

subarray having half-wavelength spacing at 10 GHz. The results demonstrated that the 

TTD module indeed has the ability to provide the various time delays as it was designed 

to do. The linearity of phase versus frequency curve verifies the true-time delay and wide 

bandwidth capability of the proposed scheme. Moreover, from the phase-frequency 

curve, it can be easily seen that the time delay has the desired property of being 

independent of RF frequencies. The measured time delay of the TTD module is shown in 

Table 4.2. Here delay line #0 is taken as time delay reference for each delay line since 

only the delay interval is meaningful for the PAA system. 
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Fig. 4.6  Measured phase as a function of frequency 

 
 

 

Table 4.2 Measured time delay (unit: ps) of the TTD module. 

Delay line 

# 

1530 

nm 

1535 

nm 

1540 

nm 

1545  

nm 

1550 

nm 

1555 

nm 

1560  

nm 

#0 0 0 0 0 0 0 0 

#1 28.3 19.6 10.1 0.0 -10.4 -20.9 -31.3 

#2 56.2 39.1 20.2 0.0 -20.7 -41.4 -63.0 

#3 85.7 59.0 30.4 0.0 -31.5 -63.3 -94.5 
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4.2.3 Bandwidth measurement 
 

 In order to determine the maximum frequency range of the microwave signals that 

can be carried by the TTD module, the bandwidth of the TTD line was specified.  To 

evaluate the bandwidth of the TTD module, the Fourier spectrum analysis method was 

employed.  A femtosecond laser was used to measure pulse widths before and after 

passing through the TTD line #3.  The output signal from the autocorrelator was 

processed and displayed by a computer.  The setup is shown in Fig. 4.7 

 

 

 

Fig. 4.7 Bandwidth measurement with femtosecond laser and autocorrelator 

 

       Fig. 4.8(a) depicts the autocorrelation traces of the reference and dispersed pulses 

respectively.  The Fourier transform of the two pulses generates bandwidth information of 

this TTD module, as shown in Fig. 4.8(b).  As can be seen in Fig. 4.8(b), the 3dB 

bandwidth of the device is 500 GHz. 
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Fig. 4.8  (a) Autocorrelation traces of the pulses before and after passing the TTD module  (b) 

FFT power spectrum for the reference and dispersed pulses. 

 

4.2.4 Bit error rate of the optical TTD link 
 In practice, information is transmitted in an encoded digital signal format. 

Therefore, it is necessary to carry out BER measurements in order to investigate the 

extent to which the optical TTD link degrades the digital signal according to the diagram 

in Fig. 4.9. 

 
 

Fig. 4.9  Setup of bit error rate measurement 
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 A 2.5 Gbit/s random digital signal from Agilent 8133A pulse generator is 

implemented to evaluate the degradation of the PCFs based TTD link.  The 2.5 Gb/s 

random digital signal is modulated onto a continuous wave optical carrier.  The 

modulated optical carrier passes through the TTD device and a photodetector.  The output 

of the photodetector is the 2.5 Gb/s random digital signal.  The extracted 2.5 Gb/s random 

digital signal is fed into a HP 83480A Digital Communications Analyzer (DCA) to 

measure the eye diagram.  The Q factor is a measurement of signal noise ratio and equal 

to (S1-S0)/(N1,rms+N0,rms) [12].  The input random digital signal has a back-to-back Q 

factor of 39.89.  After the TTD link #3, an eye with 10.33.  The measured eye diagrams 

are shown in Fig. 4.10. 

(a) (b) 

Fig. 4.10  Photos of eye diagrams of (a) back-to-back (b) the TTD link  

 

The main reasons for the degradation of the Q factor are the noise coming from 

the modulators, lasers, photodetectors and amplifiers. According to Eq.3.3.1 [13], if the 

detected signals follow Gaussian statistics, the bit error rate (BER) is 10
-24 

when Q = 

10.33.   
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4.3 Demonstration of 1×4 X-band phased array antenna subsystem 

The far field pattern of the PAA was measured with the antenna under test placed on 

an accurate positioner and a fixed standard receiver connected to the microwave spectrum 

analyzer (MSA), as is shown in Fig. 4.11.   
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Positioner
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receiver To MSA

 
Fig. 4.11  Diagram of rotating far field pattern measurement 

 

The assembled 4-element X-band PAA system was demonstrated. A picture of the 

real measurement system is shown in Fig. 4.12. An X-band (8-12 GHz) microwave signal 

was generated from an 8510C HP network analyzer. The antenna array are composed 

with standard patch elements with element spacing of 1.3 cm, which is less than the half 

wavelength of the radiation wavelength to avoid grating lobes. The optical carrier from a 

tunable laser (tuning range: 1520-1580nm, spectral width: 200MHz, tuning resolution: 

<0.024nm) was modulated by a 10Gb/s LiNiO3 modulator, optically amplified by an 

erbium doped fiber amplifier (EDFA), then distributed into the four TTD delay lines by a 

one-to-four fiber splitter. After the pre-determined time delay, the optical signals with the 

correct time delay relationships were detected by InGaAs high-speed photodiodes 

(bandwidth: 18 GHz) and individually fed into four antenna elements after electrical 

amplification. The microwave radiation signals are detected by an X-band receiving horn 

connected to a MSA. A magnified picture of X-band receiving horn is shown in Fig. 
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4.13. An example picture of 10.3 GHz measured by MSA is shown in Fig. 4.14. A 

computer controlled rotational stage under the antenna head can rotate the antenna to 

measure the antenna radiation far field pattern.  
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Fig. 4.12 A picture of the measurement setup of the 1x4 PAA sub-system 
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Fig. 4.13 Picture of X-band receiving horn 

 

Fig. 4.14 Picture of 10.3 GHz signal detected by microwave spectrum analyzer 
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 Since the PAA elements emit most efficiently around the two frequencies of 

9GHz and 10.3GHz, as seen from the plot of the S11 parameter of the phased array 

antenna in Fig. 4.15, the far field pattern of the PAA is measured at these two 

frequencies. Fig. 4.16 shows the far field patterns at 23o scanning angle corresponding to 

a 17 ps delay time between adjacent delay lines using a laser wavelength of 1553 nm 

(compared to the reference wavelength of 1545 nm that results in 0o scanning). From Fig. 

4.16, it can be seen that the simulation results and measured data agree fairly well. As 

expected, the measurement shows no beam squint effect.  

 
Fig. 4.15 S11 of the X-band phased array patch antenna with two radiation peak frequencies at 9 

GHz and 10.3 GHz 
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Fig. 4.16 Comparison of far-field patterns of the PAA at 23o scanning angle at 

frequencies of 9GHz and 10.3 GHz with an optical wavelength of 1553 nm 
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      In Table 4.3, the PCFs based 1×4 TTD ability for next generation PAA systems are 

summarized. The bandwidth of the TTD module is 500 GHz. Thus the TTD module 

covers the whole X-band from 8 GHz to 12 GHz. The maximum time delay is 180 ps. 

Moreover, maximum time delay is proportional to PCF dispersion and length. The time 

delay can be increased by either greater PCF dispersion or longer length. It is also worth 

to mention that the ultimate application of this approach is limited by the tuning speed of 

the tunable laser. Wipiejewski et al reports a tunable laser with 40ns tuning speed, which 

is fast enough for most PAA applications [4]. 

