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Integrated photonic devices based on optical waveguides have been extensively 

studied for various applications, especially the high-speed intra- and inter-chip 

interconnects. Usually, a waveguide contains a core with high refractive index and cladding 

with lower refractive index. Among various waveguides, silicon, polymer, and silicon-

polymer hybrid devices are the most promising candidates for low cost, small size, light 

weight, and low power consumption (CSWaP) optical interconnect. Firstly, silicon-based 

optical devices can be fabricated using CMOS compatible nanofabrication technology, 

which is already widely used to manufacture integrated circuits. Silicon photonic devices 

can have very small footprint and enable high density photonic circuits, due to high 

refractive index contrast. However, one of the intrinsic obstacles is the absence of χ(2)-

nonlinearity in unstrained silicon due to its centrosymmetric crystal structure, making 

modulating photons on silicon platform a great challenge. Secondly, polymer-based 

devices have been found very attractive, owing to the advantages of high thermo-optic 

(TO) or electro-optic (EO) coefficient, high transparency in the telecommunication 

wavelength windows, and fabrication feasibility over large areas on printed circuit board 

(PCB) or other kinds of substrates. The roll-to-roll (R2R) compatible imprinting and ink-

jet printing for developing polymer-based devices on flexible or rigid substrates enable 

large-area, light-weight, low-cost optical interconnects. However, due to the low refractive 
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index contrast, the polymer photonic devices always require large footprint. Finally, the 

silicon-organic hybrid (SOH) platform enables the marriage of the best of these two 

materials and thus has been receiving substantial attention. 

In this dissertation, integrated photonic devices based on silicon, polymer, or hybrid 

platform will be presented. First, high-efficiency quasi-vertical tapers for polymer 

waveguide based inter-board optical interconnects will be demonstrated. A triangular-

shape tapered structure is adopted above the waveguide core to transform a fiber mode into 

a single mode polymer rib waveguide mode as an optical mode transformer. A coupling 

loss of 1.79±0.30 dB and 2.23±0.31 dB per coupler for the quasi-TM and quasi-TE mode 

respectively have been experimentally demonstrated, across the C and L bands (1535 nm 

– 1610 nm). Then, a reconfigurable thermo-optic polymer switch based true-time-delay 

network will be analyzed and demonstrated. Thirdly, I will show a novel subwavelength-

grating waveguide ring resonator based high-speed modulators, which is the largest 

bandwidth and the most compact footprint that has been demonstrated for the ring 

resonators on the silicon-organic hybrid (SOH) platform. Finally, the on-chip time-division 

multiplexing and de-multiplexing system will be designed and analyzed. 
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Chapter 1:  Introduction 

Polymer-based integrated photonic devices receive significant attention for their 

enhanced performance. One of the most representative areas of application is the 

interconnects. The work presented in this dissertation involves the all polymer-based 

devices and silicon-organic hybrid (SOH) devices. A brief introduction will be covered in 

this chapter. 

1.1 HIGH PERFORMANCE POLYMERS FOR INTEGRATED PHOTONICS 

1.1.1 Electro-optic polymer 

Electro-optic (EO) polymers have a remarkable EO coefficient (r33 > 

400pm/V) [1], ultrafast response speed (< 1 fs) [2–4], small dispersion, and spin-casting 

compatibility, which promise low-power consumption, ultra-high speed modulation, and 

ease of fabrication [5]. 

1.1.2 Thermo-optic polymer 

Among various optical switches, polymer-based thermo-optic (TO) devices have 

been found very attractive, owing to advantages of 1) large thermo-optic coefficient (-1~3 

x10-4 K-1) [6–8], 2) high transparency in the telecommunication wavelength windows, and 

3) fabrication feasibility over large areas on PCBs and other kinds of substrates. With these 

special features, TO polymer devices have enabled widespread applications in several 

areas, such as communication and radar, add/drop multiplexing, bypass switching in the 

event of a network failure or network jam, packet switching, etc. [6–21]. 

1.2 POLYMER-BASED INTEGRATED PHOTONIC DEVICES 

Polymer-based passive and active photonic devices have been extensively used in 

various applications, including communication networks [9,11,14,19–27], optical 
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backplanes and inter-chip interconnects [28–36], sensors [4,37–46], etc. However, until 

now, the most common methods for polymer optical device fabrication are either using 

Reactive-ion Etching (RIE) to define the pattern into a resist, and transferring the pattern 

to the optical polymer via plasma etching [28,38,42]; or directly writing the pattern in a 

low-loss UV/Ebeam curable polymer using lithography [18,19,47,48]. Although these 

methods are straightforward, they are not a cost-effective way due to the complicated 

fabrication process involved. Moreover, these techniques are not scalable beyond the size 

of a wafer. In this dissertation, we introduced a novel and an etch-less solution processing 

technique utilizing a combination of imprinting and ink-jet printing for developing polymer 

photonic devices [16,20,37,44–46,49]. Owing to the roll-to-roll (R2R) compatibility of the 

employed solution processing techniques, photonic system development over large areas 

on either rigid or flexible substrates, at high-throughput, and at a low cost, is possible. 

Moreover, these devices can be integrated with other printed photonic and electronic 

components, such as light sources, modulators, antennas on the same substrate, thus 

achieving an integrated system that can be conformably integrated on any platform. 

1.3 SILICON-ORGANIC HYBRID INTEGRATED PHOTONIC DEVICES 

Silicon photonics [50,51], which can be fabricated using CMOS compatible 

nanofabrication technology and are the key components for integrated photonics, has been 

widely accepted as one of the essential technologies in the next generation optical 

interconnect [5,52,53]. One of the intrinsic obstacles is the absence of χ(2)-nonlinearity in 

unstrained silicon due to its centrosymmetric crystal structure, making modulating photons 

on silicon platform a great challenge. The silicon-organic hybrid (SOH) platform enables 

the marriage of the best of the two materials and thus has been receiving substantial 

attention. Compared with the plasma dispersion effect [54], electro-optic polymers have a 
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large electro-optic coefficient [1], ultrafast response speed [2–4], small dispersion, and 

spin-casting compatibility. It allows complex optical functionalities monolithically 

integrated with advanced electronics at a competitive cost. Thus, the silicon-organic hybrid 

(SOH) integrate photonic devices is a very promising candidate for low cost, small size, 

light weight, and low power consumption (CSWaP) optical interconnect. 

1.4 DISSERTATION OVERVIEW 

This dissertation is organized as follows: 

In Chapter 2, I will demonstrate a mode transformer based on the quasi-vertical 

taper is demonstrated to enable high coupling efficiency from a standard SMF into a single 

mode polymer rib waveguide for optical inter-board interconnects. 

Chapter 3 introduces a thermo-optical switch and 2-bit TO TTD module fabricated 

using imprinting and inkjet printing. 

Chapter 4 reports the first high-speed optical modulator based on electro-optic 

polymer infiltrated subwavelength grating waveguide ring resonator, which is the largest 

bandwidth and the most compact footprint that has been demonstrated for the ring 

resonators on the silicon-organic hybrid platform. 

In Chapter 5, the 50 GHz optical time-domain multiplexing and de-multiplexing 

system is designed based on IMEC iSiPP50G platform. 

Finally, in Chapter 6, I will conclude the above work and discuss future direction 

of this dissertation. 
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Chapter 2:  High efficiency quasi-vertical tapers for polymer 

waveguide based inter-board optical interconnects 

A mode transformer based on the quasi-vertical taper is designed to enable high 

coupling efficiency for inter-board level optical interconnects involving single mode 

polymer waveguides and standard single mode fibers. A triangular region fabricated above 

the waveguide is adopted to adiabatically transform the mode from the fiber into the 

polymer waveguide. The effects of the geometrical parameters of the taper, including the 

width, height, tip width, etc. on the coupling efficiency are numerically investigated. Based 

on this, a quasi-vertical taper for the polymer rib waveguide system is designed, fabricated, 

and characterized. Coupling losses of 1.79±0.30 dB and 2.23±0.31 dB per coupler for 

quasi-TM and quasi-TE mode, respectively, are measured across the optical 

communication C and L bands (1535 nm - 1610 nm). Low-cost packaging, leading to 

widespread utilization of polymeric photonic devices, is envisioned for optical interconnect 

applications.1 

2.1 INTRODUCTION 

Polymer-based passive and active photonic devices have been extensively used in 

various applications, including communication networks [9,11,14,19–27], optical 

backplanes and inter-chip interconnects [28–36], sensors [4,37–46], etc. Low-cost and 

high-efficiency packaging of these devices is crucial to enable an economically viable 

market. The most prominent methods to couple light into a single mode polymer 

waveguide include edge coupling using lensed fiber [16,20,21,37] and surface coupling 

using grating couplers [55–60]. Although lensed fibers provide acceptable coupling 

                                                 
1 Portion of this chapter has been published in Z. Pan et al., "Quasi-vertical tapers for polymer-waveguide-

based interboard optical interconnects," Photonics Res. 3, 317–323 (2015). 

Z. Pan designed, simulated, fabricated, and measured the sample, then wrote the manuscript based on the 

simulation, fabrication and measurement results. 
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efficiencies, they are more expensive than the standard single mode fibers (SMF) and are 

difficult to package due to their limited misalignment tolerance [38,47]. Conventional 

polymer grating couplers provide limited coupling efficiency in a narrow bandwidth, due 

to the small refractive index contrast between the polymer materials [59,60]. Some 

schemes utilize a thin high index coating (HIC) in order to achieve the required phase 

matching condition [56–58] and to improve coupling efficiency, still the bandwidth is not 

large enough to cover both C and L bands. High efficiency, wide bandwidth, and low-cost 

packaging techniques will tremendously benefit polymer waveguide based optical 

interconnect devices. 

In this paper, we design a mode transformer based on a quasi-vertical taper [61–78] 

to enable high efficiency coupling between a standard SMF and a single mode polymer rib 

waveguide. In this design, a triangular-shape tapered structure is adopted above the 

waveguide core to transform a fiber mode into a single mode polymer rib waveguide mode 

as an optical mode transformer. It comprises of a triangular region with a fixed height, 

whose width is linearly tapered from the fiber end to a narrow tip at the waveguide end. 

We experimentally demonstrate a coupling loss of 1.79±0.30 dB and 2.23±0.31 dB per 

coupler for the quasi-TM and quasi-TE mode, respectively, across the C and L bands 

(1535 nm – 1610 nm). 

2.2 DESIGN AND OPTIMIZATION OF QUASI-VERTICAL TAPERS 

Schematics of an optical backplane for optical inter-board interconnects and our 

designed taper-waveguide system to enable such high-efficiency packaging are shown in 

Figure 2.1(a) and Figure 2.1(b), respectively. The single mode polymer waveguide 

considered in this work consists of a 3.5 µm thick UV15LV (n = 1.501 @ 1.55 µm) bottom 

cladding; 3 µm thick UFC-170A (n = 1.496 @ 1.55 µm) top cladding; and 2.3 µm thick 
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(1.8 µm slab, h = 0.5 µm rib height, W = 8.5 µm rib width) SU8 (n = 1.575 @ 1.55 µm) 

core layer. The mode transformer based on a quasi-vertical taper consists of a triangular 

region with a constant height H, whose width w is linearly tapered down from W at the 

fiber end to a finite tip width t at the waveguide end. We choose these parameters for the 

triangular taper section based on the coupling efficiency simulations which will be 

discussed later. This tapered structure is adopted above the waveguide core to transform 

the fiber mode into the polymer rib waveguide mode, which works as an optical mode 

transformer. Because the taper height is higher at the fiber facet than at the single mode 

polymer waveguide end, the waveguide mode size in the vertical direction becomes larger 

at the fiber facets and can better match with the input/output (I/O) fiber mode. Ideally, the 

tapered tip should be infinitely narrow. However, due to the limited resolution achieved by 

the photolithography, we fixed the tip width t to a finite value. The effect of the tip width 

on the coupling efficiency will also be discussed later. 

 

 

Figure 2.1: (a) Schematic of an optical backplane. (b) Schematic of a taper-waveguide 

system for coupling between standard SMFs and single mode waveguides. In 

this diagram, the top cladding is transparent to clearly show the system 

structure and the mode propagating inside the quasi-vertical taper and the 

polymer rib waveguide. 
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2.2.1 Mode profiles 

The mode profile distributions of quasi-TM mode inside the taper at the fiber facet 

and device end are shown in Figure 2.2(a) and Figure 2.2(b), respectively. The mode profile 

distributions of quasi-TE mode at fiber facet (Figure 2.3a) and device end (Figure 2.3b) 

have similar plots shown here for quasi-TM mode. The polymer waveguide at device end 

consists a 1.8 µm thick SU8 core slab, and an 8.5 µm wide and 0.5 µm height SU8 core 

rib. The quasi-vertical taper at the fiber facet consists of a 1.8 µm SU8 core slab and an 8.5 

µm wide and 8 µm height SU8 core rib (these values are chosen based on simulation results 

that will be discussed later). The eigen-modes are calculated using the beam propagation 

method (RSoft BeamPROP). It can be seen that the mode profile of a polymer waveguide 

at device end has large mismatch with the standard SMF (MFD 10.4 µm) in the vertical 

direction, while the mode profile of taper at the fiber facet provides a better match with the 

standard SMF. 

When the rib height is smaller than 1.2 µm, the higher order modes are cut-off and 

the polymer waveguide becomes a single mode waveguide. Therefore, the polymer 

waveguide with rib height 0.5 µm can satisfy the single mode condition. Although the 

polymer waveguide with rib height 8 µm cannot satisfy the single mode condition, the 

quasi-vertical taper designed in this paper can filter out these higher order modes, which 

will be discussed later. 
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Figure 2.2: The mode profile distributions of quasi-TM mode inside the taper at (a) the 

fiber facet (rib width 8.5 μm, rib height 8 μm), and (b) the device end (rib 

width 8.5 μm, rib height 0.5 μm). 

 

  

Figure 2.3: The mode profile distributions of quasi-TE mode inside the taper at (a) the 

fiber facet (rib width 8.5 μm, rib height 8 μm), and (b) the device end (rib 

width 8.5 μm, rib height 0.5 μm). 

 

2.2.2 Coupling efficiency 

The fiber coupling efficiency, 𝜂, can be calculated by a normalized overlap integral 

between the fiber and waveguide modes [79–81]: 
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( ) ( ) ( ) ( ) 


= 
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where 𝐹(𝑥, 𝑦) is the function describing the complex amplitude of the single mode fiber, 

𝑊(𝑥, 𝑦) is the function describing the complex amplitude of the waveguide eigen-mode, 

and the ′ symbol represents the complex conjugate. 

The coupling efficiencies for both quasi-TM and quasi-TE modes from the standard 

SMF (e.g., Corning© SMF-28) to the single mode polymer waveguide with different 

geometries are calculated using Eq. (2.1). The mode field diameter (MFD) of the standard 

SMF is 10.4 µm at 1.55 µm wavelength. The coupling efficiency of quasi-TM and quasi-

TE mode from SMF into the quasi-vertical taper at the fiber facet as a function of the rib 

height and width are plotted in Figure 2.4a and Figure 2.4b, respectively. The white 

demarcation curve indicates the cut-off region. The upper right region above the white 

curve in Figure 2.4 indicates the multi-mode region, while the bottom left region below the 

white curve indicates the single mode region. Consequently, we choose the taper rib width 

at the fiber facet as 8.5 µm and rib height as 8 µm to have a larger coupling efficiency of 

84.92% (quasi-TM mode) and 84.84% (quasi-TE mode) with the SMF, and a waveguide 

rib width of 8.5 µm and rib height as 0.5 µm at the device end to satisfy the single mode 

condition. 
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Figure 2.4: Coupling efficiency of (a) quasi-TM and (b) quasi-TE mode from a standard 

SMF into the taper at the fiber facet versus the rib height and rib width of the 

taper. The white demarcation curve indicates the cut-off region. The bottom 

left region under the white curve and upper right region above the white curve 

indicates the single-mode and multi-mode region, respectively. The 

intersection point of two white lines indicates the chosen rib height of 8 µm 

and width of 8.5 µm for the quasi-vertical taper at the fiber facet. 

 

The total coupling efficiency from a standard SMF to a polymer waveguide through 

a quasi-vertical taper is calculated using the eigenmode expansion method (PhotonDesign 

FIMMPROP). The total length of the quasi-vertical taper is fixed at 1.2 mm. Considering 

the limited resolution achieved by the photolithography, the calculated total coupling 

efficiencies of quasi-TM mode per coupler are 68.16% (1.66 dB), 73.20% (1.35 dB), 

78.56% (1.04 dB), and 83.01% (0.81 dB) for tip widths of 2.0 µm, 1.8 µm, 1.5 µm, and 1.0 

µm, respectively. The calculated total coupling efficiencies of quasi-TE mode per coupler 

are 71.86% (1.44 dB), 75.43% (1.22 dB), 79.63% (0.98 dB), and 83.33% (0.79 dB) for tip 

widths of 2.0 µm, 1.8 µm, 1.5 µm, and 1.0 µm, respectively. Therefore, the coupling loss 

and the polarization dependence can be further reduced by using more advanced 

photolithography instruments to reduce the taper tip width. 

(a) (b) 
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The fundamental and higher order modes propagating through the taper are 

calculated using the beam propagation method (RSoft BeamPROP). The fundamental and 

second-order quasi-TM modes propagating though the taper with tip width t = 1.8 µm are 

shown in Figure 2.5a and Figure 2.5b, respectively. The fundamental (Figure 2.6a) and 

second-order (Figure 2.6b) quasi-TE modes propagating through the taper into the polymer 

waveguide are similar to Figure 2.5a and Figure 2.5b, respectively. The electric fields are 

normalized to the maximum electric field of the taper at fiber facet (z = 0 µm). As the 

optical beam propagates through the taper, the mode energy of the fundamental mode is 

drawn towards the rib and slab region, while the mode energy of the higher order mode 

concentrates in the taper region. Thus, the higher order modes will be filtered by the quasi-

vertical taper. Thus, even though the taper supports multiple modes at the fiber facet, it 

only couples the fundamental mode into the single mode polymer waveguide. 
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Figure 2.5: The (a) fundamental and (b) second-order quasi-TM modes propagating 

through the taper into the polymer waveguide. The electric fields are 

normalized to the maximum electric field of the taper at fiber facet (z = 0 µm). 

The length of the taper is 1.2 mm. Light propagates in the +z direction from 

left to right. A tip width of 1.8 µm is assumed in this calculation. 

 

(a) 

(b) 
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Figure 2.6: The (a) fundamental and (b) second-order quasi-TE modes propagating 

through the taper into the polymer waveguide. The electric fields are 

normalized to the maximum electric field of the taper at fiber facet (z = 0 µm). 

The length of the taper is 1.2 mm. Light propagates in the +z direction from 

left to right. A tip width of 1.8 µm is assumed in this calculation. 

 

2.2.3 Coupling misalignment tolerance 

A larger misalignment tolerance significantly facilitates the device packaging. The 

misalignment tolerance in the x- and y-directions for the case of direct coupling from a 

lensed SMF (MFD 2.5 µm) into a polymer waveguide with a rib width of 8.5 µm and a rib 

height of 0.5 µm [16,20], and from a standard SMF (MFD 10.4 µm) to the quasi-vertical 

taper are calculated using Eq. (2.1). Figure 2.7a shows the coupling efficiency of quasi-

TM mode versus the x- (horizontal) and y- (vertical) misalignments for the case of coupling 

from the standard SMF (MFD 10.4 µm) into the polymer waveguide through the quasi-

(a) 

(b) 
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vertical taper. Figure 2.7b shows the coupling efficiency of quasi-TM mode versus the x- 

(horizontal) and y- (vertical) misalignments for the case of direct coupling from the lensed 

SMF (MFD 2.5 µm) into the polymer waveguide. Figure 2.7c shows the coupling loss of 

quasi-TE mode for both cases along the x- and y- axes. The corresponding figures for quasi-

TE mode are shown in Figure 2.8a, Figure 2.8b, and Figure 2.8c, respectively. Compared 

to using a lensed fiber, utilizing the quasi-vertical taper (tip width 1.8 µm in this 

calculation), the peak coupling efficiency from a fiber into a polymer waveguide is 

increased from 49.95% to 73.20% (coupling loss is reduced from 3.02 dB to 1.35 dB) for 

quasi-TM mode, and from 49.67% to 75.43% (coupling loss is reduced from 3.04 dB to 

1.22 dB) for quasi-TE mode. The 1 dB misalignment tolerance in the vertical direction is 

increased from 1.25 µm to 4.33 µm for quasi-TM mode, and from 1.24 µm to 4.32 µm for 

quasi-TE mode, compared to the lensed fiber case. The overall cost of the packaging also 

can be reduced by using cheaper standard SMFs. 
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Figure 2.7: (a) The calculated optical coupling efficiency of quasi-TM mode from a 

standard SMF (MFD 10.4 μm) into a polymer waveguide through a quasi-

vertical taper versus the misalignment in x- (horizontal) and y- (vertical) 

directions. (b) The calculated optical coupling efficiency of quasi-TM mode 

from a lensed SMF (MFD 2.5 μm) into a polymer waveguide (rib width 8.5 

μm and rib height 0.5 μm) without a taper versus the misalignment in x- and 

y-direction. (c) The coupling loss of quasi-TM mode in (a) and (b) versus the 

misalignment in x- and y- axis. 

  

(c) 

(a) (b) 
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Figure 2.8: (a) The calculated optical coupling efficiency of quasi-TE mode from a 

standard SMF (MFD 10.4 μm) into a polymer waveguide through a quasi-

vertical taper versus the misalignment in x- (horizontal) and y- (vertical) 

directions. (b) The calculated optical coupling efficiency of quasi-TE mode 

from a lensed SMF (MFD 2.5 μm) into a polymer waveguide (rib width 8.5 

μm and rib height 0.5 μm) without a taper versus the misalignment in x- and 

y-direction. (c) The coupling loss of quasi-TE mode in (a) and (b) versus the 

misalignment in x- and y- axis. 

 

2.3 FABRICATION PROCESS 

A schematic of the fabrication process is shown in Figure 2.9. First, a UV15LV 

bottom cladding layer is spin-coated on a silicon substrate, then the slab layer (SU8 2002) 

is spin-coated on top of the bottom cladding layer, as shown in Figure 2.9a. Next, the 

waveguide rib layer (SU8 2000.5) is spin-coated and patterned using photolithography, as 

shown in Figure 2.9b. Then, the quasi-vertical taper layer (SU8 2007) is spin-coated and 

(c) 

(a) (b) 
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the taper pattern is defined using another photolithography step, as shown Figure 2.9c. 

Finally, the top cladding (UFC170A) is spin-coated, as shown in Figure 2.9d. 

 

 

Figure 2.9: Fabrication process flow for the quasi-vertical taper. (a) Spin-coat the bottom 

cladding material (UV15LV) and waveguide slab layer material (SU8 2002) 

on the substrate. (b) Spin-coat the waveguide rib layer material (SU8 2000.5) 

and perform the first photolithography step to form the rib core layer of the 

SU8 polymer waveguide. (c) Spin-coat the top layer material of the quasi-

vertical taper (SU8 2007) and perform the second photolithography step to 

form the triangular region of a taper. (d) Spin-coat the top cladding material 

(UFC170A). 

 

The top-view and cross-section scanning electron microscope (SEM) images of a 

fabricated quasi-vertical taper are shown in Figure 2.10. Figure 2.10a shows a top view 

close to the tip, and Figure 2.10b shows a cross section of the taper at fiber facet. A zoomed 

image at the tip is shown in the inset of Figure 2.10a. The fabricated tip width is around 

1.8 µm, due to the limited resolution of the photolithography process. 
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Figure 2.10: (a) Top-view SEM image of a fabricated quasi-vertical taper. (b) Cross-

section SEM images of a fabricated quasi-vertical taper at fiber facet. The 

inset in (a) is a zoomed view at the tip. 

 

2.4 EXPERIMENTAL CHARACTERIZATION OF THE QUASI-VERTICAL TAPER 

The schematic and setup to measure the propagation loss of polymer waveguides 

is shown in Figure 2.11. Light from a broadband infrared continuous wave ASE source 

(Thorlabs ASE730) is passed through a polarization controller (OZ Optics FPR-11-11-

1550-8/125-P-P-1&2&3-50-3S3S-3-1-ER=30), which outputs linearly polarized TM or 

TE modes with a polarization extinction ratio about 34 dB. A polarization maintaining fiber 

(OZ Optics PMF-1550-8/125-0.25-L) and a standard SMF (Corning© SMF-28), which 

works as the input and output fiber respectively, are mounted on an 8-axis positioning 

stages (Newport PM500-C). The output power is collected by an optical power meter 

(Newport 2832-C). The inset at the top right corner of Figure 2.11b shows the magnified 

view of the aligned fibers and polymer waveguide with quasi-vertical tapers on chip. The 

measured propagation loss of the polymer waveguide is 0.27 dB/mm using the cut-back 

method [76,77]. 
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Figure 2.11: The (a) schematic and (b) experimental setup to measure the propagation loss 

of a polymer waveguide. The inset at the top right corner of (b) shows the 

magnified view of the aligned fibers and the polymer waveguide with quasi-

vertical taper. 

 

The coupling loss spectrums are measured by an Optical Spectrum Analyzer 

(ANDO AQ6317B). The calculated coupling losses spectrums from the measured OSA for 

quasi-TM and quasi-TE polarization are plotted in Figure 2.12. The measurement results 
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of the fabricated quasi-vertical taper demonstrate coupling losses of 1.79±0.30 dB and 

2.23±0.31 dB per coupler for the quasi-TM and quasi-TE modes, respectively, across the 

C and L bands (1535 nm – 1610 nm). For the case of directly coupling light from a lensed 

SMF to a polymer waveguide without a taper, the measured coupling losses per facet are 

3.44±0.24 dB and 3.85±0.24 dB for quasi-TM and quasi-TE modes, respectively. Thus, the 

quasi-vertical taper can reduce the coupling loss, as well as the overall packaging cost. The 

experimentally measured coupling losses are larger than our calculated values, which is 

possibly due to the scattering from the fabrication induced roughness. The additional loss 

for the quasi-TE mode, comparing to the quasi-TM mode, is due to the increased scattering 

from sidewall roughness of the fabricated waveguides. 

 

 

Figure 2.12: The measured coupling losses versus the wavelength. The measured coupling 

losses per taper are 1.79±0.30 dB and 2.23±0.31 dB for quasi-TM and quasi-

TE modes, respectively, for the case of coupling light from a standard SMF 

(MFD 10.4 µm) to the polymer waveguide through a quasi-vertical taper. The 

coupling losses per facet are 3.44±0.24 dB and 3.85±0.24 dB for quasi-TM 

and quasi-TE modes, respectively, for the case of directly coupling light from 

a lensed SMF (MFD 2.5 µm) to a polymer waveguide without a taper. The 

different dashed lines correspond to the simulated coupling losses. The colors 

are shown to correspond to their respective measured counterpart. 
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The measured increase in coupling loss of both quasi-TM and quasi-TE modes 

between the standard SMF (MFD 10.4 µm) and quasi-vertical taper for horizontal (x axis) 

and vertical (y axis) misalignment is shown in Figure 2.13a. The measured increase in 

coupling loss of both quasi-TM and quasi-TE modes between the lensed SMF (MFD 2.5 

µm) and polymer waveguide without a taper for horizontal (x axis) and vertical (y axis) 

misalignment is shown in Figure 2.13b. The solid curves are the simulation results. By 

using the quasi-vertical taper, the measured 1 dB misalignment tolerance in the vertical 

direction is increased from 1.24 µm to 4.33 µm, which agrees well with the calculated 

tolerance. 

 

  

Figure 2.13: (a) The measured increase in coupling loss of both quasi-TM and quasi-TE 

modes between the standard SMF (MFD 10.4 µm) and quasi-vertical taper vs 

horizontal (x axis) and vertical (y axis) misalignment. (b) The measured 

increase in coupling loss of both quasi-TM and quasi-TE modes between the 

lensed SMF (MFD 2.5 µm) and polymer waveguide without a taper vs 

horizontal (x axis) and vertical (y axis) misalignment. 

 

(a) (b) 
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2.5 SUMMARY 

A quasi-vertical taper, which is a triangular region on top of the single mode rib 

polymer waveguide, is adopted to enable high coupling efficiency from a standard SMF 

(MFD 10.4 µm) into a single mode polymer rib waveguide for optical inter-board 

interconnects. Compared to coupling light directly from a lensed SMF (MFD 2.5 µm), the 

coupling loss is reduced from 3.44±0.24 dB to 1.79±0.30 dB for quasi-TM mode and from 

3.85±0.24 dB to 2.23±0.31 dB for the quasi-TE mode, across the C and L bands (1535 nm 

– 1610 nm). The 1 dB misalignment tolerance for both quasi-TM and quasi-TE modes is 

increased from 1.24 µm to 4.33 µm in the vertical direction. Due to the utilization of 

standard low cost SMFs for packaging, the overall packaging cost and packaging efforts 

for the single mode polymer photonic system can be minimized. Further improvement in 

the coupling efficiency can be achieved via adopting advanced lithography processes to 

reduce the taper tip width. 
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Chapter 3:  Reconfigurable thermo-optic polymer switch based true-

time-delay network 

Phased-array antenna (PAA) technology plays a significant role in modern day 

radar and communication networks. True-time-delay (TTD) enabled beam steering 

networks provide several advantages over their electronic counterparts, including squint-

free beam steering, low RF loss, immunity to electromagnetic interference (EMI), and large 

bandwidth control of PAAs. Chip-scale and integrated TTD modules promise a 

miniaturized, light-weight system; however, the modules are still rigid, and they require 

complex packaging solutions. Moreover, the total achievable time delay is still restricted 

by the wafer size. In this work, we propose a light-weight and large-area, true-time-delay 

beamforming network that can be fabricated on light-weight and flexible/rigid surfaces 

utilizing low-cost “printing” techniques. In order to prove the feasibility of the approach, a 

2-bit thermo-optic polymer TTD network is developed using a combination of imprinting 

and ink-jet printing. RF beam steering of a 1x4 X-band PAA up to 60° is demonstrated. 

The development of such active components on large area, light-weight, and low-cost 

substrates promises significant improvement in size, weight, and power (SWaP) 

requirements over the state-of-the-art.2 

3.1 INTRODUCTION 

Integrated optical switches are important building blocks in optical links and 

systems [22,25,82–85]. Among various optical switches, polymer-based thermo-optic 

                                                 
2 Portion of this chapter has been published in Z. Pan et al., "RF beam transmission of x-band PAA system 

utilizing large-area, polymer-based true-time-delay module developed using imprinting and inkjet 

printing," in Photonics West (SPIE, 2016), Vol. 9747, p. 97471T–97471T–7, and Z. Pan et al., 

"Reconfigurable thermo-optic polymer switch based true-time-delay network utilizing imprinting and inkjet 

printing," in Photonics West (SPIE, 2015), Vol. 9362, pp. 936214–936218. 

Z. Pan designed, simulated, fabricated, and measured the sample, then wrote the manuscript based on the 

simulation, fabrication and measurement results. 
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(TO) switches have been found very attractive, owing to advantages of 1) large thermo-

optic coefficient (-1~3 x10-4 K-1) [6–8], 2) high transparency in the telecommunication 

wavelength windows, and 3) fabrication feasibility over large areas on PCBs and other 

kinds of substrates. With these special features, TO polymer switches have enabled 

widespread applications in several areas, such as communication and radar, add/drop 

multiplexing, bypass switching in the event of a network failure or network jam, packet 

switching, etc. [6–21]. However, until now, the most common methods for polymer optical 

device fabrication are either using Reactive-ion Etching (RIE) to define the pattern into a 

resist, and transferring the pattern to the optical polymer via plasma etching [28,38,42]; or 

directly writing the pattern in a low-loss UV/Ebeam curable polymer using 

lithography [18,19,47,48]. Although these methods are straightforward, they are not a cost-

effective way due to the complicated fabrication process involved. Moreover, these 

techniques are not scalable beyond the size of a wafer. In this work, we introduced a novel 

and an etch-less solution processing technique utilizing a combination of imprinting and 

ink-jet printing for developing polymer photonic devices [16,20,37,44–46,49]. The 

structure of a complete true-time-delay reconfigurable module, comprising of an array of 

interconnected TO switches and polymer delay lines [9–11,23,86–88]. Phase delay 

configuration of a 2-bit TO TTD module and the beam steering of a 1x4 X-band PAA 

system utilizing the fabricated TTD modules are demonstrated. Owing to the roll-to-roll 

(R2R) compatibility of the employed solution processing techniques, photonic system 

development over large areas on either rigid or flexible substrates, at high-throughput, and 

at a low cost, is possible. Moreover, these devices can be integrated with other printed 

photonic and electronic components, such as light sources, modulators, antennas on the 

same substrate, thus achieving an integrated system that can be conformably integrated on 

any platform. 
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3.2 POLYMER BASED THERMO-OPTIC SWITCH 

A single TO polymer switch is first introduced in this section, followed by the 

development of the entire TTD module later. A schematic of a single 2x2 TO switch is 

shown in Figure 3.1. In this design, a single mode waveguide comprising of 3.5 µm thick 

UV15DC80LV (n=1.501 @ 1.55 µm) bottom cladding; 3 µm thick UFC-170A (n=1.496 

@ 1.55 µm) top cladding; and 2.3 µm thick (0.5 µm rib height, 1.8 µm slab) and 8.5 µm 

wide SU8 (n=1.575 @ 1.55 µm) core layer, is considered. An 8 µm wide and 500 µm long 

gold heating electrode is used to heat the polymer in the center of the junction. 

 

 

Figure 3.1: Schematic of a single 2×2 TO polymer switch [20]. Depending on whether a 

voltage is applied across the heating electrode to heat the junction region, light 

exits from the bar port (no applied voltage) and cross port (with applied 

voltage). 
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Normally, when there is no heat applied at the junction region, light from the input 

port will exit from the bar port. By heating the junction region in the switch, the refractive 

index of the polymer underneath is reduced, which creates a total-internal-reflection (TIR) 

condition, thus directing the light to output from the cross port. Figure 3.2(a) and Figure 

3.2(b) show the simulation results performed by the beam propagating method 

(BeamPROP from RSoft Suite) in the OFF state (no voltage across the electrode) and the 

ON state (voltage across the electrode) of the TO switch, respectively. 

 

 

Figure 3.2: Light propagation through the switch in the (a) OFF and (b) ON states of the 

switch. Heating in the junction causes a local decrease in the refractive index, 

thus leading to total-internal-reflection (TIR) condition in the center of the 

horn structure. 

 

An essential consideration in fabricating such a 2-bit TTD device is to ensure the 

waveguides are defect-free over the entire device area, which is a non-trivial challenge. 

(b) 

(a) 
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Hard mold imprinting gives satisfactory results for small-area devices, but lacks the 

capability to provide uniform imprinting over a large area, with de-molding constituting 

the greatest challenge [44,89]. In comparison, soft mold gives better uniformity over a 

large area and an easier de-molding process. However, a suitable material system needs to 

be selected in order to provide a reliable mold that can repeatedly be utilized. In this work, 

PDMS (mixed at a 10:1 ratio with curing agent) was chosen as the imprinting soft mold 

material. First, the 4-inch Si mold is fabricated using conventional RIE method, and is then 

thoroughly cleaned and coated with a surfactant to lower its surface energy. Then, PDMS 

is used to duplicate the TTD patterns from a 4-inch Si mold. A picture of a successfully 

developed large-area PDMS flexible mold is shown in Figure 3.3(a). The mold showed no 

defects when inspected under a microscope over the entire area. Next, the PDMS mold is 

used to imprint the pattern in the UV15DC80LV bottom cladding layer. Figure 3.3(b) and 

Figure 3.3(c) shows the microscope image of a TO polymer switch and curved polymer 

waveguides on the UV imprinted UV15DC80LV respectively, which demonstrates a 

defect-free surface achieved from such a large-area imprinting process. 
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Figure 3.3: (a) The picture of a large-area PDMS flexible mold fabricated from a 4-inch 

silicon wafer. The microscope images of (b) the horn structure of a TO 

polymer switch, (c) curved polymer waveguides. The white bar at right 

bottom corner of (b) and (c) indicates the length of 0.5 mm. 

 

We fabricated a single switch device in order to characterize its performance. First, 

a flexible mold containing a single TO switch core pattern is replicated from a silicon hard 

mold. The core waveguide pattern is then defined in the UV15DC80LV bottom cladding 

layer, using UV imprinting technique. The SEM cross-section of printed layers in the 

polymer waveguide is shown in Figure 3.4(a). An atomic force microscope (AFM) image 

of the imprinted core pattern of the waveguide in UV15DC80LV bottom cladding layer is 

shown in Figure 3.4(b). The measured roughness is 1.45 nm, which is comparable to our 

previous results [16]. The core layer trench is filled by inkjet-printing the SU8 material. 

Inkjet printing of SU8 automatically produces a flat surface profile on top, which can be 
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used for subsequent material printing. The top UFC-170A cladding layer is then coated on 

top of the core layer. Finally, gold metal heater is deposited on the top cladding layer using 

photolithography, ebeam evaporation, and lift-off [28,38]. 

 

  

Figure 3.4: (a) SEM cross-section view of printed layers in the polymer waveguide. (b) 

An AFM measured bottom cladding of the polymer waveguide. 

 

The optical microscope image of a fully fabricated single TO switch and a camera 

image of a fully fabricated 2-bit TO TTD module is shown in Figure 3.5 and its insert at 

the bottom left corner, respectively. 

 

(b) (a) 
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Figure 3.5: The optical microscope image of a fabricated single TO switch. Insert at left 

bottom corner shows a camera image of a fully fabricated 2-bit TTD module. 

The white bar at bottom of the figure and right-bottom corner of the insert 

indicates the length of 0.5 mm. 

 

Next, the static and dynamic characteristics of the fabricated TO polymer switch 

are measured. Light from a 1550 nm tunable laser source (Santec ECL-200) is coupled into 

and out of the device using lensed fibers (OzOptics TSMJ-3U-1550-9/125-0.25-7-2.5-14-

2). The normalized output optical power from the bar port versus the electrical power 

consumed by the heater is plotted in Figure 3.6(a). The switch consumes about 110 mW of 

the electrical power. Next, the dynamic characteristics are tested. A 100 Hz square wave 

signal generated by a function generator (Agilent 33120A) is applied across the heating 

electrode, and the output optical response from the bar port is obtained from a digital 

oscilloscope (HP 1660ES), as shown in Figure 3.6(b). The rise and fall times for the switch 

are measured to be 0.49 ms and 0.35 ms, respectively. 
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Figure 3.6: (a) The normalized output optical power of bar port shows the TO switch with 

a power consumption of 110 mW. (b) Optical response with square wave 

function applied across the heating electrode at 100 Hz frequency (CH1 

represents the applied voltage and CH2 represents bar port). 

 

3.3 2-BIT RECONFIGURABLE TTD NETWORK 

In the previous section, a single TO-polymer switch device was demonstrated. In 

this section, we incorporate such TO switches in a reconfigurable delay line architecture, 

shown in Figure 3.7, and demonstrate a 2-bit TTD module. The 2-bit TTD module consists 

of three 2×2 TO polymer switches interconnected via judiciously chosen lengths of 

polymer waveguide delay lines. The minimum length increment (ΔL) determines the 

minimum achievable time delay step (Δτ) according to Δτ = neff∙ (ΔL/c), where neff is the 

effective index of the mode in the waveguide and c is the speed of light in vacuum. At the 

first switch (n=0), the optical signal is delivered to either the reference waveguide (length 

L0) or the delay line (length L0+ΔL), depending on the chosen ON or OFF state of TO 

polymer switch. Then, the second switch (n=1) couples the optical signal into two more 

(b) (a) 
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waveguides with lengths L0 and L0+2∙ΔL. The last switch (n=2) of the 2-bit delay TTD line 

is used to control the optical signal to couple into one of the output waveguides. 

 

 

Figure 3.7: Schematic of a reconfigurable 4-bit TTD unit comprising of 2×2 TO polymer 

switches and polymer waveguide delay lines. 

 

Table 3.1 lists the switch ON and OFF configuration for a 2-bit TTD module 

providing the time delay 0 ps, 11.54 ps, 23.09 ps, and 34.64 ps, the largest time delay 

chosen in order to provide a 60° steering of RF signal in an X-band PAA. Note that this 

largest time delay we chose is not restricted due to the printing technology, but due to our 

measurement capability in our laboratory setup. When both n=0 and n=1 switches are OFF, 

the optical signal goes through reference lines. When n=0 switch is ON and n=1 switch is 

OFF, the optical signal travels additional length ΔL compared to the reference line, thus 

the TTD module provides 11.54 ps time delay w.r.t the reference line. Similarly, other 

delay configurations can be understood from Table 3.1. 
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Configuration 0Δτ 1Δτ 2Δτ 3Δτ 

Phase delay 0 ps 11.54 ps 23.09 ps 34.64 ps 

n=0 (∆𝑳) OFF ON OFF ON 

n=1 (𝟐∆𝑳) OFF OFF ON ON 

Table 3.1: ON and OFF configuration for each switch in a 2-bit reconfigurable TO-

switch based TTD module. 

 

We fabricated the 2-bit TTD module using the fabrication process outlined in our 

previous publications [20,21]. In order to measure the time delay from the fabricated 2-bit 

module, we performed a phased versus frequency measurement and derived the time delay 

from the plots. The schematic and setup to measure the time delay of the 2-bit 

reconfigurable TO-switch based TTD module is shown in Figure 3.8. The optical signal 

paths are shown as blue lines and the electrical signal paths are indicated as red lines in 

Figure 3.8(a). Light at a wavelength of 1550nm from a tunable laser (Santec ECL200) is 

passed through a LiNbO3 electro-optical modulator (COVEGA MACH-40), which 

modulates the RF signal generated by a network analyzer (Agilent 8510C) onto the optical 

carrier. The modulated light signal is then amplified by an EDFA (Amonics AEDFA-C-

30I-B). A lensed polarization maintaining fiber (OZ Optics) and a lensed single mode fiber 

(OZ Optics), which work as the input and output fiber, respectively, are mounted on an 

eight-axis positioning stage (Newport XPS-C8). The sample is placed in between, and the 

position stages are controlled using an automation software to efficiently couple light into 

and out of the TTD module. The output power is amplified by an EDFA (BaySpec Metro-

III_AE), which is then detected using a photodiode (Discovery Semiconductors DSC40S). 
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The detected RF signal is then input into the second port of the network analyzer for 

analyzing the time delay. 

 

 

Figure 3.8: (a) Schematic and (b) experimental setup to measure the time delay from the 

reconfigurable 2-bit TTD module. The blue and red lines in (a) indicate the 

optical and the electrical signal propagation lines, respectively. 

 

(a) 

(b) 
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The measured phase versus frequency plots for all the delay configurations 

indicated in Table 3.1 are shown in Figure 3.9. The phase versus frequency plot is a straight 

line for all the configurations, thus confirming true-time-delay behavior. The time delay is 

determined by calculating the slope of the straight lines using: 

                     ∆𝜏 = −
𝑑𝜙

𝑑𝜔
= −

1

360
⋅

𝑑𝜃

𝑑𝑓
                      (3.1) 

The measured time delay values using Eq. (3.1) for 0∆𝜏, 1∆𝜏, 2∆𝜏, and 3∆𝜏 are 

0.64 ps, 10.74 ps, 22.90 ps, and 35.39 ps, respectively, which are very close to the designed 

values shown in Table 3.1. The measured phase versus frequency plots of all the 4 delay 

line configurations from the 2-bit TTD module are shown in Figure 3.9. 

 

 

Figure 3.9: The measured phase versus frequency plots of all the 4 delay line 

configurations from the 2-bit TTD module. 

 

3.4 X-BAND PHASED ARRAY ANTENNA DEMONSTRATION 

A phased array antenna (PAA) can steer an RF beam with the fed phase difference 

between the elements without having to mechanically move the antenna. The radiation 
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pattern of the PAA can be reinforced at the desired direction and suppressed in undesired 

directions. Table 3.2 lists the delay configuration for four 2-bit TTD modules capable of 

providing up to ±60° steering angle for an X-band Phased Array Antenna (PAA). It should 

be noted that this upper limit in the steering angle is not limited by our technology, but by 

the characterization setup available in our laboratory for conducting antenna pattern 

measurements. When the 4 TTD modules are configured with 0Δτ, 1Δτ, 2Δτ, and 3Δτ 

delays, respectively, a 16.78 degree steering of the RF signal is achieved. Similarly, if 

setting the time delay of TTD modules as 0Δτ, 2Δτ, 4Δτ, and 6Δτ respectively, the PAA 

steers to 35.26 degree. Lastly, the element time delay configurations of 0Δτ, 3Δτ, 6Δτ, and 

9Δτ gives the 60 degree steering angle. 

 

Steering Angle (deg) Module #1 Module #2 Module #3 Module #4 

60.00 ° 0⋅Δτ 3⋅Δτ 6⋅Δτ 9⋅Δτ 

35.26 ° 0⋅Δτ 2⋅Δτ 4⋅Δτ 6⋅Δτ 

16.78 ° 0⋅Δτ 1⋅Δτ 2⋅Δτ 3⋅Δτ 

0 ° 0⋅Δτ 0⋅Δτ 0⋅Δτ 0⋅Δτ 

-16.78 ° 3⋅Δτ 2⋅Δτ 1⋅Δτ 0⋅Δτ 

-35.26 ° 6⋅Δτ 4⋅Δτ 2⋅Δτ 0⋅Δτ 

-60.00 ° 9⋅Δτ 6⋅Δτ 3⋅Δτ 0⋅Δτ 

Table 3.2: Time delay configuration for each element in a 2-bit 1x4 X-Band PAA 

system utilizing 4 TO-TTD modules. 

 

The far-field radiation patterns of the 1x4 PAA are measured in an anechoic 

chamber in our laboratory utilizing a fully automated measurement setup [9,87,88,90–94] 
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at a frequency of 12.5GHz. The measured results are shown in Figure 3.10. It can be seen 

that the simulated (solid curves) and the measured (dotted curves) agree well with each 

other. Using R2R manufacturing over large areas, beam steering of very large aperture 

PAAs is achievable in the future. Such a low-cost manufacturing alternative will 

tremendously benefit light-weight and conformal air- and space-borne PAA 

communication and radar applications. 

 

  

  

Figure 3.10: The simulated (solid curve) and measured (dotted curves) far-field radiation 

patterns from the 1x4 X-band PAA when the elements are configured to steer 

at (a) 0 degrees, (b) 16.78 degrees, (c) 35.26 degrees, and (d) 60 degrees. 

(a) (b) 

(c) (d) 
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3.5 SUMMARY 

Utilizing the etch-free and roll-to-roll compatible fabrication process for fabricating 

very large-area polymer photonic systems utilizing large-area imprinting and inkjet 

printing processes, we developed a 2-bit TO TTD module in this work. From a fabricated 

basic TTD module, time delays of 0.64 ps, 10.74 ps, 22.90 ps, and 35.39 ps are measured 

for 0∆𝜏, 1∆𝜏, 2∆𝜏, and 3∆𝜏 configuration, respectively. A 1x4 X-band PAA system is 

setup and RF beam steering at 0°, ±16.78°, ±35.26°, and ±60° is demonstrated. Thus, our 

R2R compatible process holds great promise for scalable and low-cost manufacturing of 

true-time-delay feed networks for large aperture phased array antennas on rigid as well as 

on flexible substrates. 
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Chapter 4:  High-speed modulator based on electro-optic polymer 

infiltrated subwavelength grating waveguide ring resonator 

Silicon-organic hybrid integrated devices show great potential in high-speed optical 

interconnects and sensors. In this chapter, a high-speed modulator based on electro-optic 

(EO) polymer (SEO125) infiltrated sub-wavelength grating (SWG) waveguide ring 

resonator is presented. The core of the SWG waveguide consists periodically arranged 

silicon pillars along the light propagation direction, which provides large mode volume 

overlap with EO polymer. The optimized SWG shows a mode volume overlap of 36.2% 

with a silicon duty cycle of 0.7. The 3-dB modulation bandwidth of the fabricated 

modulator is measured to be larger than 40 GHz occupying an area of 70 µm x 29 µm, 

which is the largest bandwidth and the most compact footprint that has been demonstrated 

for the ring resonators on the silicon-organic hybrid platform. 

4.1 INTRODUCTION 

Silicon photonics [50,51] has been widely accepted as one of the essential 

technologies in the next generation optical interconnect [5,52,53]. One of the intrinsic 

obstacles is the absence of χ(2)-nonlinearity in unstrained silicon due to its centrosymmetric 

crystal structure, making modulating photons on silicon platform a great challenge. State-

of-the-art silicon photonic modulators rely on plasma dispersion [95–97], which modulates 

both the real and imaginary components of the refractive index, causing undesired 

nonlinear response [98,99]. Although more than 50 Gbits-1 on-off keying has been 

demonstrated with reverse-biased p-n junctions [100], achieving a small footprint, low 

power consumption, low modulation voltage and high-speed modulator is still 

challenging [101]. 
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The silicon-organic hybrid (SOH) platform enables the marriage of the best of the 

two materials and thus has been receiving substantial attention. Compared to plasma 

dispersion [54], electro-optic (EO) polymers have a remarkable EO coefficient (r33 > 

400pm/V) [1], ultrafast response speed (< 1 fs) [2–4], small dispersion, and spin-casting 

compatibility, which promise low-power consumption, ultra-high speed modulation, and 

ease of fabrication [5]. Modulators with bandwidth over 100 GHz have been 

demonstrated [101,102], but their millimeter long device length defeats the purpose of 

chip-scale integration [103–105]. Structural slow light, such as slot photonic 

crystals [106,107] and plasmonic devices [108,109], can effectively shrink the phase 

shifter size but at the price of significantly increased insertion loss [110–114]. Inspired by 

the success of silicon microring resonators, a few attempts have been made to replicate 

microrings on SOH platform [115] through several waveguiding structures [116–122]. 

Strip waveguides based microring resonators with EO polymer as top cladding have a 

radius of 40 µm [116,123]. The performance of the devices is limited by the small overlap 

between EO polymer and the guided mode [116,123]. Slot waveguide based ring 

resonators can increase the mode volume overlap significantly but suffer from an ultra-

high loss of 35 dB/cm [115,124]. The diameter of the slot waveguide based ring resonator 

is as large as 60 µm [115]. 

In this paper, we report a subwavelength grating (SWG) ring resonator based 

modulator. Compared to slot waveguides, SWG provides competitive mode volume 

overlap and a comparable propagation loss as strip waveguides [125]. A 3-dB small signal 

modulation bandwidth larger than 40 GHz has been observed, occupying merely an area 

of 70 µm x 29 µm. According to the authors’ best knowledge, it is the most compact and 

fastest ring resonator modulator that has been demonstrated on the SOH platform. 
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4.2 SUBWAVELENGTH GRATING WAVEGUIDE DESIGN 

The schematic of SWG waveguides [126–133] is shown in Figure 4.1(a). The 

hybrid waveguide core is formed by periodically interlacing segments of high and low 

refractive index materials at a subwavelength pitch. The top and bottom claddings are EO 

polymer SEO125 (Soluxra LLC) and silicon dioxide, respectively. The optical mode 

propagates along the z-direction and its optical properties can be tuned by adjusting the 

period (P), waveguide width (W), pillar length (L), and Si thickness (H). The simulated 

photonic band structure of the SEO125/silicon SWG waveguides, using the 3D plane wave 

expansion method (RSoft, inc.), is shown in Figure 4.1(b). The black line represents the 

light line of SEO125 (n = 1.63). The solid and dashed lines denote even- and odd-like 

modes, respectively, which are categorized according to their modes with respect to the 

central slab plane in the y-direction. When the modes are away from the edge of reduced 

Brillouin zone, the dispersion characteristic of the guided modes resembles that of a 

uniform waveguide. The electrical fields |𝐸𝑥|2 of optical modes, which is aligned parallel 

to the poling direction of SEO, at x-slice (x = 0 µm), y-slice (y = 0 µm), and z-slice (z = 

0 µm) are plotted in Figure 4.1(c), (d), and (e), respectively. It can be observed that there 

is a strong optical field exists outside Si pillars in the SEO125 region. The mode volume 

overlap integral 𝑓 = ∫
𝑆𝐸𝑂125

𝜀|𝐸𝑥|2𝑑𝑣/ ∫ 𝜀
𝑡𝑜𝑡𝑎𝑙

|𝐸𝑥|2𝑑𝑣 is adopted to quantify the optical 

field in SEO125. 
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Figure 4.1: (a) Schematic of an SWG waveguide for the optical modulator. (b) Photonic 

band structure of SWG waveguides with SEO125 as top cladding for the 

waveguide width W = 500 nm and pillar length L = 175 nm. The y-axis on the 

right side is the wavelength λ corresponding to the period P = 250 nm. The 

black line at the boundary of the grey region indicates the light line of 

SEO125. The solid and dashed lines indicate the even-like and odd-like 

modes respect to the central slab plane in the y-direction, respectively. The 

electrical field distribution of the SWG waveguide at (c) x-slice (x = 0 µm), 

(d) y-slice (y = 0 µm), and (e) z-slice (z = 0 µm), for the SWG waveguide 

width W = 500 nm, pillar length L = 175 nm, height H = 220 nm, and period 

P = 250 nm. 

 

The mode volume overlap factor f in SEO125 region, effective index, and group 

index of the SWG waveguides versus the waveguide width W and the duty cycle (= L/P) 

are calculated and shown in Figure 4.2(a), (c) and (e), respectively. The overlap factor in 

SEO125 region, effective index, and group index versus the duty cycle for several 
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waveguide widths are shown in Figure 4.2(b), (d) and (f), respectively. As the waveguide 

width or duty cycle decreases, the overlap factor increases, while both effective and group 

index decreases. This indicates more optical energy of the SWG waveguides is 

concentrated inside SEO125, which has lower refractive index 1.637 comparing to that of 

silicon 3.476. 

 

  

  

Figure 4.2: (a) Mode volume overlap integral factor in SEO125 region, (c) effective 

index, and (e) group index of SWG waveguides versus the waveguide width 

and the duty cycle (= L/P) at period P = 250 nm. (b) Overlap factor in 

SEO125, (d) effective index, and (e) group index of SWG waveguides versus 

the duty cycle (= L/P) for several waveguide widths at period P = 250 nm. 

 

The overlap factor in SEO125 region, effective index, and group index of the SWG 

waveguides versus the SWG period and duty cycle are calculated and shown in Figure 

4.3(a), (c), and (e), respectively. The overlap factor in SEO125 region, effective index, and 

group index versus the duty cycle for several SWG periods are shown in Figure 4.3(b), (d), 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 
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and (f), respectively. As the SWG period or duty cycle decreases, the overlap factor 

increases, while both effective and group index decreases. It can be seen that the SWG 

period doesn’t affect the SWG waveguides much if the sub-wavelength condition (𝑝 <

λ/4) is satisfied, where 𝜆 is wavelength inside the waveguide. 

 

   

  

Figure 4.3: (a) Overlap factor in SEO125 region, (c) effective index, and (e) group index 

of SWG waveguides versus the SWG period and the duty cycle (= L/P) at 

waveguide width W = 500 nm. (b) Overlap factor in SEO125, (d) effective 

index, and (e) group index of SWG waveguides versus the duty cycle (= L/P) 

for several SWG periods at waveguide width W = 500 nm. 

 

We analyzed the mode volume overlap factor f, effective index, and group index of 

the SWG waveguides versus the duty cycle (= L/P), the waveguide width W, and SWG 

period (P), as shown in Figure 4.2 and Figure 4.3. As SWG duty cycle, the waveguide 

width W, or SWG period decreases, mode volume overlap factor f increases, meaning that 

more electrical energy is concentrated inside SEO125 region. It can also be seen that the 

(a) 

(b) 

(c) 

(d) (f) 

(e) 



 45 

period does not affect the SWG much, if the subwavelength condition ( 𝑝 < λ/4 ) is 

satisfied, where λ  is the wavelength inside the waveguide. In this chapter, SWG is 

optimized to operate at λ0 = 1565 nm, and we will focus on the fundamental TE-like mode 

(blue solid line in Figure 4.1(b)). To ensure the SWG structure operates in the 

subwavelength regime and ease of fabrication, we choose the period P = 250 nm, and the 

pillar length L = 175 nm, corresponding to a duty cycle of 0.7, along with the waveguide 

width W = 500 nm. In this configuration, the mode volume overlap integral f equals 36.2%. 

Compared a typical strip waveguide (f ~ 4.0%), it increases around 9 times. 

 

4.3 SUBWAVELENGTH GRATING WAVEGUIDE RING RESONATOR DESIGN AND 

OPTIMIZATION 

The proposed SWG ring resonator based modulator is shown in Figure 4.4(a). 

Subwavelength grating couplers are exploited for interfacing single mode fibers [134,135]. 

The rounded rectangular shape is adopted instead of the most common circular shape to 

gain more flexibility in tuning the coupling strength between the bus waveguide and the 

ring resonator. The zoomed-in schematic of the SWG ring resonator is shown in Figure 

4.4(b). The shape of the ring resonator is defined by the coupling length Lc, phase shifter 

length La, and bending radius R, which are 9 µm, 50 µm, and 10 µm, respectively. The 

SWG ring resonator is formed by the SWG waveguide [130,133] optimized in the previous 

paragraph except for the four bends at the corners, in which trapezoidal shape pillars are 

fine-tuned to minimize the bending loss [136,137]. SU-8 island is used to isolate the center 

electrode and ring resonator. The neff of the SWG waveguide with SEO125 and SU8 

cladding is 2.031 and 1.994, respectively. The reflection between two waveguides is 

merely 0.0085%. Thus, the influence of using SU-8 island can be ignored. Due to the 

compact size, the walk-off between electrical and optical signal is negligible. Thus, high-
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speed modulation can be readily achieved with lumped electrodes [41]. It has been proved 

that without 50 Ω termination, lumped electrodes can effectively reduce the power 

consumption compared to traveling wave electrodes [39,138]. To reduce the reflection of 

RF signals, ground-signal-ground (GSG) electrodes are designed and optimized with 

Ansys HFSS to provide 50 Ω impedance match with GSG RF probes. As shown in Figure 

4.4(b), the central width, gold thickness, and gap are 25 µm, 2.4 µm, and 4 µm respectively. 

The detailed simulation process can be found in Figure 4.5. 
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Figure 4.4: (a) Schematic of an EO polymer modulator based on the SWG ring resonator. 

The device is fabricated on a silicon-on-isolator (SOI) wafer. The input and 

output grating couplers are used to couple the light into and out of the device, 

respectively. The “G”, “S”, and “G” electrode pads are used to connect with 

a GSG high-speed RF probe, which is used to provide the RF signal to 

modulate the EO polymer modulator based on the SWG ring resonator. (b) 

The zoomed-in schematic of the SWG ring resonator. SWG is used for both 

the ring and the bus waveguide. The trapezoid SWG is used at the SWG bends 

to reduce the bending loss. A converter is used to convert between the 

conventional strip mode and SWG mode. SU-8 island is used to isolate the 

center electrode and ring resonator. The transparent region in (a) and (b) 

indicates the coated EO polymer. SEM images of the fabricated SWG ring 

resonator (c) and zoomed in images (d) (e) and (f). 
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The impedance of the electrodes versus the RF signal frequency & the central 

width, thickness, and gap are calculated and shown in Figure 4.5(a), (c), and (e), 

respectively. The impedance versus the RF signal frequency for several central widths, 

thickness, and gaps are shown in Figure 4.5(b), (d), and (f), respectively. As the central 

width decreases, thickness decreases, or gap increases, the impedance increases. The 

impedance is almost flat at 50 Ω when central width, thickness, and gap are 25 µm, 2.4 

µm, and 4 µm, respectively. Thus, the optimized optical coupling length Lc is decided by 

Lc = width – 2 x R + Gap, which equals 9 µm. 

 

    

   

Figure 4.5: (a) The impedance of the electrodes versus RF frequency and central width 

for electrode thickness 2.4 µm and gap 4 µm. (b) The impedance of the 

electrodes versus RF frequency at several central widths for electrode 

thickness 2.4 µm and gap 4 µm. (c) The impedance of the electrodes versus 

RF frequency and thickness for central width 25 µm and gap 4 µm. (b) The 

impedance of the electrodes versus RF frequency at several thicknesses for 

central width 25 µm and gap 4 µm. (e) The impedance of the electrodes versus 

RF frequency and gap for central width 25 µm and thickness 2.4 µm. (f) The 

impedance of the electrodes versus RF frequency at several gaps for central 

width 25 µm and thickness 2.4 µm. 

(a) 

(b) 

(c) 

(d) (f) 

(e) 
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4.4 HIGH SPEED MODULATOR FABRICATION 

The modulator is fabricated on a silicon-on-isolator (SOI) chip. The SWG ring 

resonator is patterned by e-beam lithography and reactive ion etching (RIE). A 2.6 µm 

thick SU-8 island is formed by photolithography to let the electrodes cross over the SWG 

waveguide without causing any optical loss. Then the electrodes are fabricated with the 

standard liftoff process. Finally, EO polymer is spin-casted and cured under 80°C for 5 

hours in the vacuum oven to assure the entire subwavelength structures are infiltrated. The 

detailed fabrication procedure can be found in Figure 4.6. The SEM of the fabricated SWG 

ring resonator is shown in Figure 4.4(c-f). 

4.4.1 Device fabrication 

The SWG ring modulator is fabricated on a silicon-on-isolator (SOI) chip. The 

fabrication procedures are listed in the following: (1) The SWG ring resonator is patterned 

by e-beam lithography and etched by RIE. (2) The silicon region underneath the electrodes 

is defined by photolithography and etched by RIE, as shown in Figure 4.6(a). (3) The SU-

8 island is formed by photolithography to let the electrodes cross over the SWG waveguide 

without causing any optical loss, as shown in Figure 4.6(b). (4) The electrodes are 

fabricated by e-beam evaporation and standard lift-off process, as shown in Figure 4.6(c). 

(6) The SEO125 is coated, cured, and poled. 
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Figure 4.6: (a) The SWG ring modulator is patterned by e-beam lithography and etched 

by RIE. (b) The SU-8 island is formed by photolithography to let the 

electrodes cross over the SWG waveguide without causing any optical loss. 

(c) The electrodes are fabricated by e-beam evaporation and standard lift-off 

process. The upper and lower images are the whole device and zoomed in at 

the ring resonator, respectively. The white bar at left-bottom corner indicates 

the length of 30 µm. 

 

4.4.2 Electric-optical polymer poling 

For electro-optical (EO) polymer device, EO polymer poling is one of the most 

important steps. The EO-polymer is poled at 150°C for 1 minute to align the chromophore 

molecules, and then the temperature slowly reduces to the room temperature for the 

following measurements. During this poling process, the leakage current is monitored. The 
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smaller leakage current indicates higher poling field across the EO polymer, that is, higher 

poling efficiency. At first the EO polymer are randomly aligned. When the hotplate is 

heated to 150 °C, the EO polymer reaches its glass transition temperature, thus EO polymer 

are aligned under the applied DC voltage. Even after the temperature is reduced, the aligned 

EO polymer will keep aligned. As seen in Figure 4.7, the maximum leakage current is 

around 1.5 nA, which indicates a high poling efficiency. 

 

 

Figure 4.7: The leakage current and poling temperature versus the poling time. 

 

4.5 RESULTS AND DISCUSSION 

The transmission of the fabricated SWG ring resonator is characterized by 

amplified spontaneous emission (ASE) broadband optical source and optical spectrum 

analyzer (OSA) [134,135]. To maximize the extinction ratio, a set of devices with different 

gaps are fabricated and measured. The spectra are summarized in Figure 4.8(a). The 

relation between the extinction ratio and the gap is extracted and plotted in Figure 4.8(b). 

The maximum extinction ratio is 25.9±3.5 dB, corresponding to an edge-to-edge gap of 
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500 nm between the bus waveguide and the ring resonator. The on-chip insertion loss of 

the modulator is around 4 dB. 

The extinction ratio decreases drastically to ~10 dB due to the scattering centers 

formed by non-uniform refractive index of the EO-polymer induced during poling [139–

141]. To characterize the poling efficiency, DC voltage is applied to the electrodes with a 

configuration shown in the inset of Figure 4.8(c). The red shift of the resonance is observed 

and plotted in Figure 4.8(c). The resonance shift versus the applied voltage is summarized 

in Figure 4.8(d). The orange solid line is the linear fitting of the measurement data, giving 

an averaged resonance shift of 41.3 pm/V. Thus, from the electro-optic effect Δ𝑛 = 

1

2
𝑟33𝑛3 𝑉

𝑑
 [142], the EO coefficient is estimated to 𝑟33 = 54.7 pm/V, corresponding to a 

poling efficiency of 43.8% compared to the EO coefficient of the bulk EO polymer. 

The setup to measure the optical response and side-lobe of the modulator is shown 

in Figure 4.8(e). The blue and red lines indicate the optical and RF signal, respectively. 

The top and bottom dashed boxes are used to measure the S21 response and side-lobes, 

respectively. The single wavelength light is generated by a tunable laser (Santec ECL200). 

A polarization maintaining fiber (PMF, OZ Optics PMF-1550-8/125-0.25-L) is used to 

couple the light into the modulator. The light from the output grating coupler is collected 

by a standard single mode fiber (SMF, Corning SMF-28) [134,135]. The RF signal, which 

is output from the port #1 of the vector network analyzer (VNA, Agilent N5230A), is 

applied to the sample via a GSG probe (Cascade ACP40-GSG-250). The aligned grating 

couplers and the applied GSG probe is shown in Figure 4.8(f). For the S21 response 

measurement, a high-speed photodiode (New Focus 1014 45-GHz) converts the optical 

signal into the RF signal, which is fed into the port #2 of the VNA. For the side-lobe 

measurement, the output optical signal from SMF is directly connected to the optical 

spectrum analyzer (OSA, ANDO AQ6317B). 
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The measured and normalized optical response of the SWG optical modulator is 

shown in Figure 4.8(g). The optical response is measured at the rising edge of the 

resonance, which is the black dashed line in Figure 4.8(c). The reflection from port #1 is 

subtracted during normalization. The measured 3-dB bandwidth is 41.4 GHz, and the 6-dB 

bandwidth is 44.1 GHz. The measured optical transmission spectra of the modulator 

operating at 8-26 GHz, as shown in Figure 4.8(h). The modulation index versus frequency 

is shown in Figure 4.8(i). The modulation index results are normalized to a 10 dBm launch 

power. The observed small signal bandwidth is limited by our measurement instruments 

(e.g. 2.92mm RF cables have a 3-dB bandwidth of 40 GHz). The potential bandwidth can 

be estimated by 
1

𝑓𝑐
2 =

1

𝑓𝜏𝑝
2 +

1

𝑓𝑅𝐶
2 , where 𝑓𝜏𝑝

and 𝑓𝑅𝐶 denote the photon lifetime and RC delay 

determined cutoff frequencies, respectively [143]. Since the Q factor of the resonator is 

~1000 after poling, corresponding to a photon lifetime of ~0.83 ps, the photon lifetime 

induced cut-off frequency 𝑓𝜏𝑝
=

1

2𝜋𝜏𝑝
= 192 GHz. The equivalent circuit of the modulator 

is shown in the inset of Figure 4.8(i). As the modulator is directly driven by the electric 

field between the gold electrodes with negligible resistance, 𝑓𝑅𝐶  is infinite. The cutoff 

frequency is therefore determined by photon lifetime. Basic on this analysis, the modulator 

can potentially operate at 192 GHz [143]. 

As aforementioned, due to the compact device footprint, lumped electrodes without 

termination are used to apply electrical signals. The power consumption is equivalent to 

charging and discharging two capacitors. The total capacitance [117] is estimated to be 0.4 

fF. According to Figure 4.8(c), assuming Vpp = 5.0 V is selected, which corresponds to a 6 

dB on-off ratio, the power consumption can be estimated by 
1

4
CV2 = 2.5 fJ/bit, assuming 

equal probabilities of logical ones and zeros and only transitions consume energy. The 

power consumption can be further improved by reducing the capacity, which can be readily 

achieved by reducing the size of the ring. 
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Figure 4.8: (a) The normalized optical spectrums with the gap size 450 nm, 500 nm, 550 

nm and 600 nm. (b) The measured extinction ratio versus the gap size between 

the bus and the ring. (c) The spectrum resonance shift after applied the electric 

field. The DC voltage is applied to the electrodes with a configuration in the 

insert. (d) the wavelength shift in picometer versus the applied electrical 

voltage. (e) The setup to measure the RF response and side-lobe of the 

modulator. The blue and red lines indicate the optical and RF signal, 

respectively. The top and bottom dashed boxes are used to measure the S21 

response and side-lobes, respectively. (f) The magnified view of the sample 

connected with fibers using the grating coupler and RF cables using the GSG 

probe. (g) The measured and normalized optical response versus the 

frequency. (h) The measured optical transmission spectra of the modulator 

operating at 8-26 GHz. (i) The modulation index versus frequency. The 

modulation index results are normalized to a 10 dBm launched power. The 

equivalent circuit of the modulator is shown in the insert. 
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4.6 SUMMARY 

We have demonstrated the first high-speed optical modulator based on electro-optic 

polymer infiltrated subwavelength grating waveguide ring resonator. Compared to a 

conventional strip waveguide, SWG structure increases the interactive volume between the 

optical signal and EO polymer. The measured 3-dB bandwidth is larger than 40 GHz. The 

power consumption for digital communication is 2.6 fJ/bit. The bandwidth can be further 

increased, and the power consumption can be further decreased by reducing the duty cycle 

or the size of the ring resonator. 
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Chapter 5:  On-chip time-division multiplexing and de-multiplexing 

system 

Significate effort in integrated photonics has been put in recent years into further 

increasing the bandwidth of the high-speed optical communication. Most of them are based 

on the wavelength-division multiplexing (WDM). However, such WDM system has more 

carrier wavelengths, which increases the complexity and reduce the non-regeneration 

distance. In this chapter, the 50 GHz optical time-domain multiplexing and de-multiplexing 

system is designed based on IMEC iSiPP50G platform. The multiplexing system combines 

4 channels of 12.5 GHz RF signals to a 50 GHz optical signal. The de- multiplexing system 

converts the 50 GHz multiplexed optical signal back to 12.5 GHz RF signal. 

5.1 INTRODUCTION 

The rapid growth of telecommunication networks and data transportation 

technology have attracted a lot of research interest in high-speed optical and electronic 

devices and systems. Especially, optical fiber communication becomes more and more 

important for the data center, 5G mobile network, internet of thing (IoT), etc. [144] because 

of its advantages over electrical communication, such as transmission capacity, high 

security, low power consumption, low cost, low cross-talk, and low EMI. 

A straight forward approach to increase the bandwidth is to increase the number 

and density of the carrier wavelength in the wavelength division multiplexing (WDM) 

system [145] or mode-division multiplexing (MDM)  [146]. However, such a system has 

a very complex system and significantly reduced the non-regeneration distance [147]. To 

simply the system and increase the bandwidth, I have designed the optical time-domain 

multiplexing and de-multiplexing system [148] in this chapter. The time-domain 
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multiplexing and de-multiplexing system uses only one wavelength 1.55 um, which greatly 

simplifies the system. 

5.2 RING RESONATOR 

To demonstrate the multiplexing and de-multiplexing system, a ring resonator from 

IMEC is used as the building block. The layout of such a ring resonator can be found in 

Figure 5.1. This ring has a radius of 5 um with a gap size 150 um between ring and bus 

waveguide. The FSR (free spectral range) and Q-factor is 19.2 nm and 2200, respectively. 

The measured S21 3dB bandwidth is 47 GHz. 

 

 

Figure 5.1: The layout of a ring resonator. The size of the electrical pads is 60um * 80um. 

 

To study the properties of this ring resonator, Lumerical INTERCONNECT with 

IMEC CML library is used for the simulation. The schematic of the setup to simulate the 

resonance shift of a ring resonator is shown in Figure 5.2(a). The optical network analyzer 

(ONA_1) is used to supply an optical signal to the ring resonator and analyze the output 
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signal. The DC power supply (DC_cathode) fixes at 0 V, and another DC power supply 

(DC_anode) is set a negative voltage for the reverse bias of the ring resonator. The output 

signal received by the optical network analyzer is shown in Figure 5.2(b). 

 

 

 

 

Figure 5.2: (a) Schematic to simulate a ring resonator using Lumerical 

INTERCONNECT and IMEC CML library. (b) The resonance shift of a ring 

resonator with reverse bias voltage. 

 

(a) 

(b) 
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5.3 TIME-DIVISION MULTIPLEXING SYSTEM 

The schematic of optical time-domain multiplexing (MUX) system is illustrated in 

Figure 5.3. In the multiplexer, light from a distributed feedback (DFB) laser is split into 4 

channels. Each channel is modulated by the 12.5 GHz electrical signal. The pulse train 

from a pulse generator with 12.5 GHz repetition rate and 20 ps pulse width is also split into 

4 channels and a time delay of 20(n-1) ps is introduced into channel n. The pulse train is 

used to periodically turn on the high-speed switch and couple the 12.5 GHz signal into the 

bus waveguide while reducing the signal duration from 80 ps to 20 ps and adding a time 

delay of 20(n-1) ps. A 50 GHz signal is obtained by combining all the signals of 4 channels 

with time delay spacing of 20 ps. 

 

 

Figure 5.3: Optical time-domain multiplexing system. 

 

The layout of such an optical time-domain multiplexing system is shown in Figure 

5.4(a). The grating couplers are arranged at one side for the fiber array. There is one LO 
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(local oscillator) optical input, four optical inputs for optical switches, four GS RF inputs 

for ring modulators, and one optical output. Three 1x2 Multimode Interference (MMI) is 

used for power splitting and three Y-branches are used for power combining. For the initial 

demonstration, the optical switches are replaced as optical ring modulators, as shown in 

Figure 5.4(b). 

 

 

 

 

Figure 5.4: (a) The layout of an optical time-domain multiplexing system using all optical 

switches. (b) The layout of an optical time-domain multiplexing system, 

which replaces the all optical switches as ring modulators. The black bar at 

right-bottom corner indicates a length of 60 um. 

 

An optical time-domain multiplexing system is simulated by Lumerical 

Interconnect. The digital PRBS signals of path 1-4 are loaded from 4 random sequences, 

then the electrical signals for optical modulators are converted from the corresponding 

PRBS signals. Then, the switches are used to select the corresponding channel. Grating 

couplers are used to input the local oscillator signal and output the multiplexed signal. The 

schematic of the simulation is shown in Figure 5.5. 

 

(b) 

(a) 
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Figure 5.5: Schematic to simulate an optical time-domain multiplexing system using 

Lumerical INTERCONNECT and IMEC CML library. 

 

The waveform of the signal through the optical time-domain multiplexing system 

is calculated using Lumerical Interconnect. The waveform for channel 1, 2, 3 and 4 is 

shown in Figure 5.6, Figure 5.7, Figure 5.8, and Figure 5.9, respectively. The signal 1-4 is 

generated as the random 1-bit number series. The optics M1-4 is the optical signal 

modulated by the random number series. The switch 1-4 is the 50 GHz pulse with 20 ps 
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pulse width and 20(n-1) ps delay for channel n. The optics CH1-4 is the corresponding 

optical signal after switching for each channel. 

 

 

Figure 5.6: The waveform for channel 1 of the optical time-domain multiplexing system 

with the random signal as the input signal for modulators. 

 

 

Figure 5.7: The waveform for channel 2 of the optical time-domain multiplexing system 

with the random signal as the input signal for modulators. 
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Figure 5.8: The waveform for channel 3 of the optical time-domain multiplexing system 

with the random signal as the input signal for modulators. 

 

 

Figure 5.9: The waveform for channel 4 of the optical time-domain multiplexing system 

with the random signal as the input signal for modulators. 

 

The last step for the multiplexing system is combining all the channel together, 

which waveform is shown in Figure 5.10. Figure 5.10(a-d) are the signal from each channel 

in Figure 5.9. Figure 5.10(e) and Figure 5.10(f) are the combined signal of CH1+CH2 and 
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CH3+CH4, respectively. The resulted multiplexed signal is shown in Figure 5.10(g), which 

is CH1+CH2+CH3+CH4. 

 

 

Figure 5.10: The waveform for (a) channel 1, (b) channel 2, (c) channel 3, (d) channel 4, 

(e) combining channel 1 and channel 2, (f) combining channel 3 and channel 

4, and (g) the multiplexed signal (combining channel 1-4) of the optical time-

domain multiplexing system. 

 

5.4 TIME-DIVISION DE-MULTIPLEXING SYSTEM 

The schematic of optical time-domain de-multiplexing (DEMUX) systems are 

illustrated in Figure 5.11. The de-multiplexing is the reverse of the multiplexing procedure. 

To de-multiplex the signal in 𝑛-th time division, a pulse train with time delay of 20(n-1) 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 
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ps is used to control the switch. The corresponding signal is dropped out and converted 

back into the 12.5 GHz signals through photodetectors. 

 

 

Figure 5.11: Optical time-domain de-multiplexing system. 

 

The layout of such an optical time-domain de-multiplexing system is shown in 

Figure 5.12(a). The grating couplers are arranged at one side for the fiber array. There is 

one LO (local oscillator) optical input, four optical inputs for optical switches, four outputs 

for dropped signal, and one residual optical output. The add-drop structure is used to drop 

the signal of the selected channel. For the initial demonstration, the optical switches are 

replaced by electrical optical ring modulators, as shown in Figure 5.12(b). 
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Figure 5.12: (a) The layout of an optical time-domain de-multiplexing system using all 

optical switches. (b) The layout of an optical time-domain de-multiplexing 

system, which replaces the all optical switches as ring modulators. The black 

bar at right bottom corner indicates a length of 60 um. 

 

An optical time-domain de-multiplexing system is simulated by Lumerical 

Interconnect. The multiplexed signal in Figure 5.10 is input to the de-multiplexing system 

by a grating coupler. Then, the optical signal of each channel is de-multiplexed by the 

switch. The schematic of such a de-multiplexing system is shown in Figure 5.13. 

 

(a) 

(b) 
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Figure 5.13: Schematic to simulate an optical time-domain de-multiplexing system using 

Lumerical INTERCONNECT and IMEC CML library. 

 

The multiplexed signal in Figure 5.10 is feed into the de-multiplexing system. The 

de-multiplexing optical signal for each channel is dropped out by the high-speed switch, 

which is shown in Figure 5.14. 
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Figure 5.14: The waveform of the optical signal after the switch of each channel for the 

optical time-domain de-multiplexing system. 

 

5.5 TIME-DIVISION DE-MULTIPLEXING SYSTEM WITH ON-CHIP PHOTODIODE 

The on-chip photodiode is made by Germanium on a silicon doped vertical PIN 

diode. The responsivity at -1 V is 0.8 A/W, which the bandwidth at -1 V is 50 GHz. The 

dark current at -1 V and -2 V is 10 nA and 80 nA, respectively. The layout of such a 

photodiode is shown in Figure 5.15. 

 

 

Figure 5.15: The layout of a Ge photodiode. The size of electrical pads is 60um*80um. 
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The layout of such an optical time-domain de-multiplexing system with Ge 

photodiodes is shown in Figure 5.16(a). The grating couplers are arranged at one side for 

the fiber array. There is one LO (local oscillator) optical input, four optical inputs for 

optical switches, four outputs for dropped signal, and one residual optical output. The add-

drop structure is used to drop the signal of the selected channel. Then, the optical signal of 

each channel is converted back to electrical signal by the Ge photodiodes. For the initial 

demonstration, the optical switches are replaced by electrical optical ring modulators, as 

shown in Figure 5.16(b). 

 

 

 

 

 

Figure 5.16: (a) The layout of an optical time-domain de-multiplexing system with Ge 

photodiodes using all optical switches. (b) The layout of an optical time-

domain de-multiplexing system with Ge photodiodes, which replaces the all 

optical switches as ring modulators. The black bar at right-bottom corner 

indicates a length of 60 um. 

(a) 

(b) 
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An optical time-domain de-multiplexing system with Ge photodiodes is simulated 

by Lumerical Interconnect. The multiplexed signal in Figure 5.10 is input to the de-

multiplexing system by a grating coupler. Then, the optical signal of each channel is de-

multiplexed by the switch. The schematic of such a de-multiplexing system is shown in 

Figure 5.17. 

 

 

Figure 5.17: Schematic to simulate an optical time-domain de-multiplexing system with 

Ge photodiodes using Lumerical INTERCONNECT and IMEC CML library. 

 

The multiplexed signal in Figure 5.10 is feed into the de-multiplexing system with 

Ge photodiodes. The de-multiplexing optical signal for each channel is dropped out by the 

high-speed switch. Then the optical signal is converted back to electrical signal by the Ge 

photodiodes, which results are shown in Figure 5.18. 
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Figure 5.18: The waveform of the electrical signal after the photodetector of each channel 

for the optical time-domain de-multiplexing system. 

 

5.6 SUMMARY 

We have simulated the optical time-domain multiplexing and de-multiplexing 

system. 4 channels of 12.5 GHz RF signals are used as input signal to modulate the optical 

signal generated by a distributed feedback (DFB) laser. Then, 4 channels of the 50 GHz 

switches are used to multiplex the 4 channels of 12.5 GHz optical signal into a 50 GHz 

optical signal. The de-multiplexing system converts the 50 GHz multiplexed optical signal 

back to 12.5 GHz RF signal. Higher multiplexing and de-multiplexing speed can be 

achieved by using pulse generator with narrower line width and larger repetition rate. An 

external Digital Signal Processing (DSP) circuits can be used to actively improve the signal 

quality of the optical multiplexing and de-multiplexing system. 
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Chapter 6:  Conclusion 

6.1 CONCLUSION 

In this dissertation, several polymer-based integrated photonic waveguide devices 

are demonstrated for interconnects. 

Firstly, a mode transformer based on the quasi-vertical taper is demonstrated to 

enable high coupling efficiency from a standard SMF into a single mode polymer rib 

waveguide for optical inter-board interconnects. A triangular region fabricated above the 

waveguide is adopted to adiabatically transform the mode from the fiber into the polymer 

waveguide. A quasi-vertical taper for the polymer rib waveguide system is designed, 

fabricated, and characterized. Coupling losses of 1.79±0.30 dB and 2.23±0.31 dB per 

coupler for quasi-TM and quasi-TE mode, respectively, are measured across the optical 

communication C and L bands (1535 nm - 1610 nm). Due to the utilization of standard low 

cost SMFs for packaging, the overall packaging cost and packaging efforts for the single 

mode polymer photonic system can be minimized. 

Secondly, a thermo-optical switch, 2-bit TO TTD module, and a RF transmission 

system with ±60° steering angle are demonstrated, utilizing the etch-free and roll-to-roll 

compatible fabrication process for fabricating very large-area polymer photonic systems 

utilizing large-area imprinting and inkjet printing processes. The time delays of 0.64 ps, 

10.74 ps, 22.90 ps, and 35.39 ps are measured for 0∆𝜏, 1∆𝜏, 2∆𝜏, and 3∆𝜏 configuration 

of the 2-bit TO TTD module, respectively. A 1x4 X-band PAA system is setup and RF 

beam steering at 0°, ±16.78°, ±35.26°, and ±60° is demonstrated. Such a true-time-delay 

(TTD) enabled beam steering networks provide several advantages over their electronic 

counterparts, including squint-free beam steering, low RF loss, immunity to 

electromagnetic interference (EMI), and large bandwidth control. 
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Thirdly, the first high-speed optical modulator based on electro-optic polymer 

infiltrated subwavelength grating waveguide ring resonator is demonstrated. SWG 

structure increases the interactive volume between the optical signal and EO polymer, 

compared to a conventional strip waveguide. The power consumption for digital 

communication is 2.6 fJ/bit. The 3-dB modulation bandwidth of the fabricated modulator 

is measured to be larger than 40 GHz occupying an area of 70 µm x 29 µm, which is the 

largest bandwidth and the most compact footprint that has been demonstrated for the ring 

resonators on the silicon-organic hybrid platform. 

Finally, the 50 GHz optical time-domain multiplexing and de-multiplexing system 

is designed based on IMEC iSiPP50G platform. The multiplexing system combines 4 

channels of 12.5 GHz RF signals to a 50 GHz optical signal. The de-multiplexing system 

converts the 50 GHz multiplexed optical signal back to 12.5 GHz RF signal. 

6.2 FUTURE DIRECTION 

In Chapter 5, I have designed an optical time-domain multiplexing and de-

multiplexing system. However, it is based on electrical switch, which speed is around 50 

GHz. In the future, the electrical switch can be replaced by all-optical switches. And the 

channel number can be increase to hundreds. The schematic of such a multiplexing and de- 

multiplexing system is shown in Figure 6.1. The speed of all-optical switch is around 1 

THz. Thus, the multiplexing system can combine hundred channels of few GHz electrical 

signal into a 1 THz optical signal, and the de- multiplexing system can separate the 1 THz 

optical signal back to few GHz electrical signal. The multiplexed optical signal can 

propagate inside an optical fiber, which can travel a long distance and is immune to 

electromagnetic interference (EMI).  
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Figure 6.1: Optical time-domain (a) multiplexing and (b) de-multiplexing system. 

  

(a) 

(b) 
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