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ABSTRACT	
	

Integrated	Optical	Delay	Line	Circuits		
on	a	Ultra-low	Loss	Planar	Waveguide	Platform	

	
by	

	
Renan	L.	Moreira	

	
	

 Photonic integrated circuits (PICs) play a major role in the advancement of optical 

networks. One of the constraints of PICs is the high propagation loss of optical waveguides. 

As the complexity in PICs increases, so does the power usage and heat generation; therefore, 

bringing “fiber-like” losses on-chip would not only allow for the improvement of chip 

performance, but it would also revolutionize delay line technologies allowing longer delay 

lines to be integrated on chip, otherwise not practically feasible. The design of such 

waveguides and optical circuits requires a balance of numerous tradeoffs between mode-size, 

bending radius, and footprint, to name a few. Herein, we present the design and fabrication of 

optical delay line circuits using an ultra-low loss waveguide platform, which utilizes a high 

aspect ratio buried Si3N4 core planar waveguide. 

 Optical delay line circuits are defined here as any optical circuit that requires the 

optical signal to be delay by a certain amount of time for its proper functionality. Such 

devices are used in many applications ranging from medical to sensing and national defense. 

In this dissertation we present the integration of three optical delay line circuits: Tunable true 

time delay for broadband phased array antennas application, a programmable dispersion 

compensation filter, and an optical gyroscope waveguide coil. The design tradeoff, 

fabrication, and results for each circuit are present and highlighted in detail. 
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Chapter 1 

Introduction 

1.1 Photonic Integration 

The history of photonic integration can be traced back to the first paper on integrated optics 

written by Stewart Miller in 1969 [1]. Since then, multiple photonic devices and circuits have 

been integrated, from the first continuous wave (CW) semiconductor laser in 1970 [2] to 

optical routers containing over 200 functional elements in 2009 [3]. Photonic integrated 

circuits (PICs) address important issues in the area of data communications by leveraging 

integration scale for reduced cost, footprint, power, and increased performance [4]. Although 

optical communications is one of the primary applications and the main drive of photonic 

integration, PICs can also be found in other applications such as sensing [5], medicine [6], 

and national defense [7]. 

 The most widely used integration platforms are shown in Figure	1. Each platform has 

its own unique strength and weaknesses and as a result can provide various benefits and 

tradeoffs based on the requirement of the end application.  The table in Figure	1 also shows 

the most common application for each platform. Comparing each platform one-to-one 

becomes challenging, as many of the platform’s properties are dependent on the type of 

device and optical circuit used independent of the material system. For example, numerous 

InP-based integration platform with different characteristics have been developed, such as 

offset quantum well, butt-joint growth, selective area growth, quantum well intermixing. 
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Therefore, here we make general observations regarding each of the platforms advantages 

and disadvantages. From the list provided, the lowest integrated waveguide losses were 

demonstrated on two different types of waveguides, which are the silicon nitride core 

waveguide and the doped silica core waveguide. The silicon nitride core waveguide is the 

platform used in this dissertation and is discussed in more depth in the next chapter. The 

doped silica core waveguides have demonstrated losses of 3 dB/m and 7 dB/m for index 

contrasts of 0.75% and 2%, respectively. The low index contrast, low phase errors, low 

polarization dependent loss, and low propagation loss make this platform a good candidate 

for filtering applications [10, 11], where the low contrast limits this platform to large 

footprint applications. The next platform is polymer planar lightwave circuits, which have the 

advantage of low cost fabrication with spin coating techniques and a photosensitive polymer 

for patterning which requires no etching process. Because polymers have a thermo-optic 

coefficient an order of magnitude higher than silica, they are often used on VOAs and 

Modulators [12, 13]. The major disadvantage of such platform is the polymer requirement for 

low temperature processes making it incompatible with many other fabrication techniques.  

 Following polymer waveguides are lithium niobate (LiNbO3) waveguides, which 

have a large linear electro-optic coefficient and therefore are used primarily for high-speed 

modulators and switches [14]. Unfortunately, since LiNbO3 is a uniaxial crystal it has a very 

large birefringence and high propagation loss. 

Between the last two platforms InP and SOI, InP is the most mature system for integrated 

photonics device and has the advantage of having a direct bandgap, which allows for 

efficient emission and absorption of light. For that reason, InP is most often used in the 

integration of lasers, detectors, and electro absorption modulators [15, 16], but the platform is 
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high in cost and limited to smaller wafers when compared to Silicon. Lastly, waveguides 

have also been realized on silicon on insulator (SOI). Unlike InP, silicon is an indirect 

bandgap semiconductor and therefore has no efficient light emission. Silicon waveguides 

have the advantage of being low cost material and can potentially be CMOS compatible. 

Since Si has a large index contrast with respect to a silica cladding, very compact devices can 

be manufactured. 

 
 

Platform Advantages Disadvantages Application 
Silicon 
Nitride 

core 

• Low propagation loss (1-7 
dB/m, <1 dB/m for high 
aspect ratio) 

• Low coupling loss (< 1dB 
with spot size converter 

• Bend radius between 1 to 
10 mm depending on 
geometry 

• No detectors 
• No electrically pumped 

gain 
• Highly birefringent 

• Mux/Demux 
[8] 

• Filters [9] 

Doped 
Silica 
core 

• Low propagation loss (3-7 
dB/m) 

• Low coupling loss (< 1dB 
with spot size converter 

• Low polarization dependence 
(square core) 

• Large footprint (Min. bend 
radius > 5 mm) 

• No detectors 
• No gain 
• Weak thermo-optic effect 

• Mux/Demux 
[10] 

• Filters [11] 

Polymer • Low birefringence 
• Strong thermo-optic 
• Strong electro-optic effect 

• Reliability issues due to 
polymer 

• Low index contrast (< 1.5 
%) 

• Not suitable for high 
temperature process 

• Modulators 
[12] 

• VOAs [13] 

Lithium 
Niobate 

• Strong electro-optic, acousto-
optic, and piezo-electric 
effects 

• Birefringent • Modulators 
[14] 

InP • Small footprint (high index 
contrast in 1D) 

• Efficient laser 
• Strong electro-optic effect 

(high-speed) 

• Expensive (Scarce 
material) 

• Loss > 0.5 dB/cm 
 

• Transmitters 
[15] 

• Receivers 
[16] 
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SOI • Cheap cost (widely available 
material) 

• Small footprint (high index 
contrast in 2D) 

• High yield (CMOS 
compatible) 

• No laser (indirect bandgap 
material) 

• Losses ~ 2dB/cm 

• Modulator 
[17] 

Figure 1. Widely used platforms for photonic integrated circuits (PICs). 

 
 This dissertation explores the integration of optical delay line circuits (ODLC) on a 

high aspect ratio Si3N4 waveguide core listed as the first item in Table	 2. Although such 

platform lack integrated active capabilities it has demonstrated world record propagation 

losses of 0.1 dB/m [24]. This platform is therefore suitable for integrating delay line circuits 

where low attenuation is required in cascading long delay lines essential in realizing many of 

the complex processing functions of ODLC. Figure	 2 shows an example of such circuit 

where 4 unique optical delays lines are cascaded to a total of more than 2 meters in 

propagation length; such circuit is used as true a time delay in optical beamforming and will 

be studied in detail in Chapter 4. 

 

Figure 2: Optical delay line circuit example. True time delay for optical beamforming with total propagation 
length greater than 2 meters. 

	
 Low attenuation alone it is not sufficient when considering an integration platform for 

optical delay line circuits. If a planar lightwave circuit (PLC) is to be used as part of an 

overall optical system then the PLC interfacing with fiber and/or other devices must be taken 
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into account if the processed signal is to be extracted. Optical mode-field mismatch between 

the fundamental mode of the integrated waveguide and that of the optical fiber can cause a 

large amount of loss. Device coupling loss becomes of great importance as the refractive-

index contrast (Δ) of the integration platform increases. Index contrast can be calculated 

based on the refractive index of the core (ncore) and the refractive index of the cladding (nclad) 

as following: 

∆ =  
𝑛!"#$! −  𝑛!"#$!

2𝑛!"#$!
 

Waveguide optical confinement is therefore is directly related to the index contrast. The 

lower the index contrast, the easier it is to match the optical mode between the waveguide 

and the optical fiber due to the weakly confinement. However, decreasing index contrast 

increases the minimum bend radius and thus the overall device footprint.  As a result, three 

parameters must be investigated before selecting the proper platform: coupling loss, bend 

radius, and attenuation. Table	1 summarizes all 6 major integration platforms with respect to 

three just mentioned parameters. Index contrast is also included as a comparison metric. It is 

important to note that the table is not meant to compare state-of-the-art devices but instead 

the list attempts to provide overall average values for all the platforms. The coupling losses 

for platforms such as InP and silicon have been demonstrated to reach values around 2 

dB/facet through the use of various spot size converters (SSC). It is crucial to mention that 

such losses come at the cost of complex fabrication and such approach must be evaluated 

when selecting the proper platform. Overall, the silicon nitride planar lightwave circuit 

platform provides an  ultra-low loss propagation loss with coupling losses < 1 dB with bend 

losses around 1 mm; and therefore, outweighs all the other platforms when comparing in 

regards to the integration of optical delay line circuits. 
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Platform Si3N4 Doped 
silica 

Polymer LiNbO3 InP Silicon 

Index 
contrast 
(%) 

23 0.7 0.7 1 10 40 

Coupling 
Loss (dB) <1 <1 <1 <1 

2 
(complex 

SSC) 

2 
(complex 

SSC) 
Bend loss 
(mm) 1 7 7 0.2 0.1 0.02 

Attenuation 
(dB/cm) 0.001 0.05 0.05 0.2 2.5 2 

Table 1. Index contrast, coupling loss, bend loss, and attenuation for all 6 major integration platforms. 

	
 Analogous to electronic integration, photonic integration provides many advantages 

over bulk component based systems, by reducing size, cost, and power consumption, while 

increasing manufacturability and reliability. However, there are other areas where photonic 

integration has historically not been able to replace bulk optical component realizations, 

including optical isolation, polarization splitting, and low propagation losses.   

 Many photonic applications benefit greatly from the ability to achieve fiber-like 

losses on an integrated platform, in particular, systems that require optical delay lines. 

Delaying an optical signal is a valuable function for many applications including optical 

buffering [18], packet synchronization [19], optical beamforming [20], microwave signal 

processing [21], optical coherence tomography [22], and optical gyroscopes [23]. One of the 

simplest ways to realize a time delay on a non-integrated system is to propagate light through 

a physical distance, typically done via a fiber coil. To achieve such functionality (optical 

delays) on an integrated device becomes challenging, because propagation losses and bend 

losses on most platforms limit the total length and footprint of integrated “fiber” coils. Low 

propagation loss is required to achieve long delay lengths without significant signal 

attenuation, while a small bend radius allows for small overall footprints. Without proper 
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optimization of the integration platform for waveguide loss and bend radius, the integration 

of optical delay line circuits becomes impractical. A sacrifice of propagation loss or footprint 

can degrade the system performance in such a way that most benefits from photonics 

integration (stability, power consumption, and cost) become outweighed. 

 The primary focus of this dissertation is on the integration of state-of-the-art optical 

delay line circuits on a novel ultra low-loss waveguide (ULLW) platform developed at 

UCSB, capable of achieving record low propagation loss at a variety of bend radii [24]. 

Figure	3 below shows a plot of waveguide propagation loss versus bend radius for several 

integration platforms. The red filled diamonds represent all of the designs established at 

UCSB; these designs push the state-of-the-art boundary as shown in the figure. This ultra 

low-loss waveguide (ULLW) platform allows for long delay lines to be integrated with low 

insertion loss at smaller footprint when compared to other integration platforms. The required 

amount of propagation loss and minimum bend radius for optical delay line circuits are 

application dependent and will be discussed in the next section. 

 
Figure 3. Planar waveguide propagation losses from literature as a function of bend radius. Filled red 

diamonds represent the waveguide losses from UCSB designs. This figure is taken from [25]. 

	



 

 8 

1.2 Optical Delay Line Circuits 

Many implementations of tunable optical delay lines exist for various applications regardless 

of the integration platform. Some of the most common delay methods are often based on ring 

resonators [26], Bragg grating [27], and photonic crystals [28], but all of these schemes have 

their own disadvantages. A high finesse ring resonator cavity can achieve high amounts of 

group delay at its resonance at the cost of narrower bandwidth [29] and also pulse distortion 

when operating on the edge of the filter function due to the high group velocity dispersion 

(GVD). Grating based tunable delay lines use a chirped grating to create a time delay and a 

tunable laser source to tune the delay length [30]. The laser requirement for this approach 

makes this scheme costly if a large number of delay elements are required. Lastly, photonic 

crystals use the slow light effect to create an optical delay [31] but have high propagation 

loss as a major drawback. The loss in photonic crystal waveguides has shown to be 

proportional to the square of the group index [32]. Thus the simplest method of creating an 

optical delay line, as previously stated, is through the propagation of the signal via a 

waveguide of finite length to generate the required time delay. The amount of delay of this 

approach is only limited by the platform’s propagation loss and bend radius, and as a result 

the ULLW platform plays a major role on the integration of such devices. Therefore, optical 

delay line circuits (ODLCs) defined in this dissertation use finite waveguide propagation to 

create delay lines, in contrast to the previously mentioned approaches.  

 This work builds upon previously established building blocks on the ULLW platform 

by demonstrating the integration of complex planar lightwave circuits not practically 

achievable on any other platform, in particular the integration of optical delay line circuits. 
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 Three optical delay line circuits with very different design constraints were chosen to 

show the proper platform design while achieving record device performance for each 

application as a direct consequence of the ULLW platform. These three applications are 

summarized below with each constraint described in Table	2. 

Applications 
I. Variable true time 

delay for phased 
array antennas 

II. Programmable 
dispersion 

compensating filter 

III. Optical 
gyroscope 

Delay line 
length ranges 

1-2 meters 10-30 cm 3-5 meters 

Waveguide 
loss 

~ 1 dB/m 5-10 dB/m < 1 dB/m 

Footprint Not critical (10-50 
cm2) 

< 5 cm2 ~ 5 cm2 

Table 2. Optical delay line circuits presented in this dissertation with each constraint for length and footprint 
listed 

	
 The first application of a true time delay, for broadband phased array antennas, was 

chosen to highlight the platform’s ultra-low loss by demonstrating a tunable delay length 

greater than 2 meters, see Figure	 2 above for reference. The second application is a 

dispersion-compensating filter, which was chosen to demonstrate the platform’s ability to 

provide low loss at small footprints over prior state of the art devices. Table	 4 compares 

current state-of-the-art dispersion compensating filter with the device presented in this 

dissertation highlighted in green. As can be seen from the table the UCSB device 

outperforms state of the art with respect to footprint with no major degradation to device 

performance. 
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Table 3. State-of-the-art integrated dispersion compensating filters. 

	
The third application utilizes a new low loss 3D architecture to address both, ultra low loss 

and compact footprint to an integrated fiber coil for optical gyro applications, which is a 

major contribution of this thesis. Figure	 4 shows an example of a fabricated 3-meter coil 

with losses of 3 dB/m with a footprint smaller than a quarter.  

 

Figure 4. Fabricated 3-meter waveguide coal together with a silicon photonics optical gyro frontend. 

	
 The subsequent chapters introduce each application in more detail, provide the 

appropriate design, describe the fabrication procedures, and present the measured 

performance of each fabricated device. 
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1.3 Thesis Outline 

In chapter 1, the advantages of photonic integration are presented together with 

multiple integration platforms. The ultra low loss waveguide (ULLW) platform is briefly 

mentioned and three different optical delay line applications are identified for the purpose of 

integration. 

 Chapter 2 describes the ULLW platform and its fabrication procedures together with 

the process optimization required to achieve the ultra low loss characteristics. Chapter 3 

describes all of the fundamental building blocks required to fabricate and design the planar 

lightwave circuits described herein. In Chapter 4, the optical true time delay circuit for 

application on broadband phased array antennas is introduced together with some design 

requirements to highlight the waveguide’s ultra low propagation loss. Two generations of 

device design and fabrication will be presented with test results shown for both. Chapter 5 

proceeds to apply the platform for the integration of an all-optical dispersion compensation 

filter that was chosen in order to highlight the platform’s ability to provide low loss with a 

compact footprint when compared to other platforms. Chapter 6 introduces the third and final 

application of this thesis, which is an integrated optical gyroscope. The optical gyroscope 

model is first presented and the gyroscope coil designed accordingly. The chapter shows 

results of a potential integrated optical gyroscope coil and uses simulations to estimate its 

gyro performance. Chapter 7 continues with the same application of integrated optical 

gyroscope but introduces a low loss vertical coupler. The vertical coupler allows for multi-

layer integration as a way of mitigating the platforms loss vs. footprint tradeoff. Finally, a 

summary and conclusion are provided in Chapter 8 together with the future direction of this 

research. 
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Chapter 2 

Ultra-Low Loss Waveguide (ULLW) 

Platform 

2.1 Introduction 

 Successful planar lightwave circuit design and fabrication depend largely on the 

materials and fabrication processes used. For example, for proper device functionality the 

material’s index of refraction and thicknesses must be accurately controlled. Processes such 

as etching and deposition must be optimized to minimize roughness and material absorption. 

Therefore, careful material and fabrication method selection is mandatory. This chapter will 

focus solely on the design, fabrication, and procedure optimization of the ultra-low loss 

waveguide (ULLW) platform.  

 The ULLW platform used in this work was first demonstrated by Jared Bauters and et 

al. [1] and showed world record waveguide losses of < 0.1 dB/m with coupling losses of 0.91 

dB/facet [2]. The main contribution of the new platform was the achievement of waveguide 

propagation losses closer to fiber-like losses on chip. This novel design makes the integration 

of delay line circuits now feasible at a low insertion loss cost. The ultra low loss was 

achieved through intensive material and waveguide geometry optimization studies. This 

chapter presents the ULLW platform explaining the design tradeoffs and the fabrication 

procedure. 
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2.2 Waveguide structure overview 

 A schematic of the cross-sectional structure of the standard ultra-low loss waveguide 

is shown in Figure	5. The waveguide consists of a buried silicon nitride core (n = 1.99) and a 

silicon dioxide cladding (n = 1.45). The index contrast between the waveguide core and the 

waveguide cladding is one of the fundamental parameters of an integrated optical waveguide. 

To achieve a high-density of photonic integration, a high-index contrast is mandatory for the 

tight confinement required for the small bend radii. On the other hand, high-index contrast 

usually means high propagation loss due to roughness at the waveguide boundaries between 

the core and the cladding. One of the main sources of losses in an optical waveguide is 

fabrication-induced roughness at the waveguide sidewalls followed by material absorption 

[3]. Therefore, in order to achieve a low propagation loss at a tight bend radius, a high index 

contrast core is required without compromising the loss. 

 
Figure 5. (Left) Schematic of ULLW platform structure. (Right) Electrical field intensity for the fundamental 

mode for a 2.8 µm x 90 nm waveguide. The waveguide structure is outlined in white showing an optical 
confinement < 10%. 

 The ULLW platform achieves record low losses through a geometry driven approach. 

By incorporating a high-aspect-ratio core geometry, where the waveguide core is much wider 
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than it is thick, the overlap between the optical mode and the sidewall roughness can be 

minimized thus improving waveguide loss. Because decreasing the core thickness also 

decreases the optical confinement, the waveguide core width is increased to increase 

confinement and allow for a tighter bend radius. Figure	 5 (Right) shows the fundamental 

optical mode for a waveguide geometry of 2.8 µm by 90 nm, where the mode confinement in 

the core is approximately 10%. This waveguide geometry has a propagation loss of 3 dB/m at 

a minimum bend radius of 1mm, as it will later be shown.   

 Through careful optimization of core geometry, an ultra-low loss waveguide can be 

achieved at a small bend radius. Material selection also plays a major role in the platform 

performance especially when considering material absorption. Stoichiometric silicon nitride 

as a waveguide core provides material stability and a high index contrast with SiO2 cladding 

required for the tight bend radius. With the proper deposition method of silicon nitride, 

nanometer thickness accuracy and low surface roughness can be attained. A full description 

of the platform is found in [4]. 

Figure	 13 shows the effect of the waveguide geometry on the effective indices for a 

waveguide core thickness of 90nm. The effective indices of TE and TM fundamental modes 

show a large difference indicating a high birefringence that gives the waveguide polarization 

maintaining properties. Because of this property of the platform, the ULLWs are meant to 

operate in TE polarization only. The single-mode condition is also highlighted on the plot, 

which corresponds to a 3 µm wide waveguide for a 90 nm thick waveguide core.  The 

following sections describe the fabrication procedures and the major contributing loss 

components of the platform. 
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Figure 6. Core width dependence of the effective indices of ULLW for core thickness of 90nm. 

	

2.3 Fabrication 

 The general steps in fabricating buried channel waveguides on the ULLW platform 

are described in this section. The fabrication steps are outlined in Figure	 7 below. The 

waveguide fabrication is done on a prime grade <100> P-doped 100 mm Si substrate. The 

substrate thickness varies between 500 µm and 1 mm depending on the amount of wafer bow 

acquired due to material stress. A complete discussion of stress during fabrication can be 

found in the Appendices.  
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Figure 7. ULLW fabrication summary 

	
 The first step in the process is the deposition of the lower cladding. Due to the high 

aspect ratio of the waveguide design, the optical mode is mostly in the waveguide cladding, 

where in certain designs less than 10% is confined in the waveguide core. Therefore, the 

choice of cladding material is of crucial importance. Among all of the various SiO2 

deposition methods, thermal oxidation provides the highest-quality film with the lowest 

amount of impurities, especially when compared to methods such as PECVD [5]. The silicon 

dioxide (n = 1.45) lower cladding is then grown via wet thermal oxidation to a thickness of 

15 µm. The oxide thickness is chosen to decrease the substrate leakage to a negligible 

amount, and because of the large weakly confined mode used in this work, lower cladding 

thicknesses greater than 15 µm are required to reduce the losses to less than 0.01 dB/m [6]. 