 

Table 4.3 PCFs based 1×4 TTD ability for next generation PAA systems 

Parameter Value 

Center frequency (GHz) 10 

Bandwidth (GHz) 4 

Maximum time delay (ps) 180  

Delay resolution (bits) continuous 

Delay insertion loss (dB) < 4 

Switching time (ns) <40  (ref [4]) 

 

4.4 Summary 
 

      In this chapter, the design, fabrication, and characterization of highly dispersive 

photonic crystal fibers based true-time delay devices were described. The TTD devices 

based X-band phased array antenna systems was demonstrated. 
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Chapter 5 Highly dispersive silicon photonic crystal 

waveguides 
 

        Nanophotonics including photonic crystals promises to have a revolutionary impact 

on current photonics technology. Before describing silicon photonic crystal waveguide 

modulator that can be used in phased array antenna systems, photonic crystal waveguide 

will be discussed first. Photonic crystal waveguides could be highly dispersive in some 

regions because the waveguide mode interacts strongly with the photonic crystal lattice. 

This high dispersion may be applied to several devices such as optical switches, optical 

modulators, and optical time delay lines. In this chapter, the design, fabrication, and 

characterization of highly dispersive photonic crystal waveguides will be discussed.  

 

5.1 Design of photonic crystal waveguides 
        Before dealing with photonic crystal (PhC) slab line-defect waveguide, 2-D PhCs 

without defects are firstly simulated. A 2-D hexagonal silicon/air is used as an example. 

The 2-D full vector plane wave expansion method (PWE) was employed with Rsoft 

Bandsolve software in the simulation. The simulated band map and gap map versus air 

hole radius is shown in Fig. 5.1. From the preliminary results shown in Fig. 5.1, it can be 

seen that silicon/air PhC structures can have TE or TM gaps. There are joint gaps of both 

TE and TM gaps when the air hole radius vs. period ratio, r/Λ, is 0.42 < r/Λ < 0.51. When 

falling into the joint gap, there is no mode existing in any k vector direction for either TE 

or TM direction. PhC slab line-defect waveguides are polarization sensitive devices. In 

the research only TE-like mode (Electric field in PhC lattice plane) is studied. The 

polarization can be controlled by only lunching TE-like mode into the PhC slab 

waveguide. 
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Fig. 5.1. The band map and gap map vs. air hole radius of 2-D hexagonal silicon/air hole 

photonic crystals without defects (nSi=3.5, nair=1). Blue: TE gap; Red: TM gap; Green: 

Joint gap 

 

       2-D PhC slab waveguides have guiding mechanism of horizontal 2-D photonic 

bandgap guiding and vertical index guiding. To be a guided mode, the waveguide mode 

needs not only to fall into the photonic bandgap, but also to be in the light cone, or the 

below light line to guarantee vertical index-guiding with the following relationship [1-2]  

clad
t

clad n
c

n
c ββω ≥+= 22 k                                                 (5.1) 

          Fig. 5.2 shows the silicon photonic crystal waveguide (PCW) with silicon dioxide 

as bottom cladding and air as top cladding.  PCW are connected to silicon channel 

waveguide on both ends for testing purpose. An S-bend is introduced into the design to 

reduce the testing noise. 

 



 71

Photonic crystal device

S-Bend with radius r = 300 um

Si channel waveguide

Photonic crystal device

S-Bend with radius r = 300 um

Si channel waveguide

Photonic crystal device

S-Bend with radius r = 300 um

Si channel waveguide

Photonic crystal device

S-Bend with radius r = 300 um

Si channel waveguide

 

(a) 

 

(b) 

Fig.5.2. (a) Top view of silicon photonic crystal waveguide with silicon channel 

waveguide connected on both ends. S-bend is used to reduce noise for the testing. (b) 

Side view of silicon photonic crystal waveguide. 

 

        A W-1 line defect PCW design is employed to achieve high group velocity 

dispersion or slow photon effect (high group index). Here W-1 means single line defect. 

Si
oxide

substrate
air holes 
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The W-1 line defect photonic crystal waveguide can be easily generated by removing a 

single line defect from pure 2-D photonic crystal slab, as shown in Fig. 5.2. The slab is 

generated on a silicon-on-insulator wafer. The thickness of the silicon core layer is t = 

220 nm. Top cladding is air and bottom cladding is buried oxide (BOX) layer with 

thickness of 2 µm. The pitch size of the PhC is Λ = 400 nm. The normalized air hole 

diameter is d/Λ = 0.55. The dispersion diagram of PCW can be calculated using the 3-D 

full vectorial plane-wave expansion (PWE) method, which is fast and accurate compared 

to other methods [3]. Since the PhC waveguide design is a 2-D PhC slab with line 

defects, a supercell having a size of N×M×L instead of a natural unit cell need to be 

implemented for the periodic boundary conditions. As shown in Fig. 5.3, a 7×1×5 

supercell is used for simulation purposes. The simulated electrical and magnetic field 

intensities, |E|2 and |H|2, are also shown in Fig. 5.4. It shows that most of energy is guided 

around the defect inside the supercell. More simulation is done on the PhC waveguide. 

The guided mode around the line defects can be clearly seen, as shown in Fig. 5.4. It can 

also be seen that normalized by the maximum intensity of the guided mode at the vertical 

center of the silicon slab waveguide at Y = 0, the maximum intensity at Y = 54.8 nm is 

less than that at Y = -54.8 nm. The reason is that the guided mode decays faster in the top 

air layer than in the bottom buried oxide layer.  

            The dispersion parameter, ω(k), of PhC waveguide described above is also shown 

in Fig. 5.5(a). The bandgap is located between normalized frequencies a/λ = 0.245 ~ 

0.300. The guided mode in the bandgap generated by introducing line defect is clearly 

shown here. The derived group index versus free-space optical wavelength is shown in 

Fig. 5.5(b). The large group index ng = 60 is obtained around 1546 nm in this structure. 

The group index changes rapidly around the transmission band edge, which means high 

group velocity dispersion. The reason behind is due to the unusual flat of the guided 

mode around the transmission band edge in the dispersion diagram which leads to small 

group velocity thus high group index and large group velocity dispersion. 
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Fig. 5.3. Photonic crystal line defect waveguide schematic diagram, supercell used in 

simulation by 3-D full vectorial plane wave expansion method and electrical and 

magnetic filed intensity from the simulation. 

 

(a) Y=0

(c) 
Y= -54.8nm

(b) 
Y= 54.8nm

(a) max intensity =1
(b) max intensity = 0.77
(c) max intensity = 0.81

(a) Y=0(a) Y=0

(c) 
Y= -54.8nm

(b) 
Y= 54.8nm

(a) max intensity =1
(b) max intensity = 0.77
(c) max intensity = 0.81

 
Fig. 5.4. Simulation of guided mode by 3-D full vectorial plane wave expansion method. 
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light line of oxide
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Fig. 5.5. (a) Dispersion diagram of a line defect photonic crystal slab waveguide by 3-D 

full vectorial plane wave expansion method (a=400 nm, d/a = 0.55, t=220 nm, 

a/λ=0.262, gap: 0.245 ~ 0.300). Truly guided mode needs to be both within the bandgap 

and below the light line. (b) Derived group index versus wavelength from dispersion 

diagram. High group index and large group velocity dispersion are clearly shown near 

transmission band edge at 1546 nm. 

 

5.2 Fabrication of photonic crystal waveguides 
         A process was developed to fabricate silicon PCWs and channel waveguides [4-6], 

as shown in Fig. 5.6. PCWs with silicon-on-insulator (SOI) based hexagonal periodic air-

hole structures were fabricated. The fabrication process typically started from cleaning 

SOI wafer with Piranha cleaning, followed by wet oxidation to grow around 60 nm oxide 

at 850oC on top of a 6” SOI wafer. Then the wafer was cut into about 1 cm × 1cm square 

pieces. PhC structures were patterned with E-beam resist ZEP-520A by E-beam nano-

lithography (JEOL JBX-6000FS/E, resolution: 20 nm). After resist developing, the 

patterns were transferred to 60 nm oxide mask layer by CHF3 chemistry in reactive ion 

etching (RIE). Then the E-beam resist residue was removed by plasma ashing in O2. 

Finally the patterns were transferred to silicon core layer with oxide as the etching mask 

layer by HBr and Cl2 chemistry in RIE. On each chip, devices with lattice constant Λ = 

400 nm, air hole diameter d = 220 nm, and slab thickness t = 220 nm were fabricated. 

(a) 

(b) 
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Post-etching oxidation at 850 oC was implemented for about 1 minute. The post-etching 

oxidation formed an additional 6~7 nm oxide layer, with a surface significantly smoother 

than the original silicon surface after the dry etching. The air holes of the silicon photonic 

crystals expanded noticeably after completing the entire fabrication sequence. E-beam 

resist exposure and development, dry-etching of the oxide hard mask and the SOI layer 

all incurred certain amount of expansion of the holes. Dry-etching SOI layer appeared to 

be the most critical step in hole size control. The process parameters were optimized and 

a proper pre-offset of the hole size in e-beam pattern design were introduced so that the 

hole size could be controlled with an accuracy of 5%. The fabrication facilities are shown 

in Fig. 5.7. 

 

 

(1) Start with SOI wafer (3) E-beam lithograph to write 
patterns on the e-beam resist

(6) Post-etching oxidation 
(Rapid Thermal Annealing)

(4) Dry etch oxide 
with CHF3, remove e-
beam resist

(5) Dry etch silicon with
(HBr + Cl2) to form air 
holes and rib waveguides

(2) Thermally grow 
about 50nm oxide as a 
mask, coat ebeam resist.

(1) Start with SOI wafer (3) E-beam lithograph to write 
patterns on the e-beam resist

(6) Post-etching oxidation 
(Rapid Thermal Annealing)

(4) Dry etch oxide 
with CHF3, remove e-
beam resist

(5) Dry etch silicon with
(HBr + Cl2) to form air 
holes and rib waveguides

(2) Thermally grow 
about 50nm oxide as a 
mask, coat ebeam resist.

 
 

Fig. 5.6. Fabrication process to fabricate silicon photonic crystal waveguides and silicon 

channel waveguides 
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Fig. 5.7. Facilities used to fabricate silicon photonic crystal waveguides and silicon 

channel waveguides 

 

       It also needs to be noticed that there is no post-expose bake and no hard bake after 

developing E-beam resist in the process. Fig. 5.8(a) shows a scanning electron 

microscopic (SEM) picture that hard bake involved in the process. This shows that post-

expose bake will damage the process. In developing the silicon PhC fabrication process, 

E-beam resist has been tried to function as an etching mask to etch silicon. However, the 

results were not good. Fig. 5.8(b) shows a SEM picture that uses E-beam resist as an 

etching mask to etch silicon. The reason is that the selectivity between E-beam resist and 

silicon is too low. After several failures, the suitable process was developed to fabricate 

silicon photonic crystal waveguides. 
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Fig. 5.8. (a) Fabrication struggle with E-beam resist hard bake. (b) with E-beam resist as 

a etching mask to etch silicon 

 

       The nano-structures of silicon photonic crystal waveguide have been imaged by a 

FEI Strata DM235 SEM/FIB nano-characterization. A number of scanning electron SEM 

pictures are shown in Fig. 5.9(a), which demonstrates the high quality of the silicon nano-

structures fabricated through the optimized processes. For reference, it is shown in Fig. 

5.9(b) an early fabrication result where the post-etching oxidation was not employed. In 

addition, the focus ion beam (FIB) has been employed to polish the end-face of silicon rib 

waveguides. The resultant smooth end-face, as illustrated in Fig. 5.9(c) helps reduce the 

coupling loss between the silicon rib waveguide and the input fiber. 

 

(a) (b) 
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(b) 

(a) 

 

(c) 

Fig. 5.9. SEM pictures of the nano-structures of silicon photonic crystal waveguides 

(PCW).  (a) PCW fabricated with post-etching oxidation. An overview of a PCW is 

shown at the center. Details of this PCW are magnified successively, as indicated by 

colored frames and arrows. The waveguide is based on a triangular lattice with lattice 

constant a=400nm, hole diameter d=210nm, and SOI thickness t=215nm. (b) Photonic 

crystal sidewall profile when the post-etching oxidation is NOT performed. The surface 

roughness is evident.  (c) The silicon rib waveguide end-face polished by focus ion 

beam (FIB); highly smooth surface facilitates coupling. 

 

5.3 Experimental characterization of photonic crystal waveguides 
 

5.3.1. Measurement of optical transmission 

             The optical transmission and dispersion of the guided mode in silicon PCW were 

accurately characterized. A simplistic approach places a PCW between two straight 
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silicon channel waveguides. However, the stray light—light reaching the output through 

the air above the chip surface—in the forward direction is often strong enough to smear 

the signal transmitted via the channel-PCW-channel guided channel. To overcome this 

problem, a waveguide bend [7] were introduced, which shifts the output fiber by at least 

600 µm and significantly suppresses the stray light collected by the output fiber, as 

shown in Fig. 5.10. The measurement illustrated in Fig. 5.10 is performed on a fully 

automated Newport Photonics Alignment/Packaging Station, as shown in Fig. 5.11. Two 

lensed fibers are manipulated by two automated 5-axis stages, which are controlled by a 

computer to precisely align the fibers with the rib waveguides. The automatic alignment 

precision is 0.1 µm. Singlemode lensed fiber of the input has a minimum mode field 

diameter of 2.6 µm at 1550 nm. Singlemode lensed fiber is used for better mode 

matching to silicon channel waveguide. Multimode lensed fiber of the output has a mode 

filed diameter of 50 µm. Fig. 5.12 shows a typical transmission spectrum of PhC 

waveguide with length 100a, which is normalized by the spectrum of a silicon rib 

waveguide (with the same bend and length). Below 1560 nm, a guided mode is present in 

the gap. The bulge in the longer wavelength part of the spectrum is attributed to the lower 

band of the photonic crystal.  

 

SM Lensed fiber

MM Lensed fiber

bendSM Lensed fiber

MM Lensed fiber

bend

 
 

Fig. 5.10. Schematic setup for the optical testing of photonic crystal waveguide. S-bend is 

introduced to suppress the stray light collected by the output fiber. Singlemode lensed 

fiber of the input has a minimum mode field diameter of 2.6 µm at 1550 nm. Multimode 

lensed fiber of the output has a mode filed diameter of 50 µm. 
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(a) (b)

(c)

(a) (b)

(c)

 
Fig. 5.11. Newport automatic packaging station for the optical spectrum and loss testing 

(a) Newport automatic packaging station; (b) Stage holding the chip; (c) Microscopic 

video camera examining chip surface 

 

          A 40µm-long PCW has typical loss of 6.5±2dB, while a 320µm-long PCW has 

typical loss of 8.3±3dB. From these, one can estimate the propagation loss is fairly low, 

about 6.4dB/mm. The coupling loss at each interface between a PCW and a Si rib 

waveguide is about 3.1dB. Note that the waveguides fabricated without post-etching 

oxidation [Fig. 5.9(b)] typically have propagation losses over 20dB/mm, which manifests 

the advantage of oxidation. The transmission spectra of the silicon PCW were also 

measured. Fig. 5.12 shows the transmission spectrum for a PCW with length 100a = 

40µm, normalized by the spectrum of a Si rib waveguide. 

 

5.3.2. Group index and group velocity dispersion calculation 

             The wavelength-dependent group index ng=c/vg can be calculated directly from 

the varying Fabry-Perot (FP) oscillation period of transmission spectrum [8-9].  
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Group index can be derived from the F-P oscillation of the transmission spectrum. Figure 

5.13 confirms the high ng as anticipated. The group velocity dispersion is also calculated 
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as large as 5x107 ps/nm·km at 1558 nm. The dispersion is increased by 107 times 

compared to standard telecom LEAF fiber that has a dispersion parameter of 3 ps/nm·km. 

 

 
Fig. 5.12. Transmission spectrum for a photonic crystal waveguide with length 100a = 

40µm, normalized by the spectrum of a silicon rib waveguide. Here a is photonic crystal 

lattice constant. 

 

 
Fig. 5.13. Group index ng for a photonic crystal waveguide, salient increases of ng are 

evident. Good agreement with simulation results shown above. Maximum ng = 45 and 

maximum D = 5×107 ps/nm·km are obtained. 

Defect mode in bandgap Transmission band 
out of bandgap 

W1 L=100a 
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5.3.3 Optically Activated Modulation on Silicon Photonic Crystal Waveguides 

The frequency shift of a guided mode of PCW can be converted into a large 

wavevector/phase change when group velocity is small. This property will be discussed 

in detail in next chapter. To demonstrate that the change of carrier concentration induces 

the frequency shift of a guided mode of PCW, pump light was shined on the chip surface 

using a He-Ne laser with a wavelength of 632.8 nm to generate electron-hole pair. The 

setup is shown in Fig. 5.14. The optically generated excess-carriers changed the 

refractive index of silicon [10]. The shifted spectrum is shown in Fig. 5.15. The 

wavelength shift is about -2 nm and the excess loss is about -1 dB. To measure the 

spectrum shift accurately, correlation function were introduced 

                                            ( ) ( )λλλλ

λλλλ
λ

dfdf

dff
c

∫∫
∫

⋅

∆+
=∆

)()(

)()(
)(

21

21
12

                                                 (5.3) 

The wavelength shift of -2.1 nm is obtained with maximum correlation value c12,max of 

0.84 as shown in Fig. 5.16. This may find application in optically activated phase 

modulator. 

Lensed fiber Lensed fiber

bend

Optical Multimode Lensed Fiber
(MFD = 50 µm )

λ = 632.8 nm

Lensed fiber Lensed fiber

bend

Optical Multimode Lensed Fiber
(MFD = 50 µm )

λ = 632.8 nm

 

Fig. 5.14. Test setup for measuring the optical activation of a photonic crystal waveguide. 

Two lensed fibers are used for better mode matching. He-Ne laser light (λ = 632.8 nm) 

through a multimode lensed fiber is shined onto the chip surface.  A waveguide bend is 

used to shunt the relatively intense stray light in the forward direction. 
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Fig. 5.15. Spectrum shift of silicon photonic crystal waveguide with optical activation. 

Solid line: no laser; Dotted line: Shining He-Ne laser on the chip top surface. 

 
Fig. 5.16. Correlation function of the shifted spectrum with respect to original spectrum 

with wavelength shift of -2.1 nm, and c12,max of 0.84. 
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     To analyze the obtained results, a widely used formula applied to evaluate index changes 

due to carrier change in silicon at λ0= 1550 nm [11]      
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Here ∆Ne is the electron concentration change; ∆Nh is the hole concentration change; ∆n 

is the real refractive index change; ∆ne is the real refractive index change due to electron 

concentration change ∆Ne; ∆nh is the real refractive index change due to hole 

concentration change ∆Nh; α is absorption coefficient; ∆αe is the absorption coefficient 

change due to electron concentration change ∆Ne; ∆αh is the absorption coefficient 

change due to hole concentration change ∆Nh. 

        The activation light or pump light is He-Ne laser with λ = 632.8 nm. Here it is  

assumed that absorption α = 4 x 103 cm-1, real refractive index n = 4.0, imaginary 

refractive index k = 0.02, reflection R = 36%, and quantum efficiency Q=90%. By using 

the absorption theorem  
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The calculated ∆Ne and ∆Ne is about 318101 −× cm . From this ∆n = -2×10-3 and ∆α = 14.5 

cm-1 can be obtained. So finally ∆λ ~ λ×∆n = -3 nm, and Excess Loss ~ 6 dB/mm can be 

obtained. The calculated results are matched with the experimental results in the same 

order. 

 

5.4 Summary 
        In this chapter, photonic crystal line-defect waveguides show high group velocity 

dispersion and slow photon effect near the transmission band edge. The fabrication 

process of silicon photonic crystal waveguide was developed to improve morphological 

quality of the photonic crystal waveguides. Post-etching oxidation was performed to 

smooth the sidewalls of air holes. Microscopic pictures and optical loss measurement 
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testified the effectiveness of this approach. An efficient method for the measurement of 

optical transmission was also developed. The group index of the fabricated silicon PhC 

line-defect waveguides is experimentally demonstrated to be as high as 45 at optical 

wavelengths around 1558 nm. The group velocity dispersion of the fabricated silicon 

photonic-crystal line-defect waveguides is as high as 50 ps/nm·mm at wavelengths 

around 1558 nm, which is more than 107 times the dispersion of the standard telecom 

fiber (D = 3 ps/nm·km). The optically activated spectrum shifting effect of the silicon 

photonics crystal waveguide with a He-Ne 632.8 nm wavelength is also experimentally 

demonstrated, which may find application in optically activated phase modulator. 

Introducing correlations function to calculate the spectrum shift accurately is proved to be 

efficient. Due to the integration nature of photonic crystals, system-on-chip integration 

with multifunction including modulation, switching, delay manipulation, and detection 

can be achieved.   
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Chapter 6 Ultra-compact silicon optical modulator based on 

highly dispersive photonic crystal waveguides 
 

           In previous chapter, silicon photonic crystal waveguide (PCW) devices were 

designed, fabricated, characterized and optimized. A silicon photonic crystal (PhC) 

fabrication process and optical testing setup were developed. In this chapter, an 

innovative approach to building ultra-compact silicon PCW based Mach-Zehnder 

Interferometer (MZI) modulators will be designed, fabricated, characterized and 

optimized based on silicon PCW. The modulator may be implemented in future phased 

array antenna systems to replace commercial high speed optical modulator. 

 

6.1 Design of optical modulators based on photonic crystal waveguide 
        As discussed in previous chapter, photonic crystals (PhCs) are a class of artificial 

optical materials with periodic dielectric structures, which result in unusual optical 

properties. PhCs promise to be a key platform for future optical integrated circuits [1-3]. 

Due to the unique properties of PhCs, the size of many optical components is anticipated 

to be greatly reduced by employing PhC structures, such as photonic crystal waveguides 

(PCW). In the most commonly employed configuration, a PCW is formed by introducing 

a line defect into a two-dimensional (2D) PhC slab [4-15]. In such PhC waveguides, light 

is confined by a combination of in-plane PBG confinement and vertical index guiding. A 

size reduction mechanism based on slow group velocity in photonic crystal waveguides 

has been discussed for an array of optical devices [15]. Notomi et al. firstly demonstrated 

low group velocity and high group velocity dispersion using silicon PhC slab line defect 

waveguides [8]. Several other groups also demonstrated this effect in both line-defect and 

coupled-cavity PhC waveguides [12-15].  In previous chapter, the slow photon effect and 

ultra-high group velocity dispersion from silicon PCW have also been demonstrated. 

           In the context of microelectronics, silicon has been the optimal material for 

microelectronics for a long time, but it has only relatively recently been considered as an 
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option for photonics [16-18]. Silicon is transparent in the range of optical 

telecommunication wavelengths, 1.3 µm and 1.55 µm, and has high refractive index that 

allows for the fabrication of high-index-contrast nano-photonic structures. In addition, as 

silicon photonics technology is compatible with conventional complementary metal-

oxide-semiconductor (CMOS) processing, monolithic integration of silicon photonic 

devices with advanced electronics on a single silicon substrate becomes possible. Optical 

modulators are pivotal components in silicon based optoelectronic integrated circuits. 

Most silicon electro-optic modulators are based on plasma dispersion effect, through 

which carrier concentration perturbation results in refractive index change [16-18]. The 

plasma dispersion effect originates from a theory that treats electrons in silicon as a 

uniform electron gas. There are a number of ways to vary the carrier concentration in 

silicon including carrier injection and capacitive coupling though the metal-oxide-

semiconductor (MOS) field effect [19-22]. For broadband optical intensity modulators, 

the silicon Mach-Zehnder Interferometer (MZI) structure that converts a phase 

modulation into an intensity modulation is widely used [19-22]. However, conventional 

silicon MZI modulators are based on rib waveguides, which usually need one-half to 

several millimeters to achieve the required phase shift in MZI structures [19-22]. The 

reason is that propagation constant perturbation, ∆β, is fairly low, thus requiring larger 

rib waveguide length, L, to achieve required phase shift, L×∆=∆ βφ .   

            The extraordinary dispersion of PCW offers an unprecedented opportunity for 

developing ultra-compact MZI modulators. Consider a typical dispersion relation for a 

PhC waveguide mode shown in Fig. 6.1. If the refractive index of the waveguide core 

material (i.e. silicon) varies by an amount of ∆n, the dispersion curve will shift vertically 

by an amount ∆ωo. As theoretically explained by Soljacic et al. [15], for a fixed 

frequency of light, the propagation constant βPCW of PCW changes as 
0ω

ω
β

β ∆=∆
d

d PCW
PCW

, 

which grows significantly whenever the group velocity 
PCWd

d
β
ω  approaches zero, e.g. on 

the right-most segment of dispersion curve in Fig. 6.1. Such an extraordinary growth of 



 89

PCWβ∆  directly leads to a significant enhancement of phase modulation efficiency 

because the phase change is related to the change of propagation constant and waveguide 

length L as LPCWPCW ×∆=∆ βφ . One can easily enhance PCWβ∆  by more than 100 times 

using a PCW.  Therefore, a 100 times shorter PhC waveguide can produce the same 

phase change as a long conventional waveguide.  

 
Fig. 6.1. Dispersion relation of a guide mode of a photonic crystal waveguide 

 

               The short device length is a benign feature for many other device performance 

considerations.  The optical modulator device has a short PhC waveguide of a few tens of 

microns in length, which promises a low propagation loss. The power dissipation of the 

modulator is also expected to be one to two orders of magnitude lower owing to the much 

shorter electrode length. 

         A schematic of a silicon MZI modulator is shown in Fig. 6.2. The MZI modulator is 

composed of PhC waveguides, rib waveguides, Y-junctions, electrodes, and electrode 

pads. PhC waveguides are used in both arms of the MZI modulator to ensure the two 

arms have the same optical loss and dispersion; otherwise the modulation depth of the 

MZI modulator may suffer a reduction.  



 90

bend

electrodes

(c) (a)
(b)(d)

bend

electrodes

(c) (a)
(b)(d)

 
Fig.6.2. Schematic diagram of the silicon Mach-Zehnder PhC modulator. Electrode 

structure of the modulator with PIP regions indicated. 

 

6.2 Fabrication of optical modulators 
           PCWs of the MZI modulator are designed, fabricated and characterized [23]. A 

line-defect (W-1) PhC waveguide can be easily generated by removing a single row of air 

holes from a 2-D PhC slab. The dispersion diagram of PhC waveguides is calculated 

using the 3-D fully vectorial plane-wave expansion (PWE) method [24].  The slab is 

fabricated on a silicon-on-insulator (SOI) wafer. The thickness of the silicon core layer is 

t = 215 nm. The top cladding is air and the bottom cladding is a buried oxide layer of 2 

µm thick. The pitch size of the hexagonal PhC lattice is a = 400 nm. The normalized air 

hole diameter is designed to be d/a = 0.53.  

         To fabricate the ultra-compact silicon MZI modulator, the designed PhC 

waveguides, rib waveguides, and Y-junctions are first fabricated on a SOI wafer. A PIP 

structure is formed by an implantation of boron at 25 keV with a peak concentration of 

2×1017 cm-3 into an N-type Si substrate with the doping concentration of 1×1014 cm-3. 

Medici simulation tool shows the P-I-P diode injects holes only. The PIP I-V curve is 

experimentally confirmed for both forward and reverse biases. Note that the N-type Si 

substrate with 1×1014 cm-3 doping concentration is defined as intrinsic [25]. The PhC and 

silicon  rib  waveguide  structures are patterned with E-beam resist ZEP-520A by E-beam  
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Fig. 6.3. SEM pictures of the silicon PhC modulator: (a) overview picture of the 

modulator. (b) PhC waveguide with two electrodes. (c) Y-junction. (d) Magnified PhC 

waveguide based on a triangular lattice with lattice constant a=400nm, hole diameter d = 

210 nm, and top Si thickness t = 215 nm, buried oxide (BOX) SiO2 thickness of 2 µm. 

 

lithography (JEOL JBX6000). After developing the resist, the patterns are transferred to a 

57 nm oxide mask layer by reactive ion etching (RIE) using CHF3. Then the E-beam 

resist residue is removed by plasma ashing in oxygen. Using the oxide layer as a hard 

mask the patterns are transferred to the silicon core layer by an HBr and Cl2 RIE process. 

Post-etching oxidation at 850oC is implemented for about 1 minute. The post-etching 
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oxidation forms an additional 5~7nm oxide layer, resulting in the sidewalls of the air-

holes being significantly smoother than the original surface after dry etching [23]. 

Extensive experimentation with various processes is conducted to determine the 

optimized process parameters. A proper pre-offset of the hole size in e-beam pattern 

design is used so that the hole size can be controlled with an accuracy of 5%. After the 

silicon photonic crystal waveguides and rib waveguides are fabricated, the regions for the 

aluminum electrodes and pads are patterned by a conventional photolithography mask 

aligner, followed by metal deposition and metal liftoff. Aluminum electrodes and pads 

are then sintered to form ohmic contacts with the top silicon layer. The SEM picture of 

the final structure is shown in Fig. 6.3, with the corresponding sections marked in Fig. 

6.2.  

 

6.3 Experimental characterization of optical modulators 
         For the optical measurement, a silicon rib waveguide bend is introduced [26], which 

shifts the output silicon rib waveguide by at least 600 µm and significantly suppresses the 

stray light collected by the output fiber. The measurement is performed on a fully-

automated Newport Photonics Alignment/Packaging Station. Two lensed fibers are 

manipulated by two automated 5-axis stages, which are controlled by a computer to 

precisely align the fibers with the rib waveguides. The experimental setup is shown in 

Fig. 6.4. The input lensed fiber is aligned for the transverse electrical (TE) mode with the 

electric field vector primarily in plane. The TE polarized light is used for all the 

measurement presented here. The propagation loss of passive photonic crystal 

waveguides fabricated with the processing sequence is around 6 dB/mm [23]. Note that 

the waveguides fabricated without post-etching oxidation typically have propagation loss 

over 20 dB/mm, which manifests the advantage of oxidation. 
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(a) (b) (c)(a) (b) (c)

 
Fig. 6.4. (a) Newport automated alignment/packaging station. (b) close-up look of the 

setup: microscope head on the top; two probes extrude from the left. (c) Overview of the 

Mach-Zehnder structure: The input waveguide comes in horizontally from the left, and 

splits into two arms (closely spaced); two probes apply voltage on two metal pads 

(white). 

 

The optical transmission spectra of the silicon PCW is normalized to silicon channel 

waveguide. The normalized spectra with/without current injection of 0.21 mA is shown 

in Fig. 6.5. The intensity modulation is clearly shown around 1567 nm. Fig. 6.6 shows 

the I-V Curve and breakdown voltage of silicon photonic crystal waveguide modulator 

Symmetric I-V curve are due to symmetric PIP structure. A picture of a modulator device 

broken-down at 70V is shown in Fig. 6.7.  
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Fig. 6.5. Transmission spectra of silicon photonic crystal waveguide normalized to silicon 

channel waveguide with injection current of 0.21 mA 
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Fig. 6.6. I-V Curve and breakdown voltage of silicon photonic crystal waveguide 

modulator. Symmetric I-V curve due to PIP structure. 
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Fig. 6.7. Breakdown of silicon photonic crystal waveguide modulator with breakdown 

voltage at 70 V 

  

           The modulation performance of the fabricated modulators was investigated. The 

modulation depth and the minimum current needed for phase shift of π, Iπ, of the silicon 

MZI modulator operating at 1567 nm are characterized. The transmission spectra have 

been measured to confirm that 1567 nm falls into the bandedge of the transmission 

spectra. The optical output intensity against drive current is shown in Fig. 6.8(a). The 

modulation depth of 92% is clearly seen in Fig. 6.8(a). The modulated signal is displayed 

in Fig. 6.8(b) with sinusoidal input signal at 300 kHz. The π radian drive current, Iπ, is a 

typical measure of the quality of such MZI modulator devices. The Iπ of the silicon MZI 

modulator is as low as 0.15 mA compared to several mA in conventional MZI modulator 

devices [17-18], which shows the high quality of the MZI modulator device. With a 50 Ω 

impendence matched lumped electrode structure, it is equivalent to a Vπ of 7.5 mV. The 

ripples of the curve are noise due to relative low S/N ratio. The length of the modulator is 

reduced to 80 µm compared to several millimeters for the modulators using silicon rib 

waveguides in MZI structures [15-16], due to the extraordinary dispersion of the PhC 

waveguide. All of these prove the proposed advantages of using PhC waveguide instead 

of conventional rib waveguide mentioned above. The thermo-optic effect is excluded as a 
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mechanism for phase shift, because the power dissipation I2R is very low, and the 

subsequent temperature rise of the waveguide only less than 0.3 oC. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 6.8. Modulation characteristics (a) Intensity vs. injection current, 92% modulation 

depth is achieved at 0.15mA; (b) Modulation curve of 300 kHz sinusoidal wave with 

peak current of 0.11 mA. 
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6.4 Summary 
               In this chapter, an ultra-compact silicon electro-optic modulator was 

experimentally demonstrated based on silicon photonic crystal (PhC) waveguides for the 

first time to my knowledge. Modulation operation was demonstrated by carrier injection 

into an 80 µm-long silicon PhC waveguide of a Mach-Zehnder interferometer (MZI) 

structure. The π phase shift driving current, Iπ, across the active region is as low as 0.15 

mA, which is equivalent to a Vπ of 7.5 mV when a 50 Ω impedance-matched structure is 

applied. The modulation depth is 92%. The modulator may be implemented in future 

phased array antenna systems to replace commercial high speed optical modulators. 
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Chapter 7 Recommendations for future work 
 

       In this chapter, recommendations for future work will be given. Several ideas will be 

proposed including 2-D continuously tunable photonic crystals enhanced true-time delay 

modules for phased array antenna systems, highly dispersive silicon photonic crystal 

waveguides based true-time delay devices, highly dispersive silicon photonic crystal 

coupled cavity waveguides, and all photonic crystal MZI modulator. Some preliminary 

results will also be shown in this chapter. 

 

7.1 2-D continuously tunable photonic crystals enhanced true-time delay 

modules for phased array antenna systems 
        Chapter 4 has discussed highly dispersive photonic crystal fibers (PCFs) based true-

time-delay (TTD) modules for 1-D phased-array antenna (PAA) system. In this section, a 

2-D system with schematic diagram is proposed, as shown in Fig. 7.1. Here highly 

dispersive photonic crystals can be but not limited to highly dispersive silica PCFs or 

silicon photonic crystal waveguides (PCWs). 
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Fig. 7.1. Schematic of 2-D highly dispersive photonic crystals based true-time-delay 

modules for phased-array antenna systems. λel: optical wavelength elevation controlled 
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tunable laser; λaz: optical wavelength azimuth controlled tunable laser; MOD: optical 

modulator; X-band RF: X-band (8~12GHz) radio frequency; PC: highly dispersive 

photonic crystals; TTD: true-time delay; WC: wavelength conversion; PAA: phased-

array antenna. 

 

In the 2-D PAA system, the signal can be converted from one optical wavelength to 

the other using a wavelength conversion technique. This could eliminate the 

optical/electrical/optical conversion loss and also make the system much more compact.  

Several techniques of wavelength conversion exist including cross-gain-modulation 

(XGM), cross-phase-modulation (XPM), and four-wave-mixing (FWM). In the 

experiment, wavelength conversion based on XGM in semiconductor optical amplifiers 

(SOAs) is used [1-3]. By increasing input optical intensity, the gain of the SOA will 

saturate. Close to the saturation region of the SOA, an analog signal at optical wavelength 

λ1 will modulate the gain of the SOA. Then a continuous wave (CW) beam at optical 

wavelength λ2 will sample the gain modulation, thus copying the analog signal from λ1 to 

λ2, as shown in Fig. 7.2. 

 

Fig. 7.2. Mechanism of wavelength conversion from optical wavelength λ1 to λ2 by using 

cross gain modulation in the saturation region of semiconductor optical amplifiers 
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         The 2-D wavelength tunable PAA system can be considered as two 1-D system plus 

a mid-stage wavelength conversion. After the mid-stage wavelength conversion by a 

SOA, the optical signals from the first stage are converted to the wavelength of the 

azimuth-control tunable laser. Similar to the first stage, after wavelength conversion each 

optical channel is input to another TTD module after a second 1×N optical power splitter. 

The TTD modules in the second stage could be any dispersion based optical TTD 

modules, and are not limited to be highly dispersive photonic crystals based TTD 

modules. After obtaining appropriate time delays within the delay modules, the N×N 

optical signals are converted into the corresponding electrical signals by N×N 

photodiodes. The electrical signals are then connected to an N×N phased array antenna 

head. By tuning the elevation and azimuth wavelengths the 2-D continuously tunable 

true-time delay can be obtained. The optical wavelength conversion based on cross-gain-

modulation (XGM) in semiconductor optical amplifiers (SOAs) was experimentally 

confirmed by transferring time delay information from one optical wavelength to the 

other. This could be implemented in a 2-D PAA system.  
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Fig. 7.3. The output gain as a function of different input optical power 
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In order to make wavelength conversion work in the saturation region of the SOAs, 

the gain versus input optical power curve with injection current of 150mA was measured, 

as shown in Figure 7.3. The results shown in Fig. 7.3 experimentally confirmed the gain 

saturation.  
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Fig. 7.4. The block diagram of the experimental setup to measure the phase difference vs. 

modulation frequency after wavelength conversion in a semiconductor optical amplifier. 

(MOD: modulator; EDFA: Erbium doped fiber amplifier; SOA: semiconductor optical 

amplifier; PD: photodiode; MSA: microwave spectra analyzer) 

 

In the 2-D PAA system, the purpose of wavelength conversion is to transfer the 

delay information from one optical wavelength to the other without alteration. In order to 

see if delay information has been changed after wavelength conversion, the phase 

difference versus the modulation frequency was measured in all 4 delay lines before 

wavelength conversion at λel = 1550 nm and after wavelength conversion at λaz = 1542 

nm (compared to the phase of the reference wavelength at λel = 1545 nm). The block 

diagram of the measurement setup is shown in Fig. 7.4. The counter propagation scheme 

was used to save one optical filter [2]. λel = 1545 nm is set as reference wavelength with 

zero time delay. Before the wavelength conversion, the time delays in λel = 1550 nm in 

delay line #3, #2, #1 and #0 are –31.1 ps, -20.6 ps, -10.3 ps, 0.2 ps, respectively, while 

after wavelength conversion the time delays at λaz = 1542 nm are –29.1 ps, -18.5 ps, -8.5 



 104

ps, 2.1 ps, as shown in Fig. 7.5. The time delay of each delay line increases about 2 ps, 

but the delay difference between adjacent delay lines still stays about the same. It can be 

concluded that the time delay information is clearly transferred from elevation control to 

azimuth control through the wavelength conversion in the SOA. 
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Fig. 7.5. Measured phase difference as a function of modulation frequency with the 

reference wavelength at λel = 1545 nm. The time delays are calculated from the slope of 

the phase versus microwave frequency. 
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7.2 Highly dispersive silicon photonic crystal waveguides based true-

time delay devices 
        Chapter 3 and Chapter 5 discussed that the group velocity dispersion of silica 

photonic crystal fibers (PCF) can be as high as -600 ps/nm·km, while that of silicon 

photonic crystal waveguides (PCW) can be as high as about -107 ps/nm·km. If silicon 

PCWs are used to replace PCFs in true-time-delay (TTD) modules, the size and payload 

of TTD modules can be further reduced accordingly. 

       Fig. 7.6 shows an example of the required time delay of 4×4 and 8×8 2-D silicon 

PCW based TTD for X-band phased array antenna (PAA) system. Table 7.1 shows the 

clear advantages of silicon PCW based TTD modules for X-band PAA system instead of 

using telecom dispersion compensation fibers. The size and payload of TTD modules are 

reduced by 8×105 times compared to using telecom dispersion compensation fibers. 

 

 
 

Fig. 7.6. Required time delay of 4×4 and 8×8 2-D silicon photonic crystal waveguides 

based true-time-delay modules for X-band (8-12 GHz) phased array antenna (PAA) 

system 

 

 



 106

Table 7.1 Clear advantages of silicon PCW based TTD modules for X-band PAA system 

instead of using telecom dispersion compensation fibers. 

Subarray/Feature 4x4 8x8 

Length of PCW 0.318 cm* 0.625 cm* 

Delay Time Max. 4.25 nsec 9.9 nsec 

BW Coverage 40 GHz 40 GHz 

Form Factor compared with Telecom

Dispersion Compensation Fiber 

8x105 

Smaller 

8x105 

Smaller 

Wavelength Tuning at 1550nm 20nm 20nm 

*Assume having an average D = 8x107 ps/nm·mm 

 

        Line defect PCWs show high group velocity dispersion and slow photon effect as 

shown in Chapter 5. Two TTD system architectures were proposed using the fabricated 

highly dispersive PhC waveguide delay lines mentioned in Chapter 5. These are 

dispersion enhanced wavelength tunable TTD architecture and slow photon enhanced 

reconfigurable TTD architecture. By using PCWs to build TTD based PAA system, the 

TTD payload can be reduced inversely proportional to group velocity dispersion in 

dispersion enhanced system architecture or inversely proportional to group index in slow 

photon enhanced system architecture.  
       In dispersion enhanced wavelength tunable TTD architecture, the lengths of the 

highly dispersive PhC waveguides are L, L*(n-1)/n, L*(n-2)/n, …, L*2/n, L/n, and 0, as 

shown in Fig. 8. Theses PhC waveguides are connected to non-dispersive waveguide with 

lengths 0, L/n, L*2/n, …, L*(n-2)/n, L*(n-1)/n, L, respectively. This would make the total 

length of each delay line L. Each delay line has the same nominal group delay at the 

central tuning wavelength λo but with slightly different net dispersion by slight trimming 

the lengths of the non-dispersive waveguide or the connected optical fiber. The relative 

delay of the signals among the delay lines can thus be changed by tuning the optical 

wavelength. At the central tuning wavelength λo, all the time delays are matched by 
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trimming the non-dispersive waveguide. Thus, at λo the main antenna beam will be 

directed broadside. At wavelengths deviating from λo, each of the delay lines generates a 

time delay proportional to its dispersion parameter, D, and the highly dispersive PCW 

length, resulting in a phase change to steer the main antenna radiation beam [4].  

 
Fig. 7.7 Dispersion enhanced wavelength tunable true time delay for phased array 

antenna system setup. 

 

         A proposed 1-D system diagram using the proposed dispersion enhanced wavelength 

tunable TTD architecture is shown in Fig. 7.7.  An N-element 1-D X-band PAA system is 

proposed. A microwave signal is generated from the HP network analyzer 8510C [2]. 

The optical carrier from a tunable laser (tuning range: 1520-1580nm, spectral width: 

200MHz, tuning resolution: <0.024nm) is modulated by a 10Gb/s LiNiO3 modulator, 

optically amplified by an erbium doped fiber amplifier (EDFA), then distributed into the 

N sub-units of the TTD delay lines by a one-to-N fiber splitter. After the pre-determined 

time delay, the optical signals with correct phase relationships are detected by InGaAs 

high-speed photodiodes (bandwidth: 18 GHz) and individually fed into N antenna 

elements after electrical amplification. The microwave radiation signals are detected by a 

microwave receiving horn connected to a microwave spectra analyzer (MSA). The 

computer controlled rotational stage under the antenna head can rotate the antenna to 



 108

measure the antenna radiation far field pattern.  The ultimate application of this approach 

is also limited by the tuning speed of the tunable laser. Wipiejewski et al reports a tunable 

laser with 40ns tuning speed, which is fast enough for most PAA applications [5].  

       A monolithic slow photon enhanced reconfigurable TTD architecture is also 

proposed. Reconfigurability of the time delay was built into the structure by combining 

the PhC waveguides and optical switch [6], as shown in Fig. 7.8. The optical switch can 

also be implemented with a PhC approach in the near future [7]. The inclusion of optical 

switches is critical for application where power-consumption is a sensitive issue. Another 

advantage of using optical switch is the establishment of the scaling architecture with a 

minimum number of hardware devices. For example, one can achieve 2N = 512 time 

delays with N=9 segment waveguide. The differential time delay through one 

reconfigurable time delay line τ is proportional to the PCW length and group index. By 

increasing the group index, the PhC delay line length can be reduced proportionally. Due 

to the integration of photonic crystals, optical integrated circuits can be implemented for 

this structure. 

 

 
 

Fig. 7.8. Slow photon enhanced reconfigurable true time delay architecture 
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7.3 Highly dispersive silicon photonic crystal coupled cavity waveguides 
        Slow photo effect and high group velocity dispersion were achieved from line-defect 

photonic crystal waveguides (PCW) in Chapter 5. The high dispersion can also be 

achieved from silicon photonic crystal coupled cavity waveguides (CCWs). Some SEM 

pictures of the fabricated silicon CCW by hopping one or two air holes are shown in Fig. 

7.9. Adiabatic taper to reduce coupling loss from fiber to waveguide.  

 

 
Fig. 7.9 SEM pictures of silicon photonic crystal coupled cavity waveguides.  

 

         Previously the lightwave is coupled from lensed fiber to silicon channel waveguide. 

The higher efficiency coupling can be achieved by using grating coupler from fiber to 

silicon channel waveguide. A SEM picture of the fabricated grating coupler is shown in 

Fig. 7.10.  
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Fig. 7.10. Silicon grating coupler for coupling from fiber to silicon channel waveguide 

 

7.4 All photonic crystal Mach–Zehnder interferometer modulator 
     Chapter 6 demonstrated silicon PCW MZI modulator using PCWs connected to 1x2 

channel waveguide splitters. The size of the MZI modulator can be further reduced by 

using all photonic crystal MZI structures. Fig. 7. 11 shows the SEM pictures of silicon all 

photonic crystals MZI modulator. 

        

 
(a) 
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(b) 

Fig. 7.11 SEM pictures of silicon all photonic crystals MZI modulator 

(a) Overview. (b) Magnified Y-junction. 

 

7.5 Summary 
           In this chapter, recommendations for future works were given. Several ideas were 

proposed including 2-D continuously tunable photonic crystals enhanced true-time delay 

modules for phased array antenna systems, highly dispersive silicon photonic crystal 

waveguides based true-time delay devices, highly dispersive silicon photonic crystal 

coupled cavity waveguides, and all photonic crystal Mach–Zehnder interferometer 

modulators. Some preliminary results were also shown in this chapter. The true-time 

delay modules are based on highly dispersive photonic crystal waveguides and other non-

dispersive waveguides. The true-time delay modules are potentially ultra-compact and 

system-on-chip compared with other photonic true-time delay techniques. 
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Chapter 8 Summary 
 

         Continuously-tunable photonic crystal fiber based optical true-time delay modules 

were proposed and developed for the first time. A novel highly dispersive silica photonic 

crystal fiber using dual-core structure was developed to achieve high chromatic 

dispersion. The dispersion of the fabricated photonic crystal fibers is as high as –600 

ps/nm·km at 1550 nm. An innovative photonic crystal fiber based true time delay module 

was developed to obtain continuously tunable time delay. By employing photonic crystal 

fibers to increase the dispersion, the true time delay module size can be proportionally 

reduced. The innovative true time delay module utilizes the beneficial high dispersion 

characteristics of photonic crystal fibers to reduce system payload while retaining the 

desirable properties of other photonic true time delay technologies. The approach is based 

on highly dispersive photonic crystal fibers and other commercially available components, 

and has potentially high reliability and stability, as it requires no physically moving parts 

and no critical optical alignments. The innovative true time delay technology provides 

highly compact, high resolution, wideband optical true-time delay lines. The time delay is 

continuously tunable from -31 ps to 31 ps between adjacent delay lines by tuning the 

laser wavelength continuously from 1528 nm to 1560 nm. The microwave phase as the 

function of microwave frequency was measured to verify that the time delay is 

independent of microwave frequency. 

        A 4-element linear X-band (8-12 GHz) phased array antenna system using 

fabricated true-time delay modules was developed and demonstrated. The radiation 

patterns at various optical wavelengths and various RF frequencies were measured. The 

measurement results verified the beam steering angle of the phased array antenna system 

was scanned by tuning the optical wavelength. Squint-free operation is experimentally 

confirmed.  The far field radiation patterns of a 1×4 subarray were measured from –45o to 

45o scanning angles. Wavelength conversion was demonstrated to confirm that time delay 

information can successfully transferred from one wavelength to the other without being 

changed, which is suitable to be implemented in 2-D phased array antenna systems. The 

true-time delay formation idea presented here is suitable for not only X-band, but also the 

other higher microwave frequencies, such as K-band. 
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         Highly dispersive silicon photonic crystal waveguides were proposed, developed 

and demonstrated. The fabrication process of silicon photonic crystal waveguide was 

developed to improve morphological quality and reduce propagation loss. Photonic 

crystal line-defect waveguides showed high group velocity dispersion and slow photon 

effect near the transmission band edge. The group index of the fabricated silicon photonic 

crystal line defect waveguide is experimentally demonstrated as high as 45 at optical 

wavelength around 1558 nm. The group velocity dispersion of the fabricated silicon 

photonic crystal line defect waveguide is as high as 50 ps/nm·mm at wavelength around 

1558 nm, which is more than 107 times the dispersion of the standard telecom fiber (D = 

3 ps/nm·km). An efficient method for the measurement of optical transmission was 

developed. The high group index and group velocity dispersion of the fabricated silicon 

PhC line-defect waveguides was experimentally demonstrated. The optically activated 

spectrum shifting effect of the silicon photonic crystal waveguide was experimentally 

demonstrated, which may find application in optically activated phase modulator. Due to 

the integration nature of photonic crystals, system-on-chip integration with multifunction 

including modulation, switching, delay manipulation, and detection can be achieved.   

         An ultra-compact silicon electro-optic modulator based on silicon photonic crystal 

waveguides was proposed, developed and demonstrated for the first time. Modulation 

operation was demonstrated by carrier injection into an 80 µm-long silicon PhC 

waveguide of a Mach-Zehnder interferometer structure. The fabrication process of silicon 

photonic crystal waveguide modulator was developed. The π phase shift driving current, 

Iπ, across the active region was as low as 0.15 mA, which is equivalent to a Vπ of 7.5 mV 

when a 50 Ω impedance-matched structure is applied. The modulation depth was 92%.  
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