 The next step is to deposit and define the silicon nitride waveguide core. The Si3N4 (n 

= 1.99) waveguide core is deposited through low-pressure chemical vapor deposition 

(LPCVD) with thicknesses varying between 40-150 nm, where the application determines the 

core thickness based on the loss and bending characteristics required. The main reaction of 
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the deposition method is thermal decomposition at the substrate, and since the deposition is 

done at a high temperature (800-850 °C) any hydrogen contamination that would be 

incorporated in the film diffuses out of the waveguide core. The high temperature LPCVD 

process is able to provide stoichiometric films with nanometer control and high uniformity, 

all of which are crucial in designing and fabricating low loss waveguides. After deposition, 

the waveguide core is patterned through 4x deep UV (248 nm) lithography and then defined 

by a CF4/O2 etch on an ICP-RIE etcher. 

 After etching the wafer is cleaned thoroughly to remove any residual photoresist, and 

then the upper cladding is deposited. The silicon dioxide upper cladding is deposited via 

plasma enhanced chemical vapor deposition (PECVD) at a temperature of 300 °C. Unlike the 

work in [2] where a bonded upper cladding is used to achieve record low loss, the work 

presented here uses a deposited upper cladding to allow for the deposition of heaters 

(resistive metals) which will act as phase tuners in most applications. Upper cladding 

thicknesses vary between 1-6 µm depending on the waveguide geometry/confinement. After 

the upper cladding deposition, the entire waveguide structure is annealed under a N2 

environment at 1050 °C for 7 hours in order to drive out any hydrogen impurities that act as 

absorption sites degrading the overall waveguide propagation loss. 

 The last step of the process is the deposition of a resistive material (NiCr) for heaters, 

which will function as a tuning mechanism via the thermo-optic effect. The heater deposition 

step requires two steps: one for the heater itself and the other for the Ti/Au low-resistance 

electrical contact. In order to control the NiCr composition 8 alternating layers of alternating 

nickel and chrome were deposited, corresponding to 4 layer of 12.5 nm thick nickel and 6.0 

nm of chrome. After the heater is deposited a 950 C anneal is required for alloying. The 
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heaters is deposited directly above the waveguide and is typically a few microns wider than 

the waveguide, depending on the waveguide geometry.  All the metals were deposited via e-

beam evaporation and patterned through liftoff. The wafer is then diced and facets are 

polished for testing. 

2.4 Waveguide loss 

 This section discusses the primary sources of optical loss on the ULLW platform. 

When the electric field propagates down the waveguide, photons can be absorbed, scattered, 

or radiated forming the three fundamental types of losses on an optical waveguide. The 

following subsections will discuss each source of loss and discuss how each can be 

mitigated. 

2.4.1 Scattering loss 

 The major contributor of loss to the ULLW platform comes from scattering loss due 

to surface/sidewall roughness of the waveguide core arising from the deposition and etching. 

Scattering loss occurs when electromagnetic waves interact with roughness “centers” of a 

size smaller than the wavelength [7]. Waveguide root-mean square (rms) roughness, also 

referred to as line edge roughness (LER), is defined as the deviation from the ideal edge as 

seen from the top-down, as shown in Figure	 8. LER describes the sidewall striations of 

photoresist and the subsequently etched feature.  
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Figure 8. (Left) Demonstration of waveguide sidewall roughness. (Right) Line edge roughness - the standard 

deviation from the unperturbed waveguide. 

 
 Payne and Lacey developed a theoretical upper bound expression on the scattering 

loss for planar waveguides based on the values of the line edge roughness [8]. The scattering 

loss (α) for a waveguide with rms roughness (σ), will have an upper bound given by: 

𝛼 ≤  
𝜎!

𝑘!𝑑!𝑛!
𝜅 

where k0 is the free-space wave number (2π/λ), n1 is the core effective index, d is the core 

half-width, and κ is a parameter that depends on the waveguide geometry and roughness 

statistical distribution (Gaussian, exponential, etc.). For most practical waveguide geometries 

κ is typically on the order of unity [9]. The equation above then predicts that the best method 

of reducing waveguide scattering loss is by reducing the waveguide roughness (σ).  

 
Figure 9. Simulated scattering loss for different waveguide rms roughness for a 2.8 um x 90 nm waveguide 

geometry. 
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Figure	 9 above shows the simulated scattering loss per unit length as function of rms 

roughness for the waveguide geometry of 2.8 µm x 90 nm.  The simulation shows the 

quadratic dependence of the loss on roughness and predicts that in order to achieve losses 

below 1 dB/m, a roughness of less than 3 nm is required.  

 The atomic force microscope (AFM) is used to quantify LER for fabricated 

waveguides. A top down scan is done over the desired edge of the waveguide as shown in 

Figure	 10 (Left). The LER alone is then extracted from the 2D scan so that the standard 

deviation from the perfect edge can be found by applying a linear fit through all the measured 

points of the edge. A typical extraction of rms roughness (σ) from a fabricated waveguide is 

shown in Figure	10 (Right) corresponding to a measured roughness of 8.3 nm. 

 
Figure 10. AFM scan of waveguide edge with the LER extracted 

	
Because the scattering loss has a quadratic dependence on roughness, reducing the sidewall 

roughness becomes the major challenge in reducing scattering loss.  

Although plasma etching plays a role in LER, most of the roughness translated to the core 

originates from the quality of the photoresist mask. Therefore, optimizing lithography and 

reducing the etch mask roughness becomes the primary method in reducing LER. The 
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photoresist roughness can be reduced through a resist reflow process (RRP) where the resist 

is baked above its glass transition temperature causing the resist to flow and smooth the 

sidewall roughness [10]. Special care must be taken when choosing the appropriate 

temperature and time for a resist reflow process. If the reflow temperature is too low then no 

observable improvement will be seen, but if the temperature and time is too high then 

waveguide deformation can occur which can affect the final shape and performance of the 

end waveguide. It is important to note that the RRP is photoresist dependent. Figure	 11 

shows the thermal flow characteristics of several bake temperatures for the UV210 

photoresist used in the ULLW process.   

 
Figure 11. : Thermal flow characteristics of UV210 photoresist used in the ULLW fabrication. Figure 

extracted from photoresist datasheet [11]. 
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Based on the figure above, four different bake temperatures were chosen to analyze the 

effects of resist reflow on LER: 

• 135 °C 

• 145 °C 

• 150 °C 

• 155 °C 

All wafers were baked for 3 minutes on a contact hotplate, and the LER was quantified 

through the AFM scan approach described above. The effect of the RRP on LER is 

summarized by the plot in Figure	 12. A clear trend in LER reduction can be seen as the 

temperature is increased. The LER reaches a minimum of approximately 3 nm for a 

temperature of 150 °C, which then becomes the operating point of the ULLW platform 

fabrication. 

 
Figure 12. Measured LER reduction due to resist reflow 

	
 Apart from reducing the waveguide roughness, the other method of decreasing 

scattering loss, according to Payne and Lacey’s analytical expression, is to increase the 

waveguide width. The typical measured propagation losses of the waveguides fabricated at 

the UCSB cleanroom with resist reflow are shown in Figure	 13. The figure displays the 
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measured losses for core thicknesses of 100nm (Left) and 120nm (Right) as a function of 

waveguide width. As expected from the geometry optimization of the ULLW platform and 

predicted by Payne and Lacey, as the waveguide becomes wider the waveguide scattering 

loss decreases substantially. The measurements were done on a 70 nm wavelength range 

from 1330-1600nm, where the plot only shows the lowest loss wavelength point. The 

measurements were done via optical frequency domain reflectometry (OFDR) described in 

Appendix B. Propagation losses < 1dB/m can be achieved for the 100 nm thick core with 

waveguide width of 5.0 µm. Although such core geometry is multimode and can excite the 

first higher order TE mode (refer to Figure	 6), an adiabatic taper can be used for the 

excitation of the fundamental mode alone [12].  

 
Figure 13. Measured propagation loss as a function of waveguide width for (Left) 100 nm and (Right) 120 

nm thick core. 

	

2.4.2 Absorption loss 

 According to [3] after scattering loss is considered, the second limiting factor of 

waveguide loss is the material absorption. This type of loss is due primarily to the molecular 

vibration caused from impurities incorporated into the waveguide material. Of particular 
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interest are the overtone absorptions caused by hydrogen impurities, which have strong 

absorption lines around 1550 nm. Si-H and N-H for example have absorption lines centered 

at 1480nm and 1510nm, respectively. Although the peaks are not centered at the operating 

wavelength of 1550nm, the tail of the absorption leads to losses in the region of interest.  

Figure	 14 shows the measured waveguide losses for two identical waveguide cores with 

different upper cladding. The tail from the N-H absorption is visible in both cases 

corresponding to higher losses closer to 1510 nm.  

 
Figure 14. Measured wavelength dependent loss for PECVD and Sputter upper cladding.  

	
Because hydrogen is incorporated into the waveguide material through the precursors used 

during the deposition, the absorption loss is deposition method dependent. The figure above 

compares two identical waveguides where only the upper cladding deposition varies. The red 

curve corresponds to a sputtering deposition method, while the blue curve was deposited via 

PECVD. Since sputtering is a physical vapor deposition (PVD), no precursor containing 
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hydrogen is used and therefore shows a lower wavelength dependent loss than PECVD. 

Unlike sputtering, PECVD utilizes Silane (SiH4) as a precursor, which incorporates hydrogen 

into the film and therefore shows a higher loss variance across the measured wavelengths 

[13, 14].  

Hydrogen bonds can be eliminated and the hydrogen diffused out of the material by 

annealing the films at a high temperature typically around 1100 °C [15,16]. Figure	15 shows 

the measured waveguide loss before and after anneal (1050 °C for 7 hours) for both types of 

waveguide cladding, sputter and PECVD. For both cases, the high temperature anneal 

reduced the propagation loss. The PECVD upper cladding had greater loss reduction with a 

high temperature anneal due to its higher hydrogen content before anneal.  

 
Figure 15. The effect of high temperature anneal (1050 C, 7 hrs) on waveguide propagation loss. 
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2.4.3 Bend Loss 

 The bending capabilities of a waveguide platform are of crucial importance for 

integrated optical circuits. A key metric for photonic integration of planar lightwave circuits, 

apart from propagation loss, is the footprint. Therefore the bend radius and bend loss 

associated with it are the limiting factor in footprint performance. Figure	16 (Left) shows the 

schematic of a fundamental mode of a waveguide propagating in a circular bend of radius R. 

The dashed lines on the plot indicate the constant phase plane, and if the phase front is to 

remain linear, the tangential speed must increase as the radial distance is increased (indicated 

by the arrow sizes in the plot). Therefore, as R increases the tangential speed approaches the 

speed of light, and as a result the tail of the mode must “leak” away from the guided mode 

resulting in bend loss.  

 
Figure 16. (Left) Schematic view of  the fundamental mode propagating in a circular bend. Arrows indicate 

the tangential speed of the mode. (Right) Simulation of the fundamental mode using Beam Propagation 
Method showing mode leakage as it propagates through the bend. 

	
Figure	16 (Right) shows this leaky phenomenon through a simulation of the optical mode 

propagation using a beam propagation method. The simulation displays the intensity of the 

electric field slowly radiating out as the mode propagates along the bend. This type of loss 

can be simulated using commercially available waveguide mode solving software 
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(FIMMWAVE). Figure	17 shows the result of the simulated bend loss as a function of bend 

radius for a 2.8 µm waveguide with a 70 nm thick core.  

 
Figure 17. Simulated bend loss as a function of bend radius for a waveguide geometry of 2.8 µm x 70 nm. 

	
The plot above shows that bend loss increases exponentially as the bend radius R decreases. 

It is important to note that the bend losses are negligible until a certain bend radius at which 

point the bend loss start to rise sharply. Therefore, any small change after that turning point 

can have a drastic effect on loss. Thus it becomes crucial to define a bend radius away from 

this turning point such that the bend losses are negligible with great margin of safety in case 

fabrication deviations are to occur. This chosen bend radius is often referred to as the 

minimum bend radius, and it will be defined here as the point where the bend losses reach 

0.1 dB/m. By using this definition of minimum bend radius, an operating bend radius can be 

selected for several waveguide geometries. Figure	18 shows the simulated bend losses as a 

function of bend radius for multiple waveguide core thicknesses. Unlike the previous figure, 

the bend loss is plotted in dB such that it becomes clear where each curve crosses the 

minimum bend radius, shown as the black dashed line. As can be seen from the figure below, 

as the core thickness decreases the minimum bend radius becomes larger, which is a direct 
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result of  “squeezing” out the mode so that it becomes weakly confined. Scattering loss on 

the contrary, as explained in the previous section, decreases as the core thickness becomes 

thinner. A trade-off between scattering loss and footprint arises, and the proper geometry 

must be selected according to the application requirements for footprint and insertion loss. 

This type of trade-off and geometry approach design will be highlighted in the subsequent 

chapters, and Figure	18 becomes an essential tool in analyzing the various geometries.   

 
 

 
Figure 18. Series of design curves for proper design of PLCs. Each curve corresponds to waveguide 
geometry and the bend loss is plotted for each geometry as a function of bend radius. The minimum bend 
radius is defined as the point where the bend losses reach 0.1 dB/m and it is shown as the black dashed line. 

	

2.5 Conclusion 

In this chapter the ULLW platform was introduced and the fabrication process flow 

presented. The three major sources of waveguide loss were discussed separately and 

solutions for loss mitigation were provided for each. Measurements of scattering loss for 

fabricated waveguides were demonstrated with losses < 1dB/m, depending on the geometry 

selected. The absorption losses of the waveguides were then investigated and the material 

absorption was shown to decrease with a high temperature anneal due to the out diffusion of 
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hydrogen impurities. Lastly, the bend loss and the minimum bend radius definition were 

described. The minimum bend radius for several waveguide geometries was calculated and 

the trade-off between footprint and loss highlighted. 
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Chapter 3 

Design & Simulation  

3.1 Introduction 

 Optical circuit simulations play a very important role in the development and design 

of planar lightwave circuit devices. By correctly predicting the optical circuit response 

through computer simulations, the number of fabrication cycles required to achieve desired 

circuit performance can be reduced saving time and cost. 

In this chapter, a modeling tool is developed based on a transmission matrix (T-matrix) 

formalism, such that complex optical circuits can be rigorously analyzed before fabrication. 

The use of T-matrices allows complex planar lightwave circuits (PLCs) to be described by 

cascading individual building blocks reducing a complex circuit into simpler blocks [1].  The 

building blocks required for designing and fabricating each PLC presented in this dissertation 

are introduced with its respective transfer function and T-matrix. The physical layout and 

import design parameters are also evaluated and discussed.   

3.2 T-Matrix formalism 

 All optical circuits and networks, independent of size, design and functionality, 

operate on an input signal in order to produce an output signal; all optical networks can be 

viewed as a system operating on a signal. A system can then be broken down into linear and 
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nonlinear, where a linear system is one which behaves linearly with respect to the input and 

typically exhibits features and properties that are much simpler than the nonlinear case [2].  

 Only linear optical circuits are considered in this dissertation and therefore, by 

definition, the optical circuit outputs can be linearly related to the inputs. Consider the four-

port optical system (H) shown in Figure	19, where X1 and X2 are inputs and Y1 and Y2 are 

outputs of the system and negligible reflections are assumed.  

 
Figure 19. Schematic of a 4-port optical circuit. 

	
A matrix formalism can be developed to represent the output as a weighted combination of 

the inputs. The output can be expressed by the set of linear equations below: 

𝑌! = 𝐻!!𝑋! +  𝐻!"𝑋! 

𝑌! =  𝐻!"𝑋! +  𝐻!!𝑋! 

where Hij are the weighting coefficients relating the output to the inputs. The system of 

equations can then be simplified by using the matrix formalism. 

𝑌!
𝑌!

=  𝐻!! 𝐻!"
𝐻!" 𝐻!!

∙ 𝑋!𝑋!
 

 
𝒀 = 𝑯 ∙ 𝑿 

 
where Y and X are column vectors and H is the T-matrix. The transmission matrix defined 

here can then be considered as a mathematical tool that provides a full description of how an 
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optical system will respond to a given signal. Now consider another optical system formed 

by connecting two optical networks as shown in Figure	20. 

 
Figure 20. Schematic of two 4-port network cascaded together. 

	
As before, both systems can be individually described as: 

𝒀 = 𝑯 ∙ 𝑿 

𝒀! =  𝑯! ∙ 𝑿′ 

When cascaded, the output of the first system becomes the input of the system making X’ = 

Y and therefore the equation above can be rewritten as below: 

𝒀! =  𝑯! ∙ 𝑿! 

𝒀! =  𝑯! ∙ 𝒀 

𝒀! =  𝑯! ∙𝑯 ∙ 𝑿 

The equation shows that we can relate the output of the cascaded system to the input by a 

simple matrix multiplication of each individual system. This process can be continued to 

obtain the net transmission of arbitrarily complex planar lightwave circuits, provided each 

building block is known.  
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3.3 Building blocks 

 As described in section 3.2, complex optical networks can be described by cascading 

individual transfer matrices through matrix multiplication. Therefore, the building blocks in 

this section will form the basis for more complex planar lightwave circuits, particularly the 

optical circuits presented in chapter 1. A summary of the building blocks is shown in Table	4 

together with important design parameters that will be discussed in the following 

subsections. 

Block Design Parameters 
Waveguide delay • Footprint 

• Crosstalk between adjacent 
waveguides 

• Waveguide loss 
Differential delay • Footprint/layout 
Directional coupler • Coupling ratio 
Phase tuners • Tuning efficiency 

• Tuning speed 
Mach Zehnder interferometer • Balanced vs. unbalanced 

• Coupler uniformity 
Table 4.Summary of building blocks with important design parameters listed. 

	

3.3.1 Waveguide delay 

 The most basic building block is the single-mode waveguide of length L. The transfer 

function of a simple waveguide is: 

𝐻 =  𝑒!!"# 

where β is the waveguide propagation constant defined as 𝛽 =  2𝜋𝑛!"" 𝜆 with neff as the 

effective index of refraction for the mode and λ as the wavelength. To include the waveguide 

propagation loss the effective index is treated as a complex number and the transfer function 

can be rewritten as: 
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𝐻 =  𝑒!!
!!
! !"!""!!!"!"" ! 

where nreff and nieff correspond to the real and imaginary part of the effective index, 

respectively. The equation above can then be reduced to: 

𝐻 =  𝑒!!"!""! ∙ 𝑒!!
!!
! !"!""! 

where the first multiplication term represents the waveguide attenuation.  The waveguide’s 

group delay can be calculated as: 

𝜏 =
𝐿 ∙ 𝑛!
𝑐

 

 where ng is the group index defined as: 

𝑛! =  𝑛!"" +  𝜆
𝜕𝑛!""
𝜕𝜆

 

Footprint & Crosstalk 

 When dealing with long optical delays, as required for many delay line applications, 

waveguide losses and footprints play major roles in the design. Waveguide losses, which are 

typically quoted as loss per unit length, will set an upper limit on the waveguide length based 

upon the total desired insertion loss for the device. Similarly, the device’s footprint 

requirement will limit the total length that can be integrated before compromising the desired 

footprint. To conserve footprint for delays with lengths of centimeters and greater, a spiral 

structure was used as shown in Figure	21. 
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Figure 21. Schematic of a spiral delay with important parameters defined. 

	
 An Archimedean spiral is defined as a spiral that increases in distance from the point 

of origin at a constant rate, thus meaning each successive turn has a constant separation [3]. 

The configuration of an Archimedean spiral allows for an efficient way of integrating planar 

waveguide delays. Because an optical delay must have an input and output, the spiraling 

direction must be reversed to gain access to the other port, and that is achieved through the 

use of an s-bend as seen above. 

The waveguide separation determines how “tightly” the spiral can be integrated and therefore 

must be minimized. The lower limit on the waveguide separation is determined by the 

amount of crosstalk tolerated by the system. As two waveguides are brought into close 

proximity, the existence of the index of one waveguide will perturb the optical mode of the 

other such that coherent coupling results [1]. Such waveguide coupling can be simulated 

through the use of commercial software (PhotonDesign FIMMWAVE) via an Eigen Mode 

Expansion (EME) algorithm, which is a rigorous solution of Maxwell’s equations.  Figure	

22 shows the simulated crosstalk loss between two identical Si3N4 waveguides with a core 
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that is 80 nm in thickness and 2.8 µm wide, where crosstalk loss is defined as the amount of 

power coupled into the adjacent waveguide. 

 
Figure 22. Simulated waveguide crosstalk as a function of waveguide separation. Waveguide geometry width 

= 2.8 µm, thickness = 80 nm. 

	
 The simulation was done for two straight waveguides, and therefore the bent mode 

profile was not considered in this case. Based on the simulation the waveguide separation can 

be chosen according the application’s requirements. In order to maintain a negligible amount 

of crosstalk, a conservative waveguide separation of 50 µm was chosen for the waveguide 

delays in this dissertation. 

 Once the waveguide separation is selected the s-bend then becomes the limiting factor 

on the spiral’s footprint, where the s-bend itself is limited by the smallest bend radius of 

curvature that can be used. As previously described, the minimum bend radius is a function 

of the chosen waveguide geometry where it is typically selected such that the bend losses are 

less than 0.1 dB/m (as defined by this work). The s-bend requires a total of four times the 

minimum bend radius (refer to Figure	21), and the smallest footprint possible for a spiral is 
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𝐹 =  𝜋 ∙ (2 ∙ 𝑅!"#)!. Figure	 23 below displays the relationship of a spiral footprint as the 

minimum bend radius and waveguide separation varies while the waveguide length is held 

constant at 15 meters. 

 
Figure 23. 15-meter spiral footprint as a function of minimum bend radius for two different waveguide 

spacing. 

	
After the minimum bend radius and the waveguide separation is selected, the waveguide 

footprint increases linearly with length and is dependent on the number of turns (N) required 

to realize length (L). Figure	24 shows an example of a spiral footprint dependence on length 

for a minimum bend radius of 1 mm and a waveguide separation of 50µm. 
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Figure 24. Spiral footprint as a function of waveguide length for a waveguide geometry with a minimum 

bend radius of 1mm and waveguide separation of 50µm. 

	

3.3.2 Differential delay 

 While the simple waveguide from the previous section is a useful building block, 

most applications require the optical signal to always be delayed with respect to another 

waveguide thus forming a 4-port device as shown in Figure	 25. By using the bottom 

waveguide as reference a differential delay can be defined as ΔL = L2 – L1, where L2 and L1 

are the propagation length of each waveguide. A differential loss can also be defined as 

γΔL=e-αΔL where alpha is the absorption coefficient defined by the previous section as the 

complex component of the index of refraction. The four-port differential delay transfer 

function is: 

𝐻 =  𝛾!!𝑒
!!!!!!""!! 0
0 1

 

where ko is the vacuum wave number defined as 2π/λ. 
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Figure 25. Four port differential delay schematic. 

	

Layout 

 There are different ways to physically layout a differential delay and a description of 

the method of introducing a delay by using the radius of curvature as a design parameter is 

included herein. Figure	 26 below shows the schematic of the physical layout of the 

differential delay. Everything from the left of the dashed line has a common length, and the 

differential delay is not introduced until the right of the dashed line. The minimum bend 

radius was used for the reference arm in order to conserve footprint, and therefore the 

required R for a given ΔL can be given as: 

𝑅 =  
Δ𝐿
π
+  𝑅!"# 

This type of delay layout provides a compact footprint for millimeter-differential delays only. 

For longer differential delays, the Archimedean spiral layout from section 3.3.1 can be 

utilized on the delay arm. 
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Figure 26. Physical layout of a differential delay by using different radius of curvature. 

	

3.3.3 Directional coupler 

 The directional coupler is one of the most fundamental building blocks in almost any 

photonic integrated circuit. The directional coupler consists of two straight waveguides that 

are brought to close proximity of one another so that the fields can interact evanescently. 

Unlike section 3.3.1 where this power coupling between adjacent waveguides was considered 

as crosstalk loss, here if properly designed can be used to achieve power splitting. A 

schematic of the directional coupler is shown below (Figure	27). 

 
Figure 27. Schematic of a directional coupler. 
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 For a symmetric coupler with identical waveguides, both even and odd modes of the 

system are excited on the coupling region where the coupler’s mode can be written as the 

superposition of the even and odd modes. Because the even and odd modes have different 

propagation constants, their relative phase will change as they propagate down the coupler 

making the power cross from one waveguide to another as they propagate along the device. 

Figure	28 shows the electric field distribution on a symmetric directional coupler example 

with a splitting ration close to 50%. 

 
Figure 28.  Direction coupler example showing the electric field propagation along the device. 

	
The transfer function of such directional coupler is:  

𝐻 =  
𝑐 −𝑗𝑠
−𝑗𝑠 𝑐  

Where c = √( 1 – k ) is the through transfer function and –js = -j√(k) is the cross transfer 

function, where k is the cross power coupling coefficient. The above transfer functions 

assume a lossless coupler and therefore c2 + s2 = 1.  

The most critical factor that affects the magnitude of the coupling coefficient is the amount 

of overlap the evanescent tail of the optical mode has with the adjacent waveguide [2]. Thus, 

the waveguide separation has the largest physical effect on the coupling coefficient. It should 

also be noted that since the evanescent tail of the electric field decreases exponentially, the 

waveguide coupling also depends exponentially on the waveguide separation. Through 
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coupled-mode theory, as shown in Coldren & Corzine [1], the power for the through and 

cross ports for input in port 1 can be represented as: 

𝑃!!!"#$! = 𝑐𝑜𝑠! 𝜅𝐿 +  𝜙  

𝑃!"#$$ = 𝑠𝑖𝑛! 𝜅𝐿 +  𝜙  

Where κ is the coupling coefficient and ϕ is the offset phase term introduced by the unwanted 

coupling in the curved waveguide section. Complete coupling from waveguide 1 to 

waveguide 2 then occurs when 

𝜅𝐿 = 2𝑛 − 1
𝜋
2

       𝑛 = 1,2,3,… 

where the shortest length needed to complete crossing of the optical power between the 

waveguides is defined as the coupling length (Lc): 

𝐿! =  
2𝜋
𝜅

 

 Therefore, to determine the coupling length for a directional coupler on the ULLW 

platform with a waveguide separation of 1µm, a test structure with 11 different coupling 

lengths was fabricated and tested on a waveguide geometry of 2.8 x 0.1 µm. The results 

allow for the directional coupler model to be calibrated and the 3dB coupler design to be 

determined. The results for the measured fabricated couplers and the model fit is shown in 

Figure	 29, where the couplers were measured at a wavelength of 1550 nm at room 

temperature. From the measurements and fit shown, the optimal design for a 3dB coupler for 

this specific waveguide geometry is 255 µm for coupling length. As the geometry changes, 

the coupler design will need to be re-evaluated for that geometry. 
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Figure 29. Measured coupler performance for a 2.8 x 0.1 µm waveguide with fit shown as the dashed lines 
for a 1 um coupling gap at 1550 nm wavelength measured at room temperature. (square points) measured 

cross data (circle points) measured through data. 

	

3.3.4 Phase tuners 

 Introducing a small deviation from the average effective index of the waveguide can 

be used to perform a small tuning of the phase delay. The schematic of the phase tuning 

element is shown in Figure	30 and the corresponding transfer function is: 

𝐻 =  𝑒!!" 

 
Figure 30. Schematic of phase tuning element. 

	
Similar to the differential delay, a phase tuning can be relative to another waveguide forming 

a four-port device with an equivalent transfer matrix of: 
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𝐻 =  𝑒
!!" 0
0 1

 

To demonstrate the utility of the t-matrix approach, the transmission matrix of a differential 

delay with a phase control as shown in Figure	31 can be calculated through a simple matrix 

multiplication: 

𝐻 =  𝐻!"##.!"#$% ∙ 𝐻!!!"# !"#$% 

𝐻 =  𝛾!!𝑒
!!!!!!""!! 0
0 1

∙ 𝑒
!!" 0
0 1

 

𝐻 =  𝛾!!𝑒
!!!!!!""!!𝑒!!" 0

0 1
 

 
Figure 31. Schematic of differential delay with phase control. 

	

Layout & Loss 

 One way to introduce a phase shift is through the use of the thermo-optic effect, 

which changes the index of refraction of a given material at different temperatures applied 

[4]. Therefore, the phase difference can be described by: 

Δ𝜙 = 𝑘 ∙ Δ𝑛 ∙ 𝐿 =  
2𝜋
𝜆
∙
𝑑𝑛
𝑑𝑇

∙ Δ𝑇 ∙ 𝐿 

Where dn/dT is defined as the thermo-optic coefficient and is essentially a material property. 

The thermo-optic coefficient for the silica upper cladding used on the ULLW is 1 x 10-5 °C-1, 
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which is an order of magnitude smaller than silicon [5]. Typical tuning speeds for silica are 

on the order of milliseconds.  

 A very crucial part of the phase tuner is the heater itself, which can be realized by 

driving a current through a resistive stripe deposited on top of the cladding. The heating 

element is most typically a metal and in this case we use NiCr deposited via e-beam assisted 

evaporation, where the element is patterned through a liftoff process. To allow for better 

control of the NiCr heater composition, a digital layer deposition technique was used, where 

alternating layers of Nickel and Chrome were separately deposited and then later alloyed 

through annealing [6]. 

 
Figure 32. (Left) NiCr heater schematic. (Right) Optical microscope images of the fabricated heaters. 

	
 In this process, a total of 8 layers were used to form an alloy composition of 70% 

Nickel and 30% Cr which was achieved by tailoring the thickness of each individual layer, 

where at the end the total thickness of the heater was approximately 72 nm and 10 µm. 

Figure	32 above shows a schematic of the designed heaters together with microscope images 

of the fabricated devices, which were measured to have a sheet resistance of 5 Ω/square. 

Special care must be taken when designing such heater devices as to avoid any metal 
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interaction with the optical mode. This interaction can be avoided by placing the heater far 

away from the waveguide core through the addition of upper cladding. The amount of metal 

absorption loss as a function of the amount of upper cladding is shown in Figure	33, which 

was achieved through simulation via FIMMPROP. As seen from the plot, the further away 

the heater is placed from the waveguide core the lower the propagation loss, but that is only 

achieved through the trade-off of phase tuner optimized operation; for example, decreased 

heating speed and increased operation power [7]. The plot below was done for a core 

thickness of 100 nm in which case a 3 µm of upper cladding was chosen corresponding to a 

loss of <2 dB/m, which makes the metal absorption loss negligible since the length of each 

heater is typically in the order of a 100s of microns. The plot needs to be re-calculated 

different waveguide geometries since mode confinement and metal overlap can drastically 

change. As a proof of concept, tuning speed and tuning power were not optimized for any of 

the application presented in this dissertation. 

 
Figure 33.Simulated upper metal absorption loss as a function of upper cladding. 
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3.3.5 Mach-Zehnder Interferometer (MZI) 

 The MZI is a single stage optical filter where the output response arises from the 

interference of two waves that are delayed relative to each other. In order for interference to 

happen the two waves must be of the same polarization and temporally coherent over the 

longest wavelength [8]. Their relative phases will then determine if they interfere 

constructively or destructively. The symmetric MZI is composed of two equal directional 

couplers connected together by two waveguides of equal lengths as shown in Figure	34. By 

placing a phase tuner in one of the MZI arms and tuning the phase accordingly, the power 

coupling of the MZI can then be changed making it a suitable device for use as a tunable 

coupler or as an optical switch. 

 
Figure 34. Schematic of the MZI. 

	
Because the transfer function of each separate element of the MZI has already been defined, 

the MZI transfer function can then be simply described as the multiplication of each of its 

element transfer function: 

𝐻!"# =  𝐻!"#$%&'! ∙ 𝐻!"#$% ∙ 𝐻!"#$%&'! 

Thus making the overall MZI transfer function equal to: 

𝐻!"# =  
−𝑠! + 𝑐!𝑒!!" −𝑗𝑠𝑐 1 + 𝑒!!"

−𝑗𝑠𝑐 1 + 𝑒!!" 𝑐! − 𝑠!𝑒!!"
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where s and c, as described in section 3.3.3, are equal to: 

𝑐 =  1 − 𝑘 

𝑠 =  𝑘 

with k being the cross power coupling coefficient. If we assume an input only in port 1, then 

the transmission at each output port is equivalent to |H11|2 and |H21|2, which can be written as: 

𝐻!! ! = 1 − 𝑘 ! +  𝑘! − 2𝑘 1 − 𝑘 cos 𝜙           [𝑃𝑜𝑟𝑡 3] 

𝐻!" ! = 4𝑘 1 − 𝑘 𝑐𝑜𝑠!
𝜙
2

                                        [𝑃𝑜𝑟𝑡 4] 

As of a result of the equations above, the MZI can be used as a tunable coupler by controlling 

the phase ϕ, which can vary the overall coupling ratio between the values of 0 and 1. If we 

look at the output equation for port 4, we can see that the maximum output power of 1 can 

only be achieved if the phase is set to π and k is equal to 0.5. In reality, the coupling ratio will 

vary from their design values due to variations in the fabrication process and as a result so 

will the MZI response. Figure	 35 shows the magnitude response of a symmetric MZI for 

multiple coupling coefficients. As the coupler deviates from the nominal 50% the extinction 

ratio of port 3 starts to suffer, therefore highlighting the importance of achieving the proper 

coupler design.  
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Figure 35. Theoretical transmission for the symmetric MZI filter for a coupling coefficient of 0.2, 0.5, and 

0.7. 

	
Also, when describing the MZI transfer function we assumed a constant coupling ratio for 

the wavelength region of interest, which is a good assumption for a small wavelength range. 

This assumption breaks down for hundreds of nanometers and a significant change in filter 

response can be experienced. 

3.4 Conclusion 

 In this chapter, a modeling tool based on a transmission matrix formalism was 

introduced. The t-matrix approach demonstrated that the representation of a complex planar 

lightwave circuit could be achieved through simple matrix multiplication. This approach 

therefore reduces a large complex circuit into simpler and smaller building blocks. All the 

building blocks required for the analysis of the photonics circuits presented in this 

dissertation were then introduced with each respective t-matrix. A brief discussion for each 
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block with important design parameters was also presented. Table 1 below presents a 

summary of all the transfer functions introduced in this chapter.  

Device Schematic Transfer Function 

Waveguide 
delay  

𝐻 =  𝑒!!"𝑒!!!!!!""! 

Differential 
delay 

 

𝐻 =  𝛾!!𝑒
!!!!!!""!! 0
0 1

 

 

Directional 
coupler 

 
𝐻 =  𝑐 −𝑗𝑠

−𝑗𝑠 𝑐  

Phase tuner 
 

𝐻 =  𝑒!!" 

MZI 
 
𝐻 =  −𝑠! + 𝑐!𝑒!!" −𝑗𝑠𝑐(1+ 𝑒!!")

−𝑗𝑠𝑐(1+ 𝑒!!") 𝑐! − 𝑠!𝑒!!"
 

Table 5. Summary of building blocks and their equivalent transfer function. 
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Chapter 4 

Optical True Time Delay (OTTD) 

4.1 Introduction 

 Optical true time delays (TTDs) are an effective solution for broadband phased array 

antenna applications in order to reduce beam-squint, or beam deformation due to frequency 

change, and electromagnetic interference [1]. Optical TTDs for large aperture antennas and 

arrays with a high number of elements require delay lengths on the tens of nanosecond scale. 

Several fiber based optical TTDs have been demonstrated at much longer range [2-3], which 

are attractive due to their low propagation loss but suffer from the fact that they are bulky 

and must have their length precisely cleaved in order to achieve accurate delays. As a result, 

integration of such devices would benefit the system by decreasing the footprint, increasing 

the delay accuracy, increasing stability, and reducing cost. Although many fully integrated 

optical TTDs have been demonstrated [4]-[7], the maximum amount of delay is usually 

limited by high propagation loss limiting the delay time to the picosecond to a few 

nanosecond range. We have recently demonstrated record low propagation losses in a 

Si3N4/SiO2 planar waveguide technology, which allows for long delays to be implemented on 

chip scale devices.  

 This work presents the fabrication of the longest fully integrated 4-bit true time delay 

on the ultra-low-loss planar Si3N4/SiO2 platform with delays up to 12.35 ns. The device 
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presented herein is also easily scalable for even longer delay lines and higher bit count delays 

given the low propagation loss of the platform. 

4.2 Theory 

 Phased array antennas (PAAs) are used in a variety of military and civil applications 

such as radar, weather radar, and wireless communication systems [8]. A PAA consists of 

multiple closed spaced antennas where the beam can be steered by controlling the relative 

phase between each antenna element. Figure	36 shows an example of a 4-antenna element 

linear array each separated by an equal distance d. Although an analytic antenna field pattern 

can be defined, more simply the beam direction θ can be related to the antenna phase delay 

Δϕ by assuming that at the far field each individual element transmits a plane wave.  

 

 
Figure 36: Illustration of a 4-element linear phased array antennas. 
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For the plane waves to interfere constructively at an angle θ then, as described in Figure	36, 

each adjacent antenna element must differ in path length by 𝑑 ∙ sin (𝜃), where d is the 

distance between elements. Therefore the time delay at each element, assuming free-space is: 

Δ𝑡 =  
𝑑 ⋅ 𝑠𝑖𝑛 𝜃

𝑐  

where c is the speed of light in free-space. Then the phase shift required at each antenna 

element is: 

Δ𝜙 = 2𝜋𝑓Δ𝑡 =  
2𝜋 ∙ 𝑓 ∙ 𝑠𝑖𝑛 𝜃

𝑐  

where f is the operating RF frequency in Hz. An electronic phase tuner can be used to easily 

apply the phase shift required, however as the equation above suggests, the phase shift 

approach is always dependent on the RF operating frequency thus suffering from beam 

squinting. Because the phase shift is designed for a specific RF frequency, the beam will 

deform and point at a different undesired direction as the frequency changes; therefore, phase 

tuners cannot be optimally used in broadband operation of future PAA systems. 

Consequently, in order to fully avoid beam squinting the phase shift can be replaced by a true 

time delay (TTD), where each antenna excitation is delayed by appropriate amount of time: 

Δ𝑡 =  
𝑑 ⋅ 𝑠𝑖𝑛 𝜃

𝑐  

which as shown has no dependence on the RF operating frequency. Time delays have 

traditionally been impractical to implement in the electrical domain due to their loss, cost, 

weight and power limitation. On the other hand, the high cost and complexity of PAAs are 

mainly tied to the electronic phase shifters and thus restrict the technology mostly to military 

applications. Figure	 37 shows a picture of SBX-1, which is the largest and most 
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sophisticated phased array electro-mechanically steered X-band radar in the world where 

approximately 45,000 transmit/receive modules are used to form the radar beam [9].  

 

Figure 37: Sea-Based X-Band Radar-1 (SBX-1). 

	
 By implementing the time delays in the optical domain through the use of optical 

waveguides, they can replace bulky, heavy and lossy coaxial cables making PAA technology 

more accessible. However, integrated optical waveguide losses are usually the limiting factor 

in implementing the long time delays required for large beam tunability, therefore the ULLW 

platform presented here makes long optical true time delays feasible where they are 

otherwise not accessible on any other integration platform. 
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Figure 38: Schematic of a simple optical beam steering network. 

	
Figure	38 above shows a simple illustration of an optical beam steering/forming network. At 

the input to the network on the left side of the diagram the RF signal to be transmitted is 

converted to an optical signal, which is usually directly modulated into an optical carrier. The 

optical carrier is then split into multiple signals which are delayed by an individual OTTD.  

The delayed signals are then detected by photodetector converting the optical signal back to 

RF, which is used to drive each antenna element after amplification. Although the entire 

beamforming network can be integrated into a photonics single chip, this chapter of the 

dissertation discusses the integration of the delay chips alone. The implementation of the 

active could be achieved through an active/passive approach first demonstrated at [10]. 

 For phased array antenna systems, multiple antennas are combined to enhance 

radiation and shape pattern; therefore, the larger the number of antennas elements the more 

directional and efficient the radiating beam will be.  Also, in order to reduce the grating lobes 

the antennas are generally placed λ/2 apart [11]. Therefore, if we assume an X-band radar 

operating at 8 GHz with antennas spaced by 18.75 mm, which corresponds to half of the 

operating wavelength, in order to steer the beam to a maximum angle of 90° a Δt of at least 
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62.5 ps is required. A typical phased array antenna for military applications includes on the 

order of hundreds of elements in a single system; taking the previous example into 

consideration, 10s of nanoseconds of optical delay would be required to implement an 

integrated TTD, which is equivalent to meters of waveguide propagation. Such integration is 

only achievable in a low loss waveguide platform such as the one presented here. 

4.3 Design 

 One of the most common ways of implementing an optical true time delay is through 

a switched delay line, sometimes referred to as a binary optical delay line (BODL). A 

schematic of a 4-bit binary optical true time delay example is shown in Figure 4 below.  

 

Figure 39: Example of a 4-bit switched delay line implementation of an optical true time delay. 

	
The BODL is composed of N delay lines with lengths successively increasing by a factor of 

2, where the optical signal can be routed via (N+1) optical switches cascaded between each 

delay. By turning all the switches off, the signal will bypass all of the optical delay lines for 

an equivalent of a zero delay, but if a single switch is turned on or a combination of switches 

then the optical signal can be routed through a single delay or a combination of delays which 

can take any value in increments of ΔT all the way to the maximum delay time of Tmax by 
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turning on all of the delay lines. For a general BODL there are a total of 2N delays where the 

shortest delay line ΔL sets the device resolution and the maximum delay is represented by: 

𝑇!"# = 2! +  2! +  2! +⋯+  2!!! ∙ ∆𝑇 = 2! − 1 ∙ ∆𝑇 

The desired delay time ΔT can then be set according to ΔL/νgroup, where νgroup is the group 

velocity of the signal represented by c/ngroup, and ΔL is the length difference between the 

bypass line and the delay line. In the example provided of the 4-bit true time delay, there are 

a total of 16 possible delays from (0 ΔT) all the way up to (15 ΔT) in increments of ΔT. 

 To integrate the delay lines if the required delay length is long enough, the 

Archimedean spiral architecture is used to conserve footprint; otherwise if the length 

necessary is short then the different path length will be implemented simply through curved 

waveguides. An example of both types of delays will be demonstrated in the next section.  

The optical switch architecture for this work was implemented with the symmetric Mach 

Zehnder interferometer where a π phase shift is required to change the switch state (ON-

OFF) which can be introduced via the thermo-optic effect through NiCr heaters deposition on 

the MZI arms as previously described.  

4.4 Results 

 The true time delays presented in this work were not designed for any specific phased 

array antenna system, but the choice of delay line lengths were strictly chosen to highlight 

the ultra-low loss characteristics of the platform by integrating the longest switched delay 

line. Because of the long delay lines on chip, such devices would be useful for the next 

generation broadband X-band radar, where the shorter wavelengths are useful for higher 

resolution but as the number of antenna elements increase longer delay lines will be required 



 

 64 

to provide a wide scanning range. Two generations of devices were fabricated to demonstrate 

the feasibility of the new platform. This section is broken down into 3 subsections where the 

chosen waveguide geometry is first presented with waveguide loss measurements, and then 

the results of the true time delay for generation 1 and generation 2 are presented. The purpose 

of the first generation was solely to develop the building blocks required for implementing 

the complete OTTD. 

4.4.1 Waveguide Geometry 

 As previously stated, waveguide propagation loss is the limiting factor in integrating 

very long delay lines. Therefore, with the new planar ULLW platform longer delay lines can 

be integrated at relatively low integration loss not otherwise feasible in any other platform. 

As a result, to demonstrate the flexibility of such platform the requirements for the true time 

delays designed here are listed below: 

• Low propagation (< 1 dB/m) loss for long delay line integration (delay length > 1m) 

• Relaxed footprint constraints (~5 mm bend radius still ok) – photonic integration even 

at large bend radii should still be an improvement over its electronic counterpart. 

From the previous chapter, the ULLW platform has a trade-off between waveguide 

propagation loss and footprint (bend radius), where both cannot be simultaneously met such 

as ultra low propagation loss at a very small bend radius. The requirements for the true time 

delay listed above do not conflict with the trade-off described since the footprint condition is 

not very demanding. As a result, the waveguide propagation loss requirement is a deciding 

factor. Figure	40 shows the simulations of multiple waveguide core geometries where the 

bend loss is plotted as a function of bend radius for different core thicknesses and the 

scattering loss of some of the waveguides is also listed beside the curve. From the plot, the 
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only curves that meet the requirement of the propagation loss less than 1 dB/m are the 60 nm 

and 50 nm thick cores. Thus to determine the bending capability for each geometry the 

minimum bend radius is defined as the point where the bend loss is equal to 0.1 dB/m, which 

is marked as a dashed line on the plot. The intersection of each curve with the dashed line 

determines the minimum bend radius that can be used, which corresponds to 3.5 mm for the 

60 nm thick core and > 5mm bend radius for the 50 nm thick core. Therefore, the geometry 

that meets the entirety of the requirements for the given application is the 60 nm thick core. 

 
Figure 40: Waveguide core dimension design space for the integrated optical true time delay. 

	
 Although the simulations shown in Figure	 40 were all based on a waveguide core 

width of 2.8 um, some of the waveguide geometries can be made wider and still satisfy the 

single-mode condition. In the case of the waveguide geometry chosen for the true time delay 

application (60 nm thick core), the single mode condition is a waveguide core width of < 5.5 
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um. By making the core wider the bending capabilities and waveguide propagation loss can 

be improved slightly. As a result the optical true time delay used a waveguide geometry of 7 

x 0.06 um making the waveguide “quasi-single” mode where a long adiabatic taper is used in 

order to excite the fundamental mode alone. By narrowing the core width to much lower than 

the single mode condition, in this case 1 µm, the waveguide optical mode can reach a regime 

where the horizontal and vertical confinement are at its lowest making it best matched to a 

fiber mode resulting in low coupling loss. Therefore, simply tapering the waveguide from 7 

µm to 1 µm can make low loss spot size converters.  

 The propagation loss of the waveguides was measured by optical frequency domain 

reflectometry (OFDR). Using a 1- meter spiraled waveguide test structure, the backscattered 

optical power was measured using a Luna OBR 4400 commercial reflectometer and the 

propagation loss extracted. Figure	41 displays the TE loss as a function of wavelength for 

the designed waveguide. The TE loss was measured to be (1.01 ± 0.06) dB/m at 1550 nm 

wavelength, reaching a low- loss point of (0.57 ± 0.08) dB/m at 1591 nm. The waveguide 

loss displays a wavelength dependent spectrum and structures, which are a direct result of the 

absorption loss due to molecular bond resonances due to hydrogen impurities as seen in [12]. 

 The devices presented in this chapter were partially fabricated at Lionix BV in the 

Netherlands and partially at UCSB, where the inset in Figure	41 shows where each portion 

of the waveguide was fabricated. The phase tuners fabricated at UCSB were placed 6 um 

above the waveguide core as to avoid any interference with the optical mode. 
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Figure 41: Measured waveguide loss for the 60 nm thick core. (Inset) Waveguide cross-section schematic 

with fabrication location breakdown. 

	
 As a conclusion, from the waveguide measurements presented here the waveguide 

geometry satisfied the required constraints for the fabrication of long programmable optical 

true time delay for phased array antennas applications. The waveguide platform can be 

summarized in Figure	42 where important measured values are listed. 

 
Figure 42: Summary of the waveguide platform for the optical true time delay. 
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4.4.2 TTD: Generation 1 

 The first generation of the true time delay was designed specifically to establish the 

building blocks required to layout a complete and optimized true time delay. Therefore, the 

switched delay had shorter propagation lengths in the order of centimeters as to reduce 

complexity, which corresponded to a few picoseconds delay. The process run mainly 

consisted of couplers and switches test structures, which were used to verify the overall 

performance of the device. 

 A 4-bit switched delay was implemented according to the schematic in Figure	43 left. 

As shown in the figure a folded approach was used to conserve footprint and the actual 

reticle layout is shown in the same figure (right).  

 

 
Figure 43: (Left) Schematic of the Gen. 1 true time delay with a folded architecture and waveguide crossings 
showing the location of each delay line. (Right) GDS layout of the fabricate device displaying the minimum 

bend radius used and the device footprint. 

 The waveguide crossings were done at 90 degrees and were simulated and measured 

with a cutback method to have 0.06 dB/crossing, a more in depth waveguide crossing 

investigation will be done in the optical gyroscope chapter. Although a smaller bend radius 

could be used as previously described, a more conservative minimum bend radius of 9.8 mm 

was used since the total delay for the first generation was < 5 cm and a feasible footprint 

could still be maintained. 
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The delay times chosen for the demonstration of the first generation true time delay was 5, 

10, 20, and 40 ps; therefore, delays from 0 to 75 picoseconds could be realized with a 5 ps 

resolution. The waveguide delays then corresponded to 0 to 1.51 cm with the shortest delay 

being 0.1 cm. The fabricated final structure can be seen in Figure	44 where red laser light 

was used for fiber alignment during signal coupling into the device.  

 

 
Figure 44: Fabricated true time delay with red laser coupled into the waveguide, which is used for a coarse 

fiber alignment during fiber coupling. 

	

Optical Switches 

 The first measurement to be done was to determine the switch performance and bias 

point based on an identical 2×2 switch test structure. The switch is based on the thermo-optic 

effect via a Mach-Zehnder interferometer and the heaters were 1.55 mm long. A 1550 nm 

laser was coupled into the top input of the switch and a broadband InGaAs detector at each 

output measured the switch response as a function of switch bias. The input polarization was 

optimized for maximum output power via a polarization controller. A schematic of the 

thermo-optic switch can be seen in Figure	45 below where the coupling waveguide and the 

cross and through output defined here are labeled. 
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Figure 45: Thermo-optic switch (MZI). 

	
Figure	 46 (Left) shows the measured response for both outputs as a single MZI arm is 

biased. As can be seen from the plot, the unbiased output is which should be in the cross 

state, is actually in the through state. As current is applied to the NiCr heating element, the 

index of refraction is changed sufficiently to cause a π-phase shift allowing the output to 

cycle. 

 
Figure 46: (Left) Measured switch performance on the first generation of OTTD. (Right) Simulated switch 

performance when the MZI coupler is 90:10 instead of 50:50. 

	
The asymmetric isolation is a direct result of the unbalanced 3-dB couplers [13]. Because the 

coupler is not 50:50, the through state is never fully off and is thus explained below. For 

input into port 1, the power output can be described by the equations below which can be 

derived from the MZI T-matrix from the building block chapter: 



 

 71 

𝑇!" = 1− 2𝛼 1− 𝛼 1+ 𝑐𝑜𝑠𝜃  [𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑝𝑎𝑡ℎ] 

𝑇!" = 2𝛼 1− 𝛼 1+ 𝑐𝑜𝑠𝜃 [𝑐𝑟𝑜𝑠𝑠 𝑝𝑎𝑡ℎ] 

where T13 and T14 are the switch power outputs at ports 3 and 4 for input to port 1, α is the 

directional couplers power-coupling ratio, and θ is the induced phase shift. As can be seen 

from the equations, when the switch is in the cross state at θ = 0 (no bias), the transmission 

for the through path can only reach 0 whenever the coupling ratio is exactly 50%. On the 

other hand, when the switch is in the through state at θ = π, the transmittance of the cross 

path always reaches 0 no matter what the value of α is. As a conclusion, fabrication 

variations that cause the coupling ratio to be other than 3dB will always affect the extinction 

ratio of the through path alone. Figure	 46 (Right) shows the transmission of a simulated 

switch where the MZI coupler is replaced with a 90:10 coupler. The simulated transmission 

closely matches the measured data and therefore suggests an unbalanced coupler close to 

90:10 and thus, a coupling length and coupling gap adjustment for the second generation of 

OTTD will be required. 

 Given the thermo-optics properties of glass the switch speed was expected to be in the 

order of a few milliseconds [13]. The switch speed was then measured according to the 

measurement setup provide below (Figure	47). 

 
Figure 47: Switch speed measurement setup. 



 

 72 

	
A CW laser source at 1550nm was coupled into the top arm of the switch and the output was 

measured at the cross port. The switch was driven with a 20 Vp-p (amplifier required) square 

wave and a photodetector was used to convert the optical into an electrical signal from the 

switch output so that an oscilloscope could be used to monitor the waveform. Figure	 48 

shows the results from the measurements at four different driving ‘speeds’: 100 Hz, 500 Hz, 

1 kHz, and 2 kHz. The plot shows the original driving signal in a light blue trace while the 

switch output is shown as the purple trace. From the plots the switch speed was estimated at 

1.5 kHz (<1 ms), thus being sufficient for most applications. 

 
Figure 48:  Rise/fall time measurements from the cross port of gen1 MZIs. From top left moving clockwise 
the time scales are as following: 4.0 ms, 1.0 ms, 400 µs, and 100 µs; where the blue signal are the switching 

electrical signal and the blue signal is the optical signal 

	

Delay Measurements 

 To measure the ability of the device to select each individual delay states, a 10 GHz 

mode-locked laser (MLL) was used as the input source. Because each pulse is spaced by 100 

picoseconds and the maximum device delay is 75 ps, all of the delay happens between two 
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pulses of the MLL making it easier to keep track of the delays on an oscilloscope. The 

schematic of the delay measurement setup is displayed below in Figure	49. 

 
Figure 49: Delay measurement setup. 

	
 A total of 5 individual DC power supplies were used to control each individual switch 

on the OTTD. The first measurement was then the propagation of the MLL through the 

OTTD chip with all of the switches under zero bias (“OFF” – cross state), which would 

represent the reference line where the pulse would bypass all of the delays. Because the MZI 

couplers are not exactly 3dB as presented in the previous section, the through state can thus 

never be truly turned off. Therefore in this OFF state the pulse is split between the through 

and the cross path. As a conclusion, multiple pulses are created as the original pulse is split 

and delayed through both arms of each stage. Figure	50 displays the MLL pulse transmission 

through the PLC when all of the switches are off, thus showing the pulse splitting. Multiple 

pulses show the multiple paths, where in reality the detector should only see single pulses at 

100 psec. 
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Figure 50: 100 ps MLL transmission through the OTTD where all of the switches are OFF displaying 

multiple pulses between 100 ps, which is a direct result of the unbalanced MZI switch. 

	
 As a result of the multiple pulses creation, the delay measurements of all the states 

cannot be properly evaluated. Since the switch can only provide a high extinction ratio for 

the through states only a few bit states can be measured, ideally the bits where the number of 

through transitions are minimized. The state where all of the switches are ON was then used 

as the reference pulse.  The result of the measurement is then shown in Figure	51, with 5 

different delay states clearly selected by the integrated device. The measured delays were 

then: 76, 38, 17, 5, and 0 ps. Although not all of the delay states were demonstrated, the first 

generation of OTTD established a proof of principle and provided information for the design 

of the second generation of OTTD. 
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Figure 51: Measurement of 5 different (out of 16 states) delays states of the first generation of integrated 

optical true time delay (OTTD). 

	

4.4.3 TTD: Generation 2 

 In the second generation of devices, we present the fabrication of the longest fully 

integrated 4-bit true time delay on the ultra-low-loss planar Si3N4/SiO2 platform with delays 

up to 12.35 ns. 

 Upon completion of the full characterization of the first generation of integrated 

optical true time delay, a new generation could then be fully designed with improvements 

based upon the measured results. With the concept established, the two major improvements 

from gen1 to gen2 were then the proper design of the MZI switch so that all of the 16 delays 

could be measured individually as well as much longer integrated delays to highlight the ultra 

low loss of the waveguide platform. The waveguide geometry and platform remained the 

same with a waveguide core of 60 nm and waveguide width of 7 um on all of the delays and 

5.5 um on all of the couplers. The wider core geometry allows for lower propagation loss and 

a tighter bend radius on the spiral delay and the 5.5 um core width on all the couplers 

guarantees a single mode operation. A long, approximately 1000um, adiabatic transition was 
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used to change between waveguide core so that only the fundamental mode is excited at a 

low loss cost per transition.   

 The 3 dB coupler designed on the first generation had a 3 um coupling gap and a 

coupling length of 1100 um, based on the switch performance and simulations the second 

generation of switches had a 3 dB coupler design of a 2 um coupling gap and 825 um 

coupling length. 

 

 
Figure 52: (Left) Schematic of the unpacked tunable delay with the respective delay length for each stage. 
Inset: Thermo-optic switch schematic. (Right) Actual mask layout of the device displaying the position of 

each packed delay elements. The diced out device has a dimension of 4.5 cm x 8.5 cm. 

	
The second-generation 4-bit tunable delay consists of four delay elements and five thermo-

optic switches (TO-switches) as before, and was designed according to the schematic shown 

in Figure	52(Left). The TO-switches were also based on Mach-Zehnder interferometers, as 

seen in the inset of Figure	52 (left). Nickel Chrome (NiCr) was used as the heating element 

due to its high resistance. The device was physically laid out according to the mask layout as 

shown in Figure	52 (right) where each delay is routed to its appropriate switch accordingly, 

and was designed to have lengths of 1.284 m, 0.642 m, 0.321 m, and 0.161 m, where each 

delay is half of the previous delay, i.e. τ, τ/2, τ/4, τ/8. A total of 16 different delays may be 

selected by choosing from an individual delay or a combination of delay elements. The 
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device therefore provides nominal delays from 0 to 12.00 ns, with respect to the minimum 

path length, for a maximum total of 2.407 meters in propagation length and a simulated 

group index of 1.49. Because the delays implemented in this case are much longer, the 

Archimedean spiral provides the most efficient way to pack all the of the delays together; 

Figure	53 shows the image of the final device fabricate with red light coupled in, which is 

used for finding waveguide breaks and aid in fiber alignment. 

 
Figure 53: Fabricated 4-bit true time delay with red laser light coupled into the input waveguide. 

	

Optical Switches 

 The switch characterization done followed the same procedures established in the 

previous sections. The new switch design showed improved performance over the first 

generation with the switch output as a function of bias presented below (Figure	54).  The 

measured extinction ratio on the cross path was greater than 30 dB while on the through path 

was only 6 dB, while still an improvement over the previous generation the switch/coupler 

design is not yet optimal.  
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Figure 54: Switch output for the cross and through path as a function of applied bias operated at room 

temperature (25 °C). 

	
One method to improve the performance of the switch is by heating the entire device as to 

change the coupling constant, and essentially the coupling length to a value that corresponds 

to the length on the chip, via the thermo-optic effect can compensate for these fabrication 

variances. In order to find the optimal operating temperature for the highest switch isolation, 

a thermo-optic cooler was used to maintain the entire chip at a desired temperature. The 

temperature was varied between 22 and 38 °C, while measuring the switch isolation at each 

point (Figure	55).  

 
Figure 55: Extinction ratio as a function of operating temperature. 
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At room temperature, the switch had an isolation of 6.8 dB as previously mentioned, while 

the best result was achieved at an operating temperature of 36 °C with a switch isolation of 

19.3 dB, as seen in Figure	56. The turn-on power was also measured to be 260 mW, which 

corresponds to an applied average voltage of 16.0 V. 

 

 
Figure 56: Optimal switch performance operating at a temperature of 36° C. 

	
 The device was then operated under a TEC with the temperature set to 36° C. The 

performance of all 5 switches was measure and showed identical performance to the one as 

shown in Figure	 56. A slight decrease in ER is seen at higher operation power, which is 

indicative of thermal crosstalk since the MZI arms are only 100 um apart. Although thermal 

crosstalk is seen, the device only requires a π phase shift for proper operation and therefore at 

that region no thermal crosstalk can be seen. The power consumption of each switch is 

shown in Figure	 57. The switches also showed similar speed measurements as the 1st 

generation with a speed of 1.5 kHz. 
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Figure 57: Switch power consumption of all of the switches used on the second generation of OTTD 

operating at optimal temperature. 

	

Delay Measurements 

 Because the switch shows an excellent extinction ration all of the 16 delay stages can 

be properly selected by biasing the switches accordingly. The total optical loss of the device 

was then measured at each of the 16 separate states. Each switch was biased accordingly and 

0 dBm of optical power from a tunable laser at 1550 nm wavelength was coupled into the 

device via a cleaved single mode fiber. The optical output was then collected by another 

cleaved single mode fiber and detected using a broadband InGaAs detector. Figure	 58 

displays the measured optical loss from fiber to fiber for all 16-bit states, where State 1 

represents the shortest delay in which the light travels through no delay element and State 16 

is the longest delay state where the light travels through all 4 of the delay elements.  

 
Figure 58: Total optical loss from fiber to fiber for all 16 bit states, where state 1 is the shortest delay and 16 

the longest including simulated results. 
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 All the data have been normalized to the back-to-back measurement where the chip is 

bypassed and the error bars are based on the standard deviation of ten measurements, where 

the variation between each measurement is caused by temperature variation as the 

temperature profile changes from state to state while the thermo-electric cooler (TEC) tries to 

maintain a constant temperature. As can be seen from Figure 5, the data display some 

deviation from a linear relationship from state to state, which is a result of the imbalanced 

switch causing the cross state to have higher loss, as shown in Fig. 3. State 4 is the only state 

where all the switches are set to the cross state; therefore, as can be seen in the plot, it is the 

state that deviates the most. The dashed line in Figure 5 is based on simulated results of 0.8 

dB for loss, 1.5 dB per facet of coupling loss, and losses for the cross and through states of 

the switches of 1.9 and 1.7 dB, respectively. 

 The measurement displays a small deviation in power from state to state, which is 

indicative of the low-loss waveguide platform. An insertion loss (fiber-to-fiber) of 11.8 ± 0.6 

dB was measured for the shortest delay and 13.5 ± 0.5 dB for the longest delay (12.35 ns). 

The difference between the shortest and longest delay is 1.7 dB, which is equivalent to 

propagation losses of 0.7 dB/m. 

The next step was then to verify that the extinction ratio of each switch was indeed sufficient 

for the proper operation of the device. The same MLL as the previous section was then used 

and coupled into the device while no bias was applied. By performing a visual inspection of 

Figure	59, which shows the device output through a sampling scope, very little evidence to 

switch crosstalk is seen as only the 100 ps pulses can be seen on the plot. 
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Figure 59: 100 ps pulses propagating through unbiased OTTD chip showing little sign of switch crosstalk. 

	
 Lastly, the delay measurements were collected using the experimental set-up shown 

in Figure	60. A mode-locked laser (MLL) centered at 1557 nm was utilized to generate a 

train of 2-picosecond pulses at a 10 GHz repetition rate. A pulse-carving Mach-Zehnder 

modulator (MZM) was used to reduce the repetition rate by a factor of 256, which was long 

enough to accommodate the longest delay of 12.00 ns. The polarization state was again 

controlled through a 3-paddle polarization controller and the light injected into the device in 

a transverse-electric (TE) state via a cleaved single-mode fiber. The device output signal was 

then collected through another cleaved single mode fiber, amplified with an Erbium-doped 

fiber amplifier (EDFA) at constant current, and finally sent to a sampling scope for 

characterization. 
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Figure 60: Experimental set-up used to characterize delay configurations. 

	
Figure	 61 shows the optical output for the tunable delay. The plot displays the delays 

acquired for all 16 states of the 4-bit tunable delay with respect to the first state. The total 

temporal delay was measured to be 12.35 ns with a 0.85ns resolution, corresponding to a 

small deviation from the simulated group index due to a miscalculated waveguide effective 

index. If the error is taken into consideration and the proper group index is used, the 

measured delay closely matches the simulated delay with very little deviation from design.   

 
Figure 61: Optical output of the 4-bit tunable delay for all possible delay settings. 
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4.5 Conclusions 

 We demonstrated the realization of the longest fully integrated 4-bit tunable delay on 

an ultra-low-loss Si3N4 planar waveguide platform consisting of 4 delay elements and 5 

thermo-optic switches. The thermo-optic switches were measured to have 19.3 dB of 

isolation and 260 mW of power consumption. Delays up to 12.35 ns (2.407 meters) with 

temporal resolution of 0.85 ns were demonstrated. Waveguide TE losses were measured to 

be 1.01 ± 0.06 dB/m at 1550 nm and 0.57 ± 0.08 dB/m at 1591 nm. 

 The device presented here is also easily scalable for even longer delay lines and 

higher bit count delays given the low propagation loss of the platform. For the same platform 

we have measured coupling losses of 0.91 dB and TE losses lower than 0.1 dB/m with 50 nm 

thick cores and 6.5 µm wide waveguides, while maintaining the critical bend radius below 5 

mm [14]. In this work, a 60 nm core and a minimum bend radius of 5 mm was used; 

consequently, in the future, much longer delays may be fabricated at smaller footprints. 
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Chapter 5 

Tunable Dispersion Compensating Filter 

5.1 Introduction 

Chromatic dispersion is an undesired fiber characteristic resulting directly from the fact that 

group delay changes with wavelength. Since a pure single tone signal does not exist, as a 

pulse propagates along a fiber different wavelength components will travel at different 

velocities thus resulting in pulse broadening and limiting the data rate and transmission 

distance. The dispersion tolerance of a transmission system is inversely proportional to the 

bit rate square; therefore, doubling the bit rate deteriorates the tolerance 4x making it a 

serious problem for high-speed communications. As an example, a 40 Gb/s system on a 

single mode fiber has a dispersion tolerance length of 4 km!  

Numerous solutions have been found for dispersion compensation, where the two most 

common are dispersion-compensating fiber (DCF) and electronic dispersion compensator via 

DSP. Fiber and free space optic based compensators typically have high loss and are 

expensive. Today’s strongest alternative is DSP-based coherent compensators, which can be 

power “hungry” and cannot operate under direct-detection. Solutions with lower prices and 

power dissipation for short and mid-distance communication where dispersion might not be 

as severe are necessary.  

Optical tunable filters can be of great benefit to dispersion compensation by providing a low-

loss and compact approach with low power consumption that is independent of bit rate. 
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Optical filters can also compensate phase and amplitude distortion making it an excellent 

competitor to the previous two technologies. If properly designed, optical filters will have a 

periodic frequency response that allows for simultaneous compensation of multiple WDM 

channels using a single device. The tunability of such devices provides a great way to 

dynamically compensate for residual chromatic dispersion which can fluctuate due to 

temperature changes, path changes in reconfigurable optical networks, as well as end of life 

device and system characteristics. 

Integrated dispersion equalizers have been demonstrated in several platforms including silica 

planar lightwave circuits [1], [2], [3], and silicon photonics [4][5]. Although successfully 

demonstrated in those platforms, achieving high order filters with reasonable footprints and 

device loss becomes impractical. Silica waveguides have the required propagation losses to 

make low insertion loss devices but lack the necessary bend radius to make compact devices. 

Low loss silica devices typically have a minimum bend radius greater than 5 mm [6]. On the 

other hand, silicon photonics devices have small bend radius due to high index contrast, but 

waveguide propagation losses limit devices to shorter delays and low delay counts. 

In this dissertation we present the integration of a dispersion-compensating filter on a 

platform capable of providing state-of-the-art waveguide losses at bend radius 10x smaller 

than silica waveguides. This platform allows for the integration of lattice filter with large 

stage number at a small footprint otherwise not feasible on any other integration platform 

simultaneously. Thus allowing for the mitigation of OSNR penalty of the link for a whole 

bank of WDM at once due to the filter design. Here we demonstrate a 10-stage optical lattice 

filter with periodic frequency response capable of compensating +/- 500 ps/nm of dispersion 

for multiple WDM channels simultaneously. The device is integrated on a high-aspect ratio 
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Si3N4 waveguide core, where the core geometry determines the overall loss and bending 

capabilities [7]. 

5.2 Filter Design 

The tunable lattice filter for dispersion equalization is based on a generalized optical finite 

impulse response (FIR) filter, which is the same filter architecture also demonstrated by 

Doerr et al. and Geheler et. al. [8], [9]. The schematic depicting device architecture for the 

fabricated programmable 10-stage filter is shown in Figure	 62 below. Although a 

conventional lattice filter provides a very low-loss passband, every coupler and phase must 

be tuned in order to achieve an arbitrary transfer function, which becomes impractical when 

dealing with high order filters. The generalized filter presented here allows for a “single-

knob” dispersion control. Although this design does not allow for arbitrary transfer function 

realization, the filter is optimized for continuous dispersion tuning between its maximum and 

minimum setting while still maintaining the low-loss passband characteristic of a lattice 

filter. 

 
Figure 62. Schematic of the 10-stage dispersion compensating filter architecture with single knob dispersion 

control. 
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The filter is composed of cascaded alternating symmetric and asymmetric Mach-Zehnder 

interferometers (MZI). The symmetric MZIs are designed to function as tunable couplers for 

guiding the path on which the signal will take, while the asymmetric MZIs will mostly 

function as the dispersive element and set the filter order. When the couplers are set to 100/0 

(bar state) the entire device will function as a large symmetric interferometer with flat 

transmission and zero dispersion. As the coupling ratio starts to deviate from 100/0, the outer 

delays act as a mux/demux and all the middle delays act as a long wavelength dependent 

delay due to the alternating pattern. The maximum delay is achieved when the couplers are at 

a 50/50 splitting ratio. 

The time delays are chosen to be integer multiple of the unit delay, thus making the filter 

discrete in the time domain. By making the filter discrete in the time domain, this assures the 

filter has periodicity in the frequency domain, which can then be used to simultaneously 

compensate multiple WDM channels. The filter frequency response can then be simulated 

though the use of T-matrix formalism, where the main building block is the MZI. The 

transmission matrix relates the inputs/outputs at a given port to the inputs/outputs at the 

other, which will allow representation of the device network through a simple matrix 

multiplication. A single stage MZI consists of two directional couplers with power coupling 

κ and delay lines of length L1 and L2 can be represented as such below. 

𝐸! !"#
𝐸! !"#

= 𝑇!! 𝑇!"
𝑇!" 𝑇!!

∙ 𝐸! !"
𝐸! !"

= 𝑻 ∙ 𝐸! !"
𝐸! !"

 

Where T is the total transfer matrix for the MZI and can be found by the multiplication of the 

first coupler, delay, and second coupler individual transfer matrices [10].  

𝑻 =  𝑻!"#$%&' ∙ 𝑻!"#$% ∙ 𝑻!"#$!"#  



 

 90 

𝑻 =  
1 − 𝜅 −𝑗 𝜅
−𝑗 𝜅 1 − 𝜅

∙ 𝑒
!!"#!! 0
0 𝑒!!"#!!

∙
1 − 𝜅 −𝑗 𝜅
−𝑗 𝜅 1 − 𝜅

 

The k term is the power coupling coefficient for the coupler, L1 and L2 correspond to the 

MZI delays on each arm, and K is the wave vector equivalent to 2π⁄λ, where λ is the 

wavelength. With the building block defined cascading the equivalent blocks accordingly can 

then simulate the entire filter. From the definition in equation 1, the T11 matrix element 

corresponds to the filter transmission from port 1 to port 3 when there is no input in port 2 

and so forth. Therefore, the transmission and phase for the filter can be directly extracted 

from the total T-matrix as described below, and the same can be done to all the matrix 

elements. 

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = 𝑇𝑟 =  𝑇!! !  

𝑃ℎ𝑎𝑠𝑒 =  𝛩 =  𝑎𝑟𝑔 𝑇!!  

The group delay and dispersion can then be calculated as following: 

𝜏 =  −
𝑑Θ
𝑑𝜈

 

𝐷 =  
𝑑𝜏
𝑑𝜈

 

Using the T-matrix approach described above, the filters response was simulated for different 

numbers of stages and unit delay length. Fig. 2 shows the calculated dispersion amount for 

the different filter designs. As shown, dispersion is proportional to ΔL2 for a set number of 

stages and therefore it is desirable to make ΔL as large as possible. However, the filter 

passband and FSR scale with 1/ ΔL and a tradeoff must be considered. Then for a given 

delay length, the only way to increase dispersion without compromising bandwidth and FSR 

is by increasing the number of filter stages, which requires a platform with low propagation 
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loss. By using the design curves below, a unit delay length of 2mm was chosen 

corresponding to an FSR of 100 GHz. As a result, in order to achieve 500 ps/nm of 

compensation a 10-stage filter is required. 

 
Figure 63. Simulated filter dispersion for the generalized lattice filter as a function of the number of stages 

for 3 different unit delay length. The associated bandwidth (BW) is shown above each curve. 

	

5.3 Waveguide Design and Fabrication 

The tunable dispersion equalizer was fabricated on a high-aspect ratio low-loss silicon nitride 

waveguide platform as described in [7]. Figure	 64(Left) shows a schematic of the cross-

section of the completed waveguide structure. The device was fabricated on a 4” silicon 

substrate where 15 µm of thermal oxide served as the waveguide lower cladding. 

Stoichiometric low-pressure chemical vapor deposition (LPCVD) Si3N4 was used as the 

waveguide core and an additional 3 µm of sputtered SiO2 was deposited as an upper 

cladding. The device was patterned via 248-nm stepper lithography and etched through 

reactive ion etching (RIE). The final waveguide structure was then annealed at 1050 °C for 7 

hours under N2 ambient in order to drive out any residual hydrogen impurities from the 
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Si3N4 films and/or SiO2 deposition. The final fabrication step included depositing 

Nickel/Chrome and Titanium/Gold, which served as phase turners via thermo-optic effect 

and electrical contact, respectively. The metal layers were deposited via e-beam evaporation 

and patterned through a liftoff process. 

 
Figure 64. (Left) Schematic of the fabricated waveguide cross-section. (Right) 

	
The waveguide core dimension was 2.8 µm in width by 100 nm in thickness. The core 

geometry was designed to be single mode at 1550 nm and to provide the aspect ratio required 

to minimize the optical mode overlap with the sidewall roughness, thus decreasing the 

propagation loss to the low-loss regime. The core thickness of 100 nm was chosen to allow 

for tight bend radius (500 µm), which is crucial for the smaller footprint, while still 

maintaining the necessary low propagation loss. Figure	64 (Right) shows the measured TE 

and TM propagation losses as a function of wavelength over the range from 1530 nm to 1600 

nm. The measurement was performed via optical frequency domain reflectometry (OFDR) 

on a separate 1 meter spiraled waveguide test structure fabricated on the same wafer. The 

lowest measured waveguide losses were 0.058 dB/cm and 0.018 dB/cm for TE and TM, 
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respectively. Because of the high-aspect ratio of the waveguide geometry, the confinement of 

the fundamental TM mode is much lower than that of the fundamental TE mode, which in 

turn results in the measured lower losses. Although the measured TM losses are lower than 

TE, the minimum bend radius required to keep the bend losses legible are much higher. 

Therefore, in order to keep the entire structure footprint small, the device was designed for 

TE excitation only. A simulated minimum bend radius of 500 µm was required in order to 

keep the bend losses to < 0.001 dB/cm. With the measured propagation losses and the 

simulated bend losses, the platform described here provides a vast advantage over its doped 

SiO2 core PLC counterpart, which provides similar propagation losses but at a much higher 

minimum bend radius of > 5 mm. 

5.4 Fabrication and Measurement Results 

Figure	 65 shows the photo mask layout as well as the actual fabricated device. With the 

minimum bend radius of 0.5 mm, the device dimensions were 9.89 mm x 22.5 mm, which is 

equivalent to a footprint of only 2.23 cm2. The full characterization of the device is broken 

down into geometry results where we verify the platform’s performance (presented in the 

section above) and then device results, where we look into the filter transmission, group 

delay, and dispersion. The filter performance on a full transmission link is also evaluated. 
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Figure 65. (Left) Mask layout showing the dimensions for the filter (9.89 mm x 22.5 mm) (Right) Optical 

microscope picture of the final fabricated device. 

	

5.4.1 Filter Measurement Setup 

To measure the filter’s amplitude response, a CW output from a tunable laser source was sent 

through a 3-paddle polarization controller and subsequently coupled into the filter via a 

cleaved fiber. Index matching fluid was used to improve the coupling efficiency and 

minimize reflections between the fiber and the diced facet. Because the device can only 

support TE mode at the lower loss regime, the optical power was maximized at the output 

through the use of the polarization controller. The signal transmitted through the device was 

collected through another cleaved fiber and detected with a broadband photodetector. The 

laser output power was set to 0 dBm for all of the transmission measurements. 

Group delay was measured through OFDR by using a commercially available reflectometer. 

Because the OFDR technique measures the backscatter signal, a circulator was placed 

between the device under test (DUT) and the reflectometer as to measure the S21 instead of 

the S11. The amplitude information of the frequency domain data can provide a measure of 

the device’s insertion loss as a function of wavelength, while the phase information of the 

frequency domain data is used to calculate group delay and chromatic dispersion. By 
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definition, group delay is defined as the rate of change of the phase as a function of 

wavelength (τ=  dϕ⁄(dλ)), while chromatic dispersion is the rate of change of group delay 

with respect to wavelength (D=  dτ⁄(dλ)). Both metrics can be calculated directly from the 

phase information of the OFDR measurements.  

5.4.2 Filter Periodicity 

The periodicity of the filter response is a critical, because it allows for the dispersion 

compensation of multiple WDM channels through the use of a single device. Therefore, the 

transmission and group delay response must be periodic throughout the operation of the 

device. Figure	66 shows the transmission and group delay measurement for a single bias 

setting. The filter periodicity can be verified in both results and was measured to be as 

designed at 100 GHz FSR, as set by the unit delay of 2mm. The figure also shows the filter 

response for a total of 8 channels, thus making it possible to compensate at least 8 channels 

simultaneously. 

 
Figure 66. Measured transmission and group delay for a single bias setting. 

	
The next step was to verify that the filter response could be tuned though the use of the 

thermo-optic effect without any major change to the periodicity and wavelength grid. Fig. 6 

below shows the same type of measurements for 4 different biases for the tunable coupler 
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corresponding to an applied voltage of 0, 2, 3.4, and 5.6 V. As the bias setting changes, the 

coupling ratio at all the couplers varies simultaneously which in turn will change the filter 

group delay response. As can be seen from the figure, the filter FSR stayed the same for all 

the bias settings, but the filter transmission and group delay varied with each setting 

accordingly. 

 
Figure 67. Filter response for various bias setting on the tunable coupler. 

	

5.4.3 Insertion Loss 

It is important to note that transmission data in the previous section was not normalized; and 

therefore, after we consider the measured setup system losses of 2.0 dB and an input power 

of 0 dBm, the filter was found to have a total insertion loss of 21.8 dB. The total insertion 

loss deviates from the optimal loss due to the fabrication process and not platform and filter 

design. The loss components are summarized below, but if properly addressed the filter total 

insertion loss from fiber to fiber should be < 4 dB. The device’s insertion loss can then be 

broken down into 4 different components that are separately explained in this section: 

propagation loss, coupling loss, metal absorption loss, and bend loss. 
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The waveguide propagation loss, as previously stated, was measured to be 0.058 dB/cm. The 

total propagation length of the device is 20.8 cm; therefore, the waveguide loss contribution 

to the total insertion loss is only 1.2 dB. The coupling loss was characterized on multiple 

straight waveguides adjacent to the filter as to minimize the potential of any coupling 

variation. The coupling loss was measured to be 2.88 ± 0.15 dB/facet, which contributes a 

total of 5.8 dB to the total insertion loss. Coupling loss on this platform can be further 

improved through the use of spot-size converter to losses < 1 dB/facet [11]. The third part of 

the insertion loss corresponded to the metal absorption caused by the heating element being 

placed too close to the core, 3 µm above the core in this case. To measure the metal 

absorption, the filter transmission was measured with and without the heaters. Figure	 68 

shows the filter response with and without metal for a successful measurement of metal 

absorption of 5.5 dB. 

 
Figure 68. Filter transmission with heaters and no heater for the same filter, corresponding to a metal 

absorption loss of 5.5 dB. 

	
The remaining 9.3 dB of insertion loss can then be attributed to bend loss and coupler loss. 

After further investigation, it was realized that no offsets were placed between the transitions 

of bent to straight waveguides and between the transitions of two bent waveguides of 
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different direction. The transition mismatch loss was simulated to be 0.04 dB/transition for 

straight-bend and twice for bend-bend. Although the simulated losses are small, there are a 

total of 80 straight-straight and 60 s-bends. Therefore, the overall transition bend loss from 

the simulated values corresponds to 8.6 dB, which almost completely accounts for the 

remaining insertion loss. 

5.4.4 Lattice Filter Tuning and Dispersion Compensation 

To analyze the device’s ability to compensate dispersion, we then analyze the filter’s full 

response at a single channel. The device is measured at a total of seven different bias points 

from 0 to 7 Volts with a maximum power dissipation of 723 mW. The filter’s group delay 

response is controlled by adjusting the coupling ratio of the tunable coupler through the 

thermo-optic effect by applying current to a single arm of the MZI. The heaters were 10 µm 

wide and 1000 µm in length, and the response was measured and varied from 0/100 to 100/0, 

a complete switch characterization is shown in [12]. Figure	69 displays the transmission and 

group delay response for a single channel for all seven different voltage biases. 

 
Figure 69. Complete filter characterization for a single passband, showing transmission and group delay 

results for seven different bias settings. 

	
The transmission plot (left) data is normalized to the lowest loss transmission in order to 

highlight the difference in transmission between each bias setting. As can be seen from the 
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plot, the transmission remains above 3 dB for all of the bias settings with a measured 

“useful” bandwidth of 15 GHz. Figure	 69 (right), shows a linear group delay across the 

transmission bandwidth for all the different biases. Because dispersion is defined as the rate 

of change of group delay over wavelength, a linear group delay response is equivalent to a 

constant dispersion. Therefore, dispersion can be determined by finding the slope of the 

group delay by fitting a straight line through the data. The plot also shows different slope 

signs for various settings, which correspond to the filter’s ability in compensating positive 

and negative dispersion. 

An example of the linear fit in order to extract dispersion is shown in Figure	70 (left). The 

figure shows a measured dispersion value of 170 ps/nm for that specific setting with a group 

delay ripple of ± 4 ps. A similar fit can be done for the remaining bias points in order to 

extract the dispersion value. A summary for all of the measured dispersion as a function of 

voltage setting is shown in Figure	70 (right). From the measured results, the filter displays 

the ability to compensate ± 550 ps/nm with settings between 0 and 7 V. 

 
Figure 70. (Left) Example of a linear fit through a group delay data showing a measured dispersion of 170 
ps/nm and a group delay ripple of +/- 4 ps. (Right) Filter measured dispersion as a function of voltage bias. 
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5.4.5 Link Testing 

The final step to verify the filter’s functionality is to the compensate dispersion of a full 

transmission link. Transmission measurements were performed on a 40 Gbits/sec NRZ-OOK 

signal according to the setup in Figure	71. 

 
Figure 71. Dispersion equalizer transmission testbed. 

	
A 10-kilometer single-mode fiber spool was used to introduce dispersion. For the given fiber 

length, the calculated dispersion expected is approximately 170 ps/nm. The received data for 

the uncompensated link shows a distorted and closed eye diagram as seen in Figure	72 (left). 

The dispersion equalizer is introduced and biased accordingly to fully compensate the 

dispersion. Figure	72 (right) shows the compensated detected eye diagram demonstrating the 

signal improvement over the uncompensated case. The result then assures the filter’s proper 

functionally by compensating a 40 Gb/sec signal. It is important to recall that dispersion 

tolerance is inversely proportional to bit-rate square, and for a 40 Gb/sec signal that is 

equivalent to 4 Km of uncompensated propagation on single-mode fiber. Therefore, the filter 

presented here provides sufficient dispersion compensation for high-speed communications 

with data rates up to 40 Gb/sec. 
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Figure 72. Eye diagrams for the uncompensated transmission link (left) and compensated link (right). 

	

5.5 Conclusion 

A programmable 10-stage monolithically integrated lattice filter dispersion compensator was 

demonstrated on an integrated Si3N4 waveguide platform that offers superior performance 

for system loss due to its low waveguide propagation loss. This single device can compensate 

for a bank of WDM channels on a grid of 100 GHz with a 0.6 dB maximum propagation loss. 

The platform also provides a tighter bend radius, which directly corresponds with a footprint 

reduction of more than twice of that of its silica counterparts. The device can compensate +/- 

550 ps/nm and dispersion compensation was demonstrated on a 40 Gbits/sec NRZ-OOK 

signal. 
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Chapter 6 

Integrated Waveguide Optical Gyroscope 

(IWOG) 

6.1 Introduction 

Gyroscopes are useful in a wide range of applications, from the less demanding commercial 

end to the more demanding military applications such as aircraft navigation. These highly 

sensitive gyroscopes, when paired with other sensors, can be used to precisely verify an 

object’s orientation assisting in the determination of the object’s position or flight path. Such 

sensors become of crucial need when uninterrupted data flow is required, as in GPS starved 

environments.  

 An optical gyroscope based on optical interference has a large advantage over a 

mechanical gyroscope because it does not rely on moving parts. This makes optical 

gyroscopes more stable and reliable, as they are not prone to degradation from vibrations, 

which is common in military applications such as tactical munitions [1]. Present day optical 

gyroscopes are large, consume a great amount of power, and are expensive to deploy with 

every soldier. Photonic integration provides the opportunity for improving the current state-

of-the-art performance of optical gyroscopes while maintaining the SWAP+C of current 

MEMS based gyroscopes. 
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Photonics integration provides an overall better performance than fiber and laser gyros by 

having every gyro component integrated into a small single package, thus lowering the 

reflection sensitivity.  Optical integration also solves the performance limitation of discrete 

components and leads to the integration of the electronic control for the optical gyro, further 

reducing SWAP+C. 

6.2 Theory 

The integrated waveguide optical gyroscope (IWOG) is a rotation sensor that relies primarily 

on optical interference effects in optical waveguides in order to provide a measurement. The 

device operates by using the Sagnac effect, where two counter-propagating waves experience 

a phase difference on a rotating platform. The most basic schematic for an IWOG is shown in 

Figure	73. One important aspect to note, is that unlike the delays on the previous chapter, the 

waveguide coil used on the optical gyro must not change direction in order to avoid the 

Sagnac effect and therefore no s-bend can be used. 

 
Figure 73: The simplest scheme of the integrated waveguide optical gyroscope. 

	
In its simplest form, the IWOG is composed of a light source, a power splitter, a waveguide 

coil, and a photodetector. The power from the light source, usually an ASE source to avoid 
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backscatter reflection/noise, is split into two components by the optical splitter and is input 

into the waveguide coil as a clockwise and counter-clockwise signal. The counter-

propagating signals travel through the waveguide coil accumulating a phase difference 

according to the Sagnac effect and are then recombined at the photodetector completing the 

passive interferometer. The signal from the optical gyroscope is directly proportional to the 

angular rotation velocity Ω according to the gyroscope Sagnac scale factor (Kssf). In the case 

of an interferometric optical gyroscope presented herein, the change in phase due to the 

Sagnac effect can be written as [2]: 

Δ𝜙 =  𝐾!!"Ω 

where Δϕ corresponds to the change in phase between the clockwise and counter-clockwise 

signals, and for a fiber coil Kssf is defines as [3]: 

𝐾!!" =  
8𝜋𝑁𝐴
𝜆𝑐  

where N is the number of turns in the coil, A is the area enclosed by the coil, λ is the 

operating wavelength, and c is the speed of light. Therefore, by calculating the phase change 

due to all sources of phase noise, a noise equivalent rotation rate can be calculated which will 

be equivalent to the minimum detection resolution of the optical gyroscope limited by the 

sources of noise. The noise equivalent rotation can then be evaluated as: 

Ω!"#$% =  
Δ𝜙!"#$%
𝐾!!"

 

As a result, by carefully defining all the possible sources of phase noise, a model can be 

established which could theoretically determine the optical gyroscope sensitivity providing 

the PLC and PIC designer with the appropriate parameters required for the integration of an 

optical gyroscope for a specific target performance. 
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Therefore, in this dissertation as in [4], we consider four sources of noise: shot noise, relative 

intensity noise (RIN) from the source, thermo-refractive noise, and thermal noise of the 

preamplifier. From [4], the total phase noise can be defined as: 

Δ𝜙!"#$% =  Δ𝜙!!!" +  Δ𝜙!"# +  Δ𝜙!!!"#$!!"#$%&'(" +  Δ𝜙!!!"#$% 

where each of the individual noise sources is defined below. 

Δ𝜙!!!" =  !"!"
!!!

 (rad/√Hz) 

where h is Planck’s constant, f is the operating frequency (f = c/λ), B is the measurement 

bandwidth, η is the quantum efficiency of the photodetector, and Po is the equivalent 

detected power (Po = Psource*e-αL). 

Δ𝜙!"# =  10
!"#
!"  (rad/√Hz) 

where RIN is the relative intensity noise of the source in dBc/Hz. 

Δ𝜙!!!"#$!!"#!$%&'(" = 4.3×10!! !
!"

 (rad/√Hz) 

where L is the coil length in meters. The thermo-refractive noise is obtained from [xx]. 

Δ𝜙!!!"#$% =  !"!!

!!! !
 (rad/√Hz) 

where R is the termination resistance for the detector and in this case it is assumed to be 1 

kΩ. 

With all of the noise sources defined, the minimum detected rotation as a function of coil 

length can be calculated. The following assumptions were used for this initial verification of 

the gyro model: 

• RIN = -140 dBc/Hz 

• B = 1 Hz 
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• η = 0.9 

• Po = 100 mW 

• Waveguide loss (α) = 1 dB/m 

• Crossing loss = 0.02 dB/crossing 

• Minimum bend radius = 1 mm (helps determine the number of crossings) 

The result of the model output is displayed in Figure	74. The plot shows that with the current 

assumptions a 20 meter spiral could potentially reach a detection limit of 13.78 °/hr/√Hz, 

sufficient for a rate grade gyro based on detection limit alone. Further investigation based on 

the model and waveguide design will be performed on the following section. 

 
Figure 74: Optical gyroscope model output based on 4 major source of phase noise, showing theoretical 

minimum detectable rotation rate as a function of coil length based on calculations from [4]. 
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6.3 Design 

Figure	 75 shows a typical schematic of a fully integrated (reciprocal) waveguide optical 

gyroscope (IWOG). It is important to note that the device is divided into two different 

sections: the coil and the active section, where the latter includes optical sources, photo 

detectors, and modulators. While it is possible to integrate the device in its entirety onto a 

single waveguide platform, i.e. Silicon hybrid or InP, this approached is not preferred due to 

a sensitivity limitation which is a direct result from the waveguide propagation loss limiting 

the maximum amount of delay to be integrated. Therefore, the ultra-low loss planar 

waveguide platform allows for meters of coil integration which would otherwise not be 

feasible; on the other hand, the lack of active devices on said platform requires a separate 

design of each section. Each section can then be further integrated either via an 

active/passive coupling approach [5], or through a co-packaging approach [6]. This 

dissertation will only cover the design, fabrication, and testing of the passive coil integration 

alone, although design decisions were made to allow for future integration of both platforms, 

which will be discussed in the next sections. 

 
Figure 75: Integrated Waveguide Optical Gyroscope schematic [4]. 
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 In order to properly design the coil for the IWOG, the waveguide core geometry must be 

decided upon to meet the required specification of the desired application. Figure	76 broadly 

identifies the application space as a function of gyro sensitivity and dynamic range 

specifications. Gyroscope grades can also be defined as according to angle random walk 

(ARW) and bias drift; such definitions are shown in Table	 6, where ARW describes the 

average deviation of the output signal as a result of random (white) noise, and the bias drift 

measures the peak-to-peak deviation of the output signal. As shown here, different 

applications will require different specifications, therefore in order to move forward with the 

IWOG design a range of specifications and applications must be chosen. 

Parameter Rate grade Tactical grade Inertial grade 
Angle random walk > 0.5 °⁄√hr 0.5 – 0.05 °⁄√hr < 0.001 °⁄√hr 
Bias drift 10 – 1000 °⁄hr 0.1 – 10 °⁄hr < 0.01 °⁄hr 

Table 6: Gyroscope grades based on ARW and bias stability [7]. 

	
Based on the waveguide platform described here, tactical gyro performances can be delivered 

in a compact footprint, not achievable with current fiber optic gyroscope technology. As a 

result, with the goal of designing a gyroscope which offers high-performance in a package 

that is significantly smaller than that of standard FOGs, the coil will have a reference target 

of gyro sensitivity 1◦\hr (tactical grade) with a footprint of ≤ 5 cm2. The two specifications 

just mentioned, are of course not the only specifications required to design a high-

performance gyro but were instead chosen to highlight the performance of the planar 

waveguide platform, which can achieve very low propagation loss at a small bend radii not 

possible with its counterpart platform such as silica PLCs. 
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Figure 76: Application areas and performances of the RLG and FOG gyroscopes (full lines), and projected 
performance for MEMS and integrated waveguide optical gyro (IWOG). Figure from [8]. 

	
With the intention of achieving a gyro sensitivity of 1 ◦\hr, a family of curves can be 

generated following the steps in the theory section above displaying the sensitivity for 

multiple waveguide propagation loss as a function of coil length, as seen in Figure	77. From 

the figure it can be seen that a waveguide loss of ≤ 3 dB/meter with at least 5 meters of 

propagation length are required to push the waveguide coil into the desired tactical sensor 

regime. 
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Figure 77: IWOG design curves for a specified gyro sensitivity of 1 ◦ \hr. Plot shows gyro sensitivity for 
multiple waveguide losses as a function of coil length. 

	

6.4 Single Layer Gyro Coil 

The integrated waveguide coil was laid out as a modified version of the Archimedean spiral. 

The gyroscope coil is very similar to the conventional spiral explained in the building blocks 

chapter with the exception that in order to avoid the nullification of the Sagnac effect, the 

light cannot change direction (clockwise to counter-clockwise or vice-versa) in the middle of 

the spiral. As a result, the spiral-in and spiral-out geometry, which is achieved through the 

use of the s-bend, cannot be used since a change in direction occurs. Thus, the spiral used for 

this application can only spiral in until it reaches a desired bend radius and then an output 

waveguide crosses through all the spiraled waveguides. A conventional Archimedean spiral 

and a gyroscope spiral are placed side by side on Figure	78 for reference. 
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Figure 78: (Left) Archimedean spiral w/ s-bend. (Right) IWOG modified Archimedean spiral with output 

crossing multiple waveguides. 

	
The waveguide core geometry was determined based on the requirements of the previous 

section. A core of thickness of 90 nm as seen in the platform chapter can meet the 

propagation loss and footprint required for the target gyro sensitivity. Although other core 

geometries (thickness/width) would also satisfy the condition with much lower loss and still 

meet the footprint requirement, a core of 2.8 µm width and 90 nm thickness was chosen in 

order to rely on the active/passive integration coupler work developed in [6] so that the low 

loss integrated coil could in the future be monolithically integrated with the gyro front-end. 

The fabrication process follows the steps laid out in the platform chapter.  

6.4.1 Facet Reflection 

The wave reciprocity, as previously stated, only applies to a transmitted wave; therefore, any 

source of reflection along the way degrades the gyro performance, and it is essentially seen 

as a source of noise. One major source of reflection on the IWOG is the Fresnel back-

reflection at the chip-fiber interface or chip-chip interface. One way to avoid back-reflections 

is to add anti-reflection coatings to the waveguide output or to angle the output waveguide as 
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to degraded backwards coupling. The waveguide spiral gyro was designed around the angled 

facet approach. 

If we assume a Gaussian approximation for the fundamental TE mode of the waveguide, we 

can show the reflectance can be approximated to be [9]: 

𝑅 Θ =  𝑅!(Θ)exp −
2𝜋 ⋅  𝑛!"#$$%&' ⋅  𝑤 ⋅  𝜃

𝜆

!

 

where w is the beam width, which is a direct result of the waveguide geometry, and Rf(θ) is 

the Fresnel reflection coefficient of a plane wave defined by: 

𝑅! Θ =  
𝑛! ⋅ cos 𝛩 −  𝑛!! −  𝑛!!  ⋅  𝑠𝑖𝑛!(Θ)

𝑛! ⋅ cos 𝛩 +  𝑛!! −  𝑛!!  ⋅  𝑠𝑖𝑛!(Θ)

!

 

Although the Gaussian approximation greatly deviates for very large reflections, one can 

deduce from the reflectance equation that increasing waveguide angle and/or increasing 

beam width can decrease the reflectivity. Since our waveguide geometry has been 

determined by the application, the beam width will be held constant (waveguide geometry) 

while the reflectance is simulated and plotted as a function of angle in Figure	79 on a chip to 

air interface. 

Based on the calculated reflectance plot, an output angle of 21° was chosen which 

corresponds to a reflectance of 10−4. Although lower levels can be achieved with higher 

output angles, alignment becomes impractical and coupling efficiency degrades. As a result, 

in order to attain additional reflection suppression and better coupling efficiency, an anti-

reflection coating at the output facet is recommended. By doing a simple calculation 

according to refraction laws, it was found that the single-mode fiber needed to be angled by 

approximately 31° in order to align with the tilted output waveguide. 
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Figure 79: Simulated reflectance as a function of output waveguide angle for a 2.8 x 0.09 µm planar 

Si3N4waveguide. (Dashed line = chosen reflectance level) 

	

6.4.2 Waveguide Crossings 

Since the waveguide coil is to be fabricated on a single layer platform waveguide, crossings 

are unavoidable because as previously explained the s-bend reverses the direction of light 

propagation, thus nullifying the Sagnac effect. Consequently, the waveguide crossings must 

be optimized as to reduce any potential source of reflection and additional loss. Bauters et al. 

have demonstrated that on the same high-aspect ratio Si3N4\ SiO2waveguide platform, 

waveguide crossing loss can be as low as 0.02 dB per crossing at a 90° angle [10]. As 

described in [10], the waveguide crossing loss decreases as the angle between the waveguide 

increases. For crossing angles of 30°, losses can be greater than 1dB per crossing and less 

than 0.1dB per crossing at 60° crossings, reaching the lowest value of 0.02dB/crossing at 

90°. It is important to note that the low crossing loss can be achieved mainly as a result of the 

weakly confined mode of the high-aspect ratio geometry which suffers very little index 
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perturbation from the intersecting waveguide. Therefore, as the geometry changes to a more 

confined fundamental TE mode, the losses per crossing increases for the same angle 

intersection. Figure 5.6 (a) shows that the loss per crossings goes from 0.02 dB/cross for a 

40nm thick core, which is the geometry used in [10], to 0.1dB/cross for a 90 nm thick core 

which is the geometry used for the gyroscope coil. Since the waveguide geometry has been 

locked for this application, the waveguide crossing must be optimized accordingly. 

 

Figure 80: (a) Loss per 90 degree crossing for different core thickness. (Please note that the width changes 
for each thickness, but all geometries are single-mode) (b) Plot displaying the total number of crossings on a 
single layer gyro coil as a function of length for a minimum bend radius of 1mm and waveguide separation 

of 50µm. 

	
In order to optimize the waveguide crossings for loss, we first need to determine the amount 

of crossings. Figure	80 (b) displays the total number of crossings as a function of length. As 

already resolved, the desired length required for a tactical grade gyroscope is a total of 5 

meters which corresponds to approximately 140 crossings as seen in Figure	 80 (b). 

Therefore, the total contribution of the crossings to the overall device is 14 dB for a single 

pass alone! Because the waveguide crossing is seen during spiral in and spiral out, the 140 

waveguide crossings are equivalent to 280 crossings for the entire structure which 
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corresponds to a total loss of 28 dB for the crossings alone. As a result, a lower loss cross 

must be developed. 

Multi Mode Interference (MMI) Crossings 

It has been shown that the self-imaging property of a MMI structure can be used to attain 

low-loss waveguide structures [11][12]. The multi-mode interference is used to mitigate the 

diffraction through the waveguide crossing by focusing the beam to a width much smaller 

than the MMI width at the crossing center; this condition happens even though the lateral 

confinement is drastically reduced at the waveguide crossing [13]. A similar MMI-like 

crossing was designed for the ultra-low loss Si3N4\SiO2waveguide platform, with the idea of 

replacing the conventional “normal” waveguide intersection in the gyro coil. 

The schematic of the MMI crossing can be seen in Figure	81. 

 

Figure 81: Schematic of the proposed MMI waveguide crossing structure 

	
The MMI-like structures can be divided into 3 different sections: single-mode input, taper, 

and MMI section. In Figure	81 the important structure dimensions are labeled and will be 

properly designed to achieve the lowest loss per crossing. The waveguide crossings are 

placed periodically along the MMI length according to the self-imaging principle of 

multimode waveguides. In order for the crossings to be useful for the optical gyro coil, the 
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crossing spacing needs to closely match the waveguide spacing in the integrated coil, in this 

case 50 µm. Consequently, the multimode section of the waveguide was designed to support 

three higher order TE modes (TE00, TE01, TE02), but because of the symmetry caused by the 

input excitation position only m = 0 and m = 2 TE modes are excited. As a result, the self-

imaging condition is reduced to: 

𝐿! =  
2𝜋𝑛

𝛽! −  𝛽!
,𝑛: 𝑖𝑛𝑡𝑒𝑔𝑒𝑟 

The MMI section of the device was designed with a width of 7µm, where Figure 5.8 shows 

the effective index for the first and third order mode is 1.475 and 1.451; therefore, giving a 

beating length of 64.5µm which closely corresponds to the waveguide spacing. 

 

Figure 82: Neff scan for a 90 nm thick waveguide core as a function of waveguide width. (Cut-off for single 
mode condition is 3µm) 

	
The taper section was designed as a short linear taper with a length of 1µm. The entire 

structure was then simulated using Photon Design’s FIMMWAVE, an Eigen mode expansion 

(EME) tool. Figure	83 (a) shows the simulated field intensity for a 5-crossing device, while 
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Figure	 83 (b) provides a summary of the final simulated dimensions to achieve low loss 

crossing. With the provided dimension values, the MMI crossing was simulated to achieve 

losses of 0.01 dB/crossing! Where a regular waveguide crossing on the same platform 

geometry would have 0.1 dB/crossing. 

Parameter Value 
Single-mode 
waveguide 
geometry 

2.8 um x 100 nm 

Ltaper 1 µm 
Lin 61 µm 

LMMI 56 µm 
WMMI 7 µm 

 

Figure 83: (a) Propagation simulation showing electrical field intensity for a MMI structure optimized for 
low crossing loss where the crossings are place on the fundamental mode self-imaging period. (b) MMI 

device’s dimension for low loss crossing achieved through simulation optimization loops via Photon Design’s 
FIMMPROP (EME solver). 

	
By using the dimensions shown in Figure	 83 (b) and the simulated values for the normal 

crossing, a comparison can be made between the normal and MMI-like crossing losses as a 

function of the total number of crossings, as seen in Figure	84. From the figure, given the 

amount of crossings required for the integrated single layer gyro, the MMI-like structures 

provide an immense improvement of approximately 27 dB over the normal crossings. 
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Figure 84: Simulated comparison between the losses of the normal 90-degree crossings against the proposed 
MMI crossings as a function of total crossing. (The total amount of crossings for a 5-meter gyro coil is 

highlighted on the figure) 

	

6.5 Results 

According to the requirements discussed in the previous section, a mask layout was designed 

to fully characterize the fabrication of a waveguide coil for use in the optical gyroscope 

application. Individual test structures for each important coil requirement were also 

fabricated to de-couple each individual response from the overall coil output. The complete 

mask layout is shown in Figure	 85, where each functional block is highlighted and the 

results discussed below. 
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Figure 85: Optical gyro mask layout with each functional block identified. 

	

6.5.1 Waveguide Crossing 

As previously shown, waveguide crossings can be one of the major sources of loss and 

reflection in the optical gyroscope waveguide coil. Therefore, test structures to quantify the 

crossing loss for the “normal” 90-degree crossing and the suggested MMI crossings were 

fabricated and tested. The structure consisted of a “cutback-like” type measurement with 

multiple waveguides each having a different number of crossings. For the “normal” 

waveguide crossings, which had simulated losses of 0.13 dB per crossing, a total of six 

different waveguides were fabricated each having a different number of crossings 

corresponding to 25, 50, 75, 100, 125, and 150 crossings. By measuring the insertion loss of 

each waveguide individually and performing a linear fit to the measurements, the slope of the 
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fit can be determined thus representing the loss per waveguide cross. The cutback 

measurement can be independent of the coupling loss provided that the coupling condition is 

similar to all the waveguides, a good assumption if all of the waveguides are close together. 

In order to minimize the errors introduced by the coupling variation, which was measured to 

be +/- 0.87 dB for a diced unpolished facet, a large number of waveguide crossings were 

chosen so that the difference between insertion losses was much greater than the coupling 

uncertainty. In this case, the difference between 25 to 150 waveguide crossings was 

simulated to be 16.25 dB. A microscope image of the fabricated test structure can be seen in 

Figure	86, where a closer image is also shown for the waveguide crossing. The waveguide 

dimensions and crossing spacing were chosen to replicate the crossing on a gyroscope coil, 

which are in this case 2.8 um in width by 90 nm in thickness and each spaced by 50 µm from 

center-to-center of the waveguide; as previously mentioned, the waveguide spacings were 

chosen in order to minimize the crosstalk between adjacent waveguides. 

 

Figure 86: Microscope image of the fabricated cutback test structures for the normal 90-degree waveguide 
crossings 
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The crossing loss was measured at a wavelength of 1550nm and a polarization controller was 

used to excite TE polarization only, due to the high birefringence of the high-aspect ratio 

waveguide, which as discussed is a benefit to the optical gyro performance. In order to 

maintain similar coupling conditions between waveguides, a cleaved fiber with the addition 

of index matching gel was used to excite the fundamental TE mode of each waveguide. The 

cutback measurement results for the normal 90° crossings are shown in Figure	87. The blue 

diamonds are the insertion loss measurement for each individual waveguides with different 

numbers of crossings. A linear fit was performed, shown as the red dashed line, and the slope 

extracted with an R squared value of 0.993 verifying the quality of the fit. The slope, which 

corresponds to the waveguide crossing loss, was measured to be 0.1 dB/crossing. The 

measured loss is in notable agreement with the simulated value of 0.13 dB/crossing 

calculated via Finite Difference Time Domain (FDTD) simulation done through the Photon 

Design simulation software.    

 

Figure 87: Normal 90-degree crossing cutback measurement result. 
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Because the waveguide crossings on a spiral are actually crossings of the bent waveguide 

with the straight waveguide while spiraling-in and the opposite (straight with bent crossings) 

while spiraling-out, cutback test structures with crossings on a bend as well as bending 

crossings were fabricated but no measurable difference from the regular test structures was 

seen since the bend radius is well above the minimum bend radius of 1 mm. 

To compare the performance for the MMI-type crossing versus the traditional crossings, a 

similar cutback test structure was fabricated. Because the MMI lengths are much larger than 

the “normal” waveguide crossings, FDTD simulations become impractical due to the large 

computation area required; to simulate the performance of the MMI crossings, an EigenMode 

Expansion (EME) solver was then used. According to simulations, a crossing loss of 0.02 dB 

can be achieved if the MMI crossing is properly designed. As in the case of the normal 

crossings, the appropriate number of waveguide crossings must be selected to mitigate the 

uncertainties from the coupling; thus, because the MMI crossings were simulated to have a 

much lower crossing loss, a greater number of waveguide crossings will be required to make 

the insertion loss measurable. In this case, five waveguide were fabricated each having a total 

of 100, 125, 150, 175, and 200 crossings. Figure	 88 shows a microscope picture of the 

fabricated MMI cutback test structure with a zoomed in image of multiple waveguide 

crossings on a single MMI waveguide. 
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Figure 88: Optical microscope image of the cutback test structure for the MMI type waveguide crossings 

	
The insertion loss of the MMI cutback test structure was then measured in a similar fashion 

as the normal waveguide crossings. The measured results are displayed in Figure	89 (Left) 

below. From the linear fit of the measurements, a crossing loss of 0.01 dB was extracted with 

an R squared value of 0.876. The measurement shows that the MMI crossings can provide a 

>10x improvement over the conventional normal waveguide crossings.  



 

 125 

 
Figure 89: Measured results for the cutback measurements from the MMI based crossings. (Left) Loss as a 

function of the number of crossings. (Right) Crossing loss as a function of crossing (MMI) spacing. 

	
The tolerance of waveguide crossing loss on the MMI beat length is also of great importance 

since a very tight tolerance might make this type of crossing impractical due to lithography 

and etch bias variations. To analyze the dependence of the MMI crossings on the MMI beat 

length, two additional test structures with different periods (46 um & 40 um) from the 

nominal 56 um were fabricated and the crossing loss extracted via the cutback method. 

Figure	89 (Right) shows the measured crossing loss for all three different MMI periods. As 

can be seen from the figure, the measurements are in agreement with simulation shown as the 

dashed line, and even for a slightly un-optimized MMI crossing losses much less than 0.1 dB 

are still achievable making the MMI crossing a suitable and tolerant design to replace the 

normal waveguide crossings.  Table	7 below provides a brief summary of the measured and 

simulated value for each type of crossing, including the type of simulation used for each. 
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Table 7: Summary of simulated and measure values for each type of waveguide crossing. 

	

6.5.2 Waveguide crossing reflection 

Because optical reflection can be a major source of noise on the IWOG performance, we 

designed a waveguide test structure to quantify the amount of power reflected by a single 

waveguide crossing through the use of the optical backscatter reflectometer (OBR), which 

provides high sensitivity and dynamic range for the measurement. The test structure consists 

of a spiral that has a bend radius above the minimum bend (Rmin) radius and spirals all the 

way in to radii below Rmin. Therefore, before the spiral reaches the minimum bend radius, a 

single 90° crossing is placed along the way. Since the spiral terminates at a radius much 

smaller than Rmin, then test structures assure that the only reflection point is from the crossing 

alone. Also, because large reflectors tend to show broad reflection peaks, the single crossing 

must be placed away from facet reflection so that the reflection peak from the single crossing 

is not overtaken by the facet reflection, here a chosen distance of at least 3cm from the facet 

reflection. The schematic of the aforementioned test structure is shown in Figure	90 below. 
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Figure 90: Spiral-in test structure for measuring crossing reflection using the Luna OBR (OFDR). The 

minimum bend radius of this specific geometry is 1.0 mm. 

	
Because the measurement is to be performed via optical backscattered reflectometry, then 

only a single input and output is required. To avoid any additional reflection, the spirals 

terminate at a bend radius of 50 um, which is much smaller than the minimum bend radius of 

1 mm. The waveguide crossing was also carefully placed away from the input facet but at a 

bend radius of 1.2 mm, which is still greater than Rmin. The OBR backscatter signal of the 

measurement is shown in Figure	91. 

 
Figure 91: Crossing reflection measurement using a Luna OBR (OFDR). 
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From the backscatter signal, return loss can be calculated which represents the total fractional 

power returned from the reflection event. From the OBR signal, the return loss (RL) can then 

be calculated by integrating the scatter level over a width of interest, and this operation can 

be described by the following equation: 

𝑅𝐿 = 10 ∙ 𝐿𝑜𝑔10 ℎ!

!"#" !"#$ !"#$%

!!!"#! !"#$" !"#$%

 

Where hj is the element of the amplitude of the scatter array at the index j. Although this 

method provides a measured return loss, it does not provide an absolute return loss. That is, if 

any insertion loss event has occurred before the return loss event the power reflected from 

the RL event is reduced. Therefore, to find the absolute return loss, any insertion loss event 

before the measured point must be taken into consideration, which in this case is the coupling 

loss into the device (the only reflection/loss before the crossing in this test structure).  The 

coupling loss on this geometry with unpolished facets was measured to be 2 ± 1 dB/facet, 

where the large uncertainty arises from the non-uniform dicing. As a result, to calculate the 

absolute RL two times the coupling loss power must be added to the RL loss measurement, 

where the factor of two is needed to account for the nature of measuring reflected power. The 

measured RL from the test structure was calculated to be -77 dB, and if we consider the 

worst-case scenario (2*3dB) for the absolute RL calculation, then the absolute RL is -71 dB. 

Then the total amount of power reflected back is approximately 8E-6 %. Due to the low 

amount of power reflected back from a single crossing, the reflection points were not 

included in the gyro performance calculations although further investigation is required.  
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6.5.3 Gyroscope Spiral 

A 3-meter spiral was fabricated, measured, and its values were used to find an approximate 

gyro performance based on the values measured. Although a 5-meter spiral, as mentioned in 

the introduction of this chapter, is required to achieve a tactical grade gyroscope angle 

random walk (ARW), here we fabricated 2 spirals per single die in order to increase yield. 

The coil lengths were 1 and 3 meters, and here we present the values of the best 3-meter coil 

fabricated. Figure	92 shows the fabricated 3-meter coil, where an American quarter is placed 

for size comparison. The 3-meter integrated spiral is smaller than the quarter and occupies a 

2.56 cm2 area. The second photonic chip shown in the figure is the first generation of an 

optical gyroscope frontend, which includes lasers, detectors and modulators, integrated on a 

Si-Hybrid platform fabricated by the lab of Dr. John Bowers at UCSB.  

 
Figure 92: Fabricated Si3N4 3-meter gyroscope coil together with a Si-Hybrid gyroscope frontend with an 

American quarter for size comparison. 

	
The coil OBR spectrum is shown in Figure	 93 together with the measured insertion loss 

from fiber in to fiber out measurement. The OBR spectrum to the left of the figure shows a 

full 3 meters of waveguide propagation with uniformly spaced reflection peaks 



 

 130 

corresponding to the waveguide crossings and additional reflection peaks corresponding to 

scattering points due to fabrication imperfections. The OBR plot is mainly used for assuring 

the quality of the coil and measuring the waveguide loss. The waveguide propagation loss 

becomes a difficult measurement due to all of the reflection peaks which must be taken into 

consideration when performing a linear fit on the data. The waveguide loss was 

approximated to be around 3 dB/m from the OBR data, which agrees with previous 

measurement on the same waveguide geometry.  

 
Figure 93: (Left) Coil OBR signal. (Right) Coil measured insertion loss in dB from fiber to fiber and a 

breakdown of possible sources of loss adding to the measured value. 

	
An insertion loss measurement was performed on the coil, and a total of 28 dB loss was 

measured from fiber to fiber. Since the major sources of losses were previously quantified 

(coupling loss, propagation loss, and waveguide crossing loss), a possible breakdown of 

losses is shown in Figure	93 (Right) which closely matches the insertion loss measurement. 

If we use this measured waveguide coil with the measured insertion loss of 28dB, then using 

the model developed earlier in this chapter, this specific coil would have a gyro sensitivity of 

~ 3°/√hr, where the assumptions are a 100 mW ASE source power with a RIN of -140 
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dBc/Hz.  The calculated sensitivity includes the un-optimized measured coupling loss where 

in reality a more monolithic approach is desired via active/passive integration as shown in [5] 

where the transition loss was around 0.8 dB per transition.  

6.6 Conclusion 

In conclusion, in this chapter we developed a model for simulating the possible detection 

limit of a specific optical gyroscope design. The model calculates the minimum detectable 

rate based on 4 possible sources of phase noise including shot noise, RIN, thermo-refractive, 

and thermal noise. The model shows that with the state of the art ultra-low loss waveguide 

platform gyro angle random walk (ARW) of 0.2 °/√hr is achievable classifying it as a rate 

grade gyro. For a proof of principle an integrated gyro coil was designed on the ULLW 

platform for possible tactical grade applications. Each individual waveguide coil component 

was discussed and had its performance measured via test structures. A new waveguide 

crossing based on an MMI was presented and measured to provide 100x (loss = 0.01 

dB/crossing) improvement over a conventional 90° crossing. A 3-meter coil was then 

measured with waveguide loss of 3 dB/m. With the measured parameters from the coil, the 

model was used and suggested that a coil ARW of 3°/√hr could be achieved if the coil were 

to be used as a gyroscope coil. Although the ARW fabricated was not sufficient for a tactical 

grade gyroscope, the model showed that the optimal gyro length had not yet been reached; 

thus, making the coil longer (>5 meters) would be sufficient in making a tactical grade 

optical gyroscope. 
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Chapter 7 

Multilayer Platform for Integrated 

Waveguide Optical Gyroscope (IWOG) 

Applications 

7.1 Introduction 

As seen in the previous chapter, for a given waveguide propagation loss the Sagnac phase 

difference of an IWOG increases directly proportional to the spiral length, while the optical 

power decreases simultaneously as a function of length reducing the SNR of phase detection. 

Therefore, an optimal length (Lopt) can be defined for a given device in order to achieve the 

highest possible sensitivity. Provided Lopt has not been reached, it is always possible to 

increase the waveguide gyro sensitivity by increasing the spiral length. With waveguide 

propagation losses reaching values < 1 dB/m [1] made feasible with the planar waveguide 

ultra-low loss platform, the gyro optimal length then becomes 10’s of meters and therefore 

the overall size constraints of planar lightwave circuits (PLCs) start to be affected. As a 

result, a solution must be presented in order to increase waveguide spiral length to keep up 

with the demanding high sensitivity requirements of gyroscope applications while still 

maintaining a compact footprint that can be easily integrated into a compact overall package. 
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 The integration approach taken in the previous chapter of a single layer spiral coil is 

essentially limited by the output bend required to cross all the spiral waveguides at a 90° 

angle. In order to meet that constraint, the output bend radius must always be ½ of the spiral 

inner bend radius; consequently, the minimum size a single layer spiral can ever achieve is 

twice the minimum bend radius, which for the platform previously described would be 2 mm. 

Therefore, one method of increasing the gyro coil length while still maintaining a small 

footprint is through the 3D integration (vertical stacking) of waveguides. By incorporating 

multiple layers, not only is the output bend limitation of the single layer coil removed, but 

also now we can implement twice the length on a two-layer gyro while maintaining the same 

footprint as a single layer gyro. Figure	 94 shows the total footprint occupied by a single 

layer gyro (not including the inner bend limitation), and a 2-layer and 3-layer gyro are shown 

for comparison which essentially provide twice and three times the coil lengths on the same 

footprint, respectively.  

 

Figure 94: Multilayer gyro coil footprint as a function of coil length. A waveguide separation of 25 µm (to 
avoid waveguide crosstalk) and a minimum bend radius of 2 mm (to avoid bend loss) are assumed. 
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It is important to note once more, that although the multilayer spiral coil can provide great 

footprint enhancement for long delay lines, the gyroscope sensitivity is only improved until 

the optimal length is reached at which point no additional benefit for gyro sensitivity is 

achieved until the waveguide propagation loss is further reduced. 

 In order to vertically stack multiple waveguide layers, two important properties must 

be considered. First, each layer must be optically connected through a low-loss, and 

preferably broadband, optical interconnect. Second, each layer must be optically isolated as 

to avoid crosstalk and crossing loss. In this work, we report on the fabrication and design of 

optical interconnects for the 3D integration of photonic circuits on the low loss planar 

waveguide platform for optical gyroscope application. 

7.2 Broadband Vertical Coupler 

We have previously reported on a multilayer waveguide platform based on vertical 

directional couplers (DCs) to transfer light from one layer to the other [2]. These vertical 

directional couplers are equivalent to their counterpart in-plane directional couplers with the 

exception that the overlapping waveguides in the vertical direction defines the coupling 

region. The main drawback in using DCs to fully transfer light from one layer to another is 

that the coupling efficiency is critically dependent on waveguide parameters; as a result, any 

slight deviation from the nominal design will cause a less than desired amount of power to be 

coupled between layers and in the end, the uncoupled power will essentially be regarded as 

power loss and thus degrade the gyro sensitivity. In [2] a beta-mismatch between layers 

caused by the stress-optic effect changing the effective index of one layer with respect to the 

other caused the power coupling efficiency to drop by more than 50%! To put the vertical 
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directional coupler tolerance into perspective, Figure 5.12 shows the required variation to 

change the coupling efficiency by 10% for a vertical directional coupler if ONLY one critical 

design parameter was to deviate from the optimal value, where in reality it becomes even 

more difficult since ALL of the parameters are varying simultaneously. 

 

Figure 95: Directional coupler tolerance of several design parameters required to maintain coupling 
efficiency > 10%. The scans were done by varying a single parameter at a time while maintaining all other 

constant. 

	
From the figure one can see that a small 0.03 index and a 3 nm core thickness deviation is 

enough to cause the coupling efficiency to drop by 10%, which in turn are relatively tight 

tolerances given that the stress-optic coefficient and the high temperature anneal step are 

enough to cause the index and core thickness to fall outside tolerance simultaneously [2]; 

since it becomes difficult to properly compensate and continuously predict such effects, an 

improved vertical coupler with better tolerances must be designed. 

Therefore, in order to increase the fabrication tolerance of the vertical directional coupler, an 

adiabatic laterally tapered vertical coupler was simulated and fabricated as shown in Figure	

96. As seen in the coupler diagram, the tapered vertical coupler consists of two overlapping 

tapers which are tapering in the opposite direction from one another. Important parameters to 
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consider when designing the tapering coupling region are the taper length, taper tip, and the 

coupling gap, where all are discussed below. 

 

Figure 96: Schematic of adiabatic tapered vertical coupler. 

	
The inverse tapers are linearly varied at a small angle in order to maintain the adiabatic 

condition, which is primarily a function of taper length and taper tip. By using a finite taper 

tip we can ensure an adiabatic mode evolution at short taper lengths. In this case, a large 

taper tip can only be used because the index of refraction difference between each waveguide 

is small, since the changes are mainly due to process variation. Because using a large taper 

tip can also introduce reflection due to an index discontinuity, a taper tip of 500 nm was 

chosen.  By introducing the taper along the coupling region, one assures a beta-matching 

condition along the coupling region even if both layers are velocity mismatched provided 

that the coupling region is long enough. To demonstrate the index-matching capabilities of 

the tapered coupler, Figure	 97 shows the index of refraction for the top and bottom 

waveguide for the widths along the taper, where mode coupling occurs at crossover between 

curves at the index matched condition. In order to show the tolerance of such approach, 

multiple indices of refraction are used for the top waveguide to simulate velocity-mismatched 
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waveguides caused by stress-optic variations as previously seen. An index of 1.99 at a 

wavelength of 1550 nm was assumed for the bottom core and the index of the top waveguide 

was 1.99, 1.89, and 1.79.  As shown in the plot, even with an index variation of 0.2 between 

waveguides, a beta-matching condition can be still be found providing an indication of a 

tolerant coupler design. 

 

Figure 97: Simulated index of refraction for both coupler waveguides along the taper. The crossing point 
between curves indicates beta-matching condition and thus coupling. Three different indices are used for to 

the top waveguide in order to simulate velocity-mismatched waveguides. 

    

Although a beta-matching condition can always be found in such approach, the coupling 

efficiency is dependent on the taper length as shown in Figure	98a, where a taper of 3 µm 

oxide gap and 500 nm taper tip was simulated via Photon Design’s Eigen mode expansion 

(EME) algorithm. From the plot it can be seen that a coupling efficiency > 90% can be 

achieved with a taper length of 250 µm for this specific oxide gap, with efficiencies reaching 

greater than 98% for 500 µm taper length. It is also important to note that as the beta-

matching condition happens only once along the taper, there is no power transfer along the 
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waveguide after coupling, which is unlike a directional coupler where the power resonates 

back and forth between waveguides as a function of length.  

 

Figure 98: a) Taper coupling efficiency as a function of taper length. b) Simulated field intensity for a 500 
um long taper with simulated velocity-mismatch waveguides by changing the index of refraction of one 

waveguide with respect to the other. 

	
In order to verify the taper tolerance, a similar approach to the effective index scan was taken 

where an index difference between both coupler waveguides was introduced to simulate 

variations caused by the stress-optic effect. Figure	98b shows the simulated field intensity of 

the mismatched waveguides. For the case when the waveguides are perfectly matched, the 

coupling happens exactly at the center of the coupling region, but as the index for the top 

waveguide changes, it can be seen that the power transfer happens at a different location 

supporting the evidence of the index of refraction scan. Because a beta-matching condition 

can still be found even when the waveguides are unmatched, this tapered coupler provides a 

much greater tolerance than a standard directional coupler as previously mentioned. Figure	

99 shows a comparison between the total amount of power that can be coupled between 

waveguides as a delta n is introduced between the waveguide cores. As described, the 

resonant directional coupler coupling efficiency quickly decays as result of its critical 
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dependence on the waveguide parameters, while the adiabatic tapered coupler decays slowly 

in comparison to the directional coupler. 

 

Figure 99: Coupling efficiency of a resonant directional coupler vs. an adiabatic taper coupler as a function 
of core index of refraction mismatch. 

	

7.3 Multi-layer interaction 

In order to lay out a dual layer optical gyroscope coil as shown in Figure	100, where the 

bottom layer (black) spirals and the top layer (red) spirals out without reversing the rotation 

orientation, one can see that if footprint is to be conserved the coils in both layers must 

overlap. Since one layer is spiraling in while the other is spiraling out, it can be shown that 

the spiral will overlap at a minimum of 2 times during a single loop, and as a result a dual 

layer gyro will have at least twice the number of crossings as a single layer gyroscope coil. It 

should also be mentioned that although for a single layer gyroscope coil the crossings can be 

designed to occur at a 90° angle, that cannot be achieved for a dual layer coil - on the 

contrary, the crossings are realized with shallow angles.   
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Figure 100: 3D schematic of a dual layer gyro. 

	
Consequently, a multi-layer waveguide platform must then be optically isolated to avoid any 

unwanted crosstalk between layers during long overlaps, and therefore the optical 

crossing/overlap on multiple layers was investigated.  

The waveguide crossings on two layers vertically stacked were then simulated as a function 

of angle for multiple waveguide separations; the simulation results are shown in Figure	101, 

where the inset show the simulated structure. The crossing angles of 30, 15, and 5 degrees 

were chosen to closely resemble the angle of a dual layer gyro coil. According to the plot, the 

crossing loss increases as the crossing angle decreases at a fixed waveguide separation, but as 

the waveguides are placed further apart the crossing loss decreases. As a result, for an angle 

of approximately 15° the oxide gap (waveguide separation) must be > 4 µm so that the loss 

per crossing can start to be considered negligible by approaching losses of 0.01 dB/crossing.   
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Figure 101: Waveguide crossing loss simulation for a dual waveguide core layer platform. 

	
The next multi-layer interaction to consider is the crosstalk between the bottom and top layer. 

Once the waveguides cross at a shallow angle, both waveguides overlap for a finite distance 

before they cross out again, which can essentially cause unwanted coupling evanescently. 

One way to intentionally avoid such unwanted coupling is by purposely beta-mismatching 

the waveguides, essentially making a delta beta coupler [3].  

 

Figure 102: Four port directional coupler. 
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If we consider a four-port directional coupler as seen in Figure	102 and a single excitation 

from port 1, then from coupled mode theory [4] we can show that the amount of power 

coupled from waveguide #1 to waveguide #2 will be: 

𝒂𝟐 𝟐 =  
𝜿𝟐

𝒔𝟐
 𝒔𝒊𝒏𝟐 𝒔 𝒛  

where κ is the coupling coefficient, z is the propagation length, and s is defined as 
 

𝑠 =
𝛽! − 𝛽!
2

!

+  𝜅! 

where β1 and β2 are the propagation constants for waveguide 1 and waveguide 2, 

respectively. Therefore, when the coupler length is equal to 𝑧 =  𝜋 2𝑠, usually referred to as 

the coupling length, the full power from waveguide #1 can be coupled to waveguide #2 

provided s equals to the coupling coefficient (𝜅! 𝑠! = 1) which can only happen if and only 

if β1 = β2. Since in this case full power transfer is actually considered parasitic coupling, we 

can vastly decrease the unwanted coupling by assuring that 

𝛽! −  𝛽! ≫ 2𝜅 

Because the coupling coefficient is directly proportional to the waveguide separation, as the 

coupling gap increases the amount of beta mismatch required to guarantee that little to no 

power is transferred decreases. Since for the dual layer gyro application the waveguides must 

be placed far away from one another because of the crossing loss, then only a small amount 

of core mismatch will be required to diminish crosstalk.  In order to introduce a difference in 

propagation constant between waveguides one can change many of the waveguide properties 

which vary the mode effective index such as: core width, core thickness, core index, and so 

forth. In the case of the dual layer gyro, a variation in core width was the chosen method to 

introduce a beta mismatch. In order to verify the feasibility of such approach, the worst-case 
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scenario where the length is set to the coupling length was simulated and plotted in Figure	

103. The figure shows the crosstalk as the width of waveguide #2 changes while waveguide 

#1 width is held constant at 2.8 um. From the plot, when both cores are matched there is 0 dB 

crosstalk corresponding to a full power transfer, but as the waveguide #2 width increases the 

crosstalk gets lower. Also, for the same beta mismatch as the gap (waveguide separation) 

increases, the crosstalk decreases as expected since the coupling coefficient is smaller for a 

larger separation. To summarize, the optimal waveguide separation to operate a dual layer 

gyro coil is a 4 um gap, which is sufficient to make crosstalk negligible at -40dB for a 3.2 um 

waveguide core width difference and at the same time provides low crossing loss of ~ 0.01 

dB/crossing.  

 

Figure 103: Worst case scenario crosstalk (L= Lc) as a beta-mismatch is introduced by varying waveguide 
width for two different waveguide separation gap (2 and 3 µm). The x-axis corresponds to waveguide #2 

width while waveguide #1 width is held constant at 2.8 um and the thickness of both waveguides are equal to 
100 nm. 
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7.4 Fabrication 

The dual layer gyro coil together with the dual layer test structures were fabricated in a 

similar manner as described in the platform fabrication section. To quickly summarize, the 

devices were fabricated using 248nm stepper lithography on a 4 inch Silicon wafer. The 

lower cladding is made up of 15 um of thermal SiO2 (n = 1.45 at 1550 nm), where the 

thickness was chosen to make substrate leakage negligible. The first waveguide core is then 

formed via LPCVD deposition of stoichiometric Si3N4 (n = 1.99 at 1550 nm) and covered 

with high-density PECVD (HD-PECVD), which serves as the coupling gap between 

waveguide layers where the thickness is varied accordingly. The next core is then deposited 

identically to the first core and covered with an additional upper cladding of HD-PECVD 

SiO2 of typically 3 um thickness for the final device completion. Each film is annealed 

separately to remove hydrogen impurities right after deposition at 1050 °C for 7 hours. 

Figure	104 shows the cross-section SEM of a typical finished 2-layer platform device.  

 

Figure 104:  An SEM image showing the fabricated two layer platform highlighting both waveguide cores 
separated by an oxide gap. Striations on the cladding are due to cleaving. 
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One of the many challenges when it comes to fabricating a multi-layer platform is dealing 

with the residual stress from the multiple layers. The residual stress not only affects the 

device level performance via the stress-optic effect, but it also affects fabrication level 

performance through film cracking, delamination, and substrate bow, which can all be linked 

to film stress [5].  Stress in thin-film can be separated into intrinsic stresses which are growth 

stresses and extrinsic stress which is a result of unintended external force. Since the effect of 

the residual stress on the device level performance has been addressed via the design of a 

tolerant tapered vertical coupler in the previous section, here we mainly address the influence 

of residual stress in the fabrication process. One of the most common types of extrinsic stress 

is the thermal stress caused by the mismatch of the thermal expansion coefficient of the films 

when exposed to temperature changes.  The thermal expansion coefficients for the materials 

used on this platform are shown in Table	8, and from the table we can see that the largest 

mismatch comes from the oxide compared to the remaining materials which have an order of 

magnitude less mismatch.  

Material Thermal Expansion coefficient - Linear (°C-1) 

Silicon (Si) 2.6 x 10-6 

Silicon Dioxide (SiO2) 5.5 x 10-7 

Silicon Nitride (Si3N4) 3.3 x 10-6 

Table 8: Thermal expansion coefficient for all materials used on the multi-layer platform. 

	
Given the high temperature anneal required to drive out the hydrogen impurities in each film, 

which as previously shown is a major source of absorption loss, this large amount of 

mismatch can cause a large amount of wafer bow and film cracking. For the typical 

thicknesses required for fabricating the multi-layer gyro coil presented here, film cracking 
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and delamination were not seen, but instead the main source of detrimental effect was 

aroused from the wafer bow. Substrate bowing is a serious issue which impacts wafer 

handling, etch and photolithography uniformity, where many cleanroom tools have a 

maximum wafer bow requirement. For a more in-depth discussion on thin-film stress, please 

refer to the stress section in the platform chapter; here we are mainly concerned in 

compensating for film stress in order to reduce wafer curvature. It is important to mention, 

that even in the absence of structure failure, the mechanical response of the thin films are still 

affected by the residual stress. 

Wafer bow is measured as the deviation from a flat wafer, usually calculated from the center 

to the edge as shown in Figure	105. For convention, a negative bow will be considered as a 

tensile stress while a positive bow is compressive. 

 

Figure 105: Wafer bow definition. R is radius of curvature, x is wafer diameter, t is thin-film thickness, and 
h is substrate thickness. 

	
Therefore, film stress can be related to wafer curvature through Stoney’s equation as seen 

below [6]. 

𝜎 =  
𝐸ℎ!

1− 𝜈 6𝑅𝑡 
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where σ is the wafer stress, E is the Young’s Modulus of the substrate, ν is the Poisson’s 

Ratio of the substrate, h is the substrate thickness, and R is the radius of curvature. The 

quantity 𝐸 (1− 𝜈) is often referred as the biaxial modulus, which comes from a special case 

of plane stress where the x and y stresses along the principal axis are equal.  One way to 

compensate for wafer bow is through the application of a high stress film to the back of the 

substrate with equivalent type of stress. The purpose of using a high stress film is to reduce 

the amount of film required to fully compensate the substrate bow, as film stress is inversely 

proportional to film thickness. The film applied to the back of the substrate will apply a force 

in the opposite direction of the top film and if the forces are fully matched the substrate bow 

will be essentially compensated, where this approach was successfully performed in [7].  The 

main drawback of the compensation by depositing on the wafer backside is that it requires 

placing the final device upside on a deposition tool therefore increasing the chances of 

impurities and scratches to be introduced onto the device. Therefore, in order to avoid 

substrate bow altogether a thicker substrate can be used since from Stoney’s equation the 

radius of curvature is directly proportional to substrate thickness h. The main drawback for 

such approach then becomes the fact that since the substrate cannot bow as a result of the 

thermal expansion, this will essentially lead to mechanical failure depending on the overall 

film thickness/stress. For the dual layer gyro coil presented here where the overall bow 

caused by all the layers is typically < 100um, a 1 mm 4” Si substrate can be used without any 

film delamination or cracking. If more than 2 layers are required, further investigation must 

be done in order to reduce the film stress to avoid mechanical failure. 
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7.5 Results 

All the devices discussed here such as the dual layer and the broadband vertical coupler were 

fabricated and tested together with other test structures to analyze waveguide crossing and 

crosstalk. All of the device results are presented below. 

7.5.1 Broadband vertical coupler 

In order to measure the coupling efficiency of the taper coupler from waveguide #1 on the 

bottom layer to waveguide #2 on the second layer, a cutback test structure as shown in 

Figure	 106 was fabricated. The test structure consisted of waveguides with 0 (straight 

waveguides), 2, 4, and 6 transitions between layers. By plotting the insertion loss as a 

function of the number of taper transitions, the taper loss can be extracted from the slope of a 

linear fit through each measured point at a specific wavelength. 

 
Figure 106: Cutback test structure used to measure taper vertical coupler coupling efficiency. Blue 
waveguide represent the top core layer, and brown waveguide represents bottom waveguide layer. 

	
An oxide gap of 3 um was used as the vertical separation between the waveguides. A taper of 

500 nm was used, and 3 test structures were made corresponding to taper lengths of 250, 500, 

and 1500 um. The overall waveguide geometry was single mode and had a width of 2.8 um 

and a 90 nm thickness.  The top view of the fabricated coupler (250 um) can be seen on the 

optical microscope image in Figure	107 together with the measurement setup. 
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Figure 107: Microscope image of a fabricated dual layer taper coupler with taper length of 250 um. (Bottom) 
Measurement setup. 

	
In order to test the devices, light was coupled in and out of the test structures using a pair of 

lensed fibers with a 5 um spot size where the input polarization was controlled to be 

transverse electric (TE) via a 3-paddle polarization controller. A tunable laser source was 

used as the input signal, where the wavelength was swept from 1520 to 1600 nm, and a 

broadband InGaAs detector was used for power measurement. The wavelength scan 

measurements for a 1,500 um long taper are shown below in Figure	108. 

 

Figure 108: (Left) Adiabatic taper coupler test structure wavelength scans. (Right) Linear fit to extract single 
coupler loss at a single wavelength (1550 nm). 

	
The wavelength scan from the adiabatic taper test structure is nominally flat from 1520 nm to 

1600 nm corresponding to at least an 80 nm bandwidth. The large bandwidth is a direct result 
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of the beta-matching ability of the coupler, especially for a long taper as shown here of 1500 

um in length.  In order to calculate the coupler loss for a single wavelength, the data point at 

the desired wavelength must be extracted and plotted for the multiple number of couplers as 

shown in Figure	108 (Right) for the case of 1550 nm. By performing a linear fit through all 

the data points, the slope of the line gives the total loss per coupler while the y-intercept 

provides all the system losses including coupling loss and waveguide loss. The plots in 

Figure	108 have already been normalized to have the system losses removed, and as a result 

the y-intercept in this case corresponds to the coupling loss for 2 facets only (assuming 

propagation losses are negligible due to the short waveguide length for the test structures). 

Therefore, by extracting the parameters from the fit provided, which has a coefficient of 

determination (R2) value of 0.987, the adiabatic taper coupler has a coupling loss at 1550 

nm of 0.19 ± 0.10 dB, where the error bars are a direct result of the coupling uncertainty. For 

this platform the coupling losses of the diced facet also corresponds to 2 dB per facet without 

polishing. 

The same analysis can be done for multiple wavelengths, and by looking at the wavelength 

scan a wavelength dependence is definitely clear, where longer wavelengths will have lower 

coupling loss. By fitting the data at both ends of the scan, the coupler is shown to have a 

coupling loss of 0.21 dB at 1520 nm and 0.11 dB at 1600 nm. In order to verify that the 

taper design was indeed low loss and not simply ‘blasting’ through the cladding without 

coupling through the second layer, a test structure was fabricated where no second cladding 

was placed and the transmission measured. For the case without the top core the transmission 

was measured to be below -25dBm, thus affirming the low coupling loss of the adiabatic 

taper couplers presented here. The remainder of the test structures containing multiple taper 
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lengths were measured and the results displayed in Figure	 109. The results are shown to 

closely match the simulation values. 

 
Figure 109: Adiabatic taper vertical coupler measured coupling efficiency for three different lengths 

measured at 1550nm. Red starts represent measured data, while the solid line shows simulation based of the 
values of the fabricated tapers. 

	

7.5.2 Waveguide crossing 

The waveguide crossing loss on multiple layers was determined in a similar fashion to the 

adiabatic taper coupler loss. A cutback crossing test structure, as seen in Figure	110, was 

fabricated. The test structures consisted of three different angles of 5, 10, and 15 degrees, 

which closely resemble the crossing angle on a dual layer gyroscope coil. For each crossing 

angle there were a total of 0 (straight waveguide), 5, 10, and 15 crossings. The waveguide 

geometry for the input waveguide and the crossings were both 2.8 um (width) x 90 nm 

(thickness), and no beta mismatch was considered at this time. To determine the crossing loss 

dependence on the waveguide separation, two nominal thicknesses for the oxide gap were 

deposited: 2 and 3 µm.  
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Figure 110: Cutback multi-layer crossing test structures. Blue represents the bottom waveguide while 

oranges represents the top waveguide on a different layer. 

	
An identical setup used for the coupler measurements was used for the crossing loss 

measurements, and an example of the wavelength scan with the cutbacks data points for a 

wavelength of 1550nm are shown in Figure	111. From the wavelength scan measurements, 

the waveguide crossings show no wavelength dependence in the 80 nm bandwidth swept 

making the crossing loss wavelength-independent. The scan shown here corresponds to a 

crossing angle of 30° at a nominal oxide gap of 3um, and therefore from the data points 

extracted at 1550 nm, the crossing loss for that specific angle and separation corresponds to 

0.40 dB per crossing. One thing to note on the cutback measurement provided is that the data 

was not normalized, and therefore the power level and y-intercept includes system loss, 

coupling loss, and waveguide loss.  

 
Figure 111: (Left) Example of wavelength scans for crossing loss cutback test structure corresponding to a 
30-degree crossing. (Right) Crossing loss cutback points at 1550nm, showing linear fit and R square value. 
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Similar data was taken for all the crossing angles and since the wavelength scan shows no 

wavelength dependence, all of the linear fits were done for the data points at a wavelength of 

1550 nm only. All of the measurements performed provided data of similar characteristics to 

Figure	 111 above and all had an R squared value > 0.9. All the measured waveguide 

crossing losses for the 2-layers platform are compared to the simulation results and the 

comparison is displayed in Figure	112.    

 
Figure 112: Simulated (dashed lines) and measured (stars) crossing loss for multiple crossing angles and 

waveguide separation. 

	
Although the nominal thicknesses chosen for the waveguide separation were 2 um and 3 um, 

a deposition calibration error caused the 3 um oxide thickness to be 2.7 um; therefore, all 

data was adjusted accordingly. The measured data closely matched the simulation results, 

and the measured values are summarized in Table	9 below. The value for the 5° crossing was 

too high to measure making the transmission signal for 5 crossings or more fall below the 

photodetector noise floor. As it was shown with the simulations and confirmed with the 
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measurements, in order for the dual layer optical gyroscope to be able to maintain low 

crossing loss, an oxide gap of 4 µm would be required to make the crossing loss < 0.01 dB 

per crossing. 

Gap 30° 15° 5° 
2.0 µm 0.7 dB 2.0 dB - 
2.7 µm 0.4 dB 0.8 dB 5.5 dB 

Table 9: Summary table of measured crossing loss values. 

	

7.5.3 Dual Layer Waveguide Spiral 

In order to verify the use of the broadband coupler for the dual layer optical gyroscope 

application, two photolithography masks were laid out which contained three different types 

of 2-layer spirals as well as many test structures presented here. The mask’s GDS layout can 

be seen in Figure	113 below. 

 
Figure 113: GDS layout for dual-layer gyro coil and test structures. Mask #1 is a set of masks for both 

layers, and the same applies for Mask #2. 

	
Mask #1 and Mask #2 were each a set of 2 masks corresponding to layer 1 and layer 2 for a 

total of 4 photo masks. In the figure above, layer 1 (bottom layer) is represented by the pink 

color structures while the purple structures represent layer 2 (top layer). Each mask was 21 x 
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26 mm in dimension and was designed for the 4x ASML 248nm DUV stepper.  Spiral 1 

highlighted in mask set #1 corresponds to a 4-meter dual layer spiral where each layer has a 

2-meter overlapping spiral. A large beta-mismatch to reduce waveguide crosstalk was 

introduced by varying the waveguide width of the bottom layer with respect to the top. Spiral 

1 had a waveguide width of 7 µm for the bottom layer while the top was 5 µm in width. 

Spiral 2 on mask set #2 was 3 meters in total length corresponding to 1.5 meters of 

propagation on each layer of overlapping spiral as well. Spiral 2, contrary to spiral 1, had 

only a small beta mismatch between waveguides. The bottom layer of spiral 2 was 7.0 µm in 

width and 7.5 µm for the top layer. Spiral #3 on the other hand is 1 meter in length and only 

has a spiral for the bottom layer while the top layer is used for the output waveguide only, 

which crosses through the spiral at a 30° angle in a similar fashion to the single-layer gyro 

coil from the previous chapter; a larger beta-mismatch is used for spiral #3. All layers were 

nominally 100 nm in thickness and although some waveguide geometries correspond to a 

multi-mode waveguide, only the fundamental mode was excited via an adiabatic taper at the 

input.  

 Spiral #1 Spiral #2 Spiral #3 
Mask 1 2 2 
Length (total) 4 m 3 m 1.0 m 
Layer 1 length 2 m 1.5 m 1.0 m 
Layer 2 length 2 m 1.5 m Output only 
WG width layer 1 7.0 um 7.0 um 7.0 um 
WG width layer 2 5.0 um 7.5 um 4.0 um 
Core thickness 
(layer1/ layer2) 

100 nm/100nm 100 nm/100nm 100nm/100nm 

Taper length 2000 um 2000 um 2000 um 
Table 10: Summary of dual layer spiral test structures with important design parameters listed. 

	
A summary of each spiral design can be found in Table	10 above. All the spirals listed here 

can be used for optical gyroscope applications since no change in direction is done through 
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an s-bend; instead, the bottom spiral is used for spiraling in while the top spirals out, or vice 

and versa depending on the input direction. The coupler used to transfer the power from the 

bottom layer to the top layer was the adiabatic taper coupler, which as simulations show is 

tolerant enough to overcome the large beta-mismatch introduced to avoid crosstalk. The 

coupler design had a 500 nm taper tip and a 2000 µm taper length. The longer taper length 

was chosen to give the flexibility of using a large waveguide separation between layers 

through a thick oxide gap. As previously stated, a thicker oxide gap will provide lower 

crosstalk as well as lower crossing loss with the trade-off of a smaller coupling coefficient, 

thus requiring the coupler to be much longer in order to achieve the high coupling efficiency 

desired of > 90%. All the samples fabricated for the purpose of testing the dual layer core 

spiral had an identical process as described in the fabrication section and a 3 µm separation 

gap was used for the entire spiral coil fabrication. Figure	 114 shows the end result of a 

fabricated dual-layer chip (mask #2) under test with input fiber on the right. 

 
Figure 114: Picture of fabricate 2-layer core. Spiral 2 and Spiral 3 are shown here. 

	
In order to characterize each individual fabricated 2-layer spiral, an optical frequency domain 

reflectometry (OFDR) approach was used as described previously. In summary, the OFDR 
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technique is the frequency-domain equivalent of an optical time domain reflectometry 

measurement but instead of using light pulses which would limit the measurement resolution 

to the pulse width, OFDR uses a swept-laser source and resolutions of 10 µm can instead be 

achieved (Derickson). An OFDR measures the backscatter and backreflected light from the 

device under test (DUT). The backscatter light can therefore provide information about 

reflections, attenuation, and losses along the fiber and DUT. An OFDR measurement will 

usually consist of a sloped line representing the backscatter signal with some propagation 

loss, spikes which are due to reflections, and steps corresponding to insertion loss. Because 

OFDR measures backscatter light, by fitting a line to a backscatter signal of an OFDR 

measurement we can extract the round-trip loss of the DUT by finding the slope. If the slope 

of the line is divided by half to compensate the round-trip aspect of the measurement, then 

the device’s propagation loss can be found. In order to properly calibrate the measurements 

to know the distance between two reflections and to properly calculate the propagation loss, 

the group index must be known. Therefore, in order to calibrate the measurements, a test 

structure of a known distance was measured using the OFDR technique and the group index 

calculated from the measured time data. To measure the backscatter signal of the dual layer 

spirals, a commercially available OFDR tool was used from Luna technologies called the 

Optical Backscatter Reflectometer (OBR). The OBR is able to perform the OFDR 

measurements with a sensitivity of -130 dB and a spatial resolution of 10 µm between two 

points, which is enough for measuring the waveguide backscatter level together with any 

reflections caused by the waveguide crossings. 
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Spiral #1 which consisted of a large beta mismatch and a 3µm oxide gap, was measured via 

OFDR and the backscattered data results shown in Figure	 115 below on the top-left and 

bottom-left corner each correspond to an input at the two different layers.  

 

 
Figure 115: (Top-left) OFDR measurement of a dual layer 4-meter spiral. The backscatter signal has two 
sections of different slopes representing the loss in layer1 and layer2. The measurement is done by coupling 
light through the bottom layer first as shown in the schematic on (top-right). (Bottom-left) OFDR 
measurement by coupling light through the top layer first as indication by the schematic on (bottom-right). 

	
The top-left red backscatter plot shows the measurement when the bottom layer is used as the 

input waveguide layer. From the figure a few spikes are seen randomly throughout the spiral 

length which is indicative of fabrication imperfections corresponding to a single scatter point 

but because of the large beta-mismatch used, no large reflection/loss corresponding to 

waveguide crosstalk was seen. The data can also observed to have two distinct slopes, one 

from 0 to 2 meters and the other from 2 meters on. Since the 2-layer spiral was designed to 
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have a total of 2 meters propagation on each layer, the two different slope sections 

correspond to the two different waveguide layers. As a result, from the data measured the top 

layer is shown to have a higher propagation loss when compared to layer 1, and the light only 

propagates approximately 0.5 meters on the second layer before falling into the noise floor of 

the equipment. Consequently, in order to extract the information from the second layer alone, 

the same measurement was done but with the input layer being the second layer, as indicated 

by Figure	 115 (bottom-right). From the second measurement, data shown as the green 

backscatter plot in Figure	115 (bottom-left), the top layer is confirmed to have a higher loss 

than the bottom layer, and measurement 1 and measurement 2 are in perfect agreement 

providing identical slopes for layer 2. The slopes can then be measured and the propagation 

loss extracted. Since the OBR provides the frequency domain data, a narrow-frequency 

window can be applied to the entire data in stepped frequency so that the slope can be found 

for each narrow band and the loss found as a function of wavelength. The results of 

propagation loss for the coil given from such measurements are shown in Figure	116 (left). 

The backscatter plots indicated the top layer has a much greater loss when compared to the 

bottom layer; the lowest losses for the top and bottom layer are 40 dB/m and 7 dB/m, 

respectively.  Although the losses on the second layer are much higher for this device, the 

OFDR measurements show definite coupling between layers and some propagation of the 

second layer, confirming the functionality of the adiabatic taper coupler for a large beta-

mismatch otherwise not feasible with a conventional directional coupler. Spiral 1 therefore 

confirms the feasibility of the platform for the applications of a dual layer IWOG coil, 

provided that the losses of layer 2 can be explained and lowered. 
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Figure 116: (Left) Wavelength dependent loss for the top and bottom layer of the dual layer spiral 1 extracted 
from the OFDR measurements. (Right) Cross-section of two overlapping cores of the dual layer spiral 
showing a waveguide bend due to a lack of planarization. 

	
In order to attempt to determine the cause of high propagation loss for the top layer, the 2-

layer coil spiral 1 was cleaved through the waveguides and the waveguides were inspected 

under a scanning electron microscope (SEM). Upon investigation of the SEM image, the 

cause of the higher propagation loss was clear. During the fabrication procedure a lack of 

planarization between core #1 and core #2 caused the top spiral to go through a series of 

undulations every time it overlapped with the bottom layer. This effect can be clearly seen 

from the SEM image in Figure	116 (right), where the top wider core shows two bends on 

each side of the narrower bottom core during the overlap. Because the optical mode of the 

low-loss planar waveguide platform is weakly guided, such bending causes a major source of 

propagation loss for the second layer. Therefore, the lack of planarization can be easily 

solved by the addition of a chemical mechanical polishing (CMP) step after the oxide gap 

deposition.  

Spiral 2 was fabricated in order to determine the effect of the amount of beta-mismatch on 

the waveguide reflection/loss resulting from the crossing loss and crosstalk. Spiral 2 was 
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fabricated identically to spiral 1 with the same amount of oxide gap providing 3 µm of 

separation between waveguides and no planarization step between core depositions. Spiral 1 

and Spiral 2 were only different in length and beta-mismatch between layers, which was 

introduced as a change in waveguide width. Spiral 1 had Δwidth between layers of 2 µm 

while spiral 2 had a Δwidth of 0.5 µm, where according to the simulations shown in Figure	

103 such differences in Δwidth correspond to a difference of -10 dB in crosstalk. Since spiral 

2 had no planarization between cores, the OBR measurement was performed with the input 

on the first layer and the OBR data screenshot is shown in Figure	117 below. 

 
Figure 117: OBR data screenshot of spiral 2 displaying the effect of a small beta-mismatch between 

waveguides. 

	
By analyzing the OBR plot, a great amount of layer interaction is visible especially when 

compared to the spiral 1 data. As the light propagates through the bottom spiral, every time it 

comes through a crossing a small amount of power is coupled into the top waveguide which 

is seen as a spike on the OBR plot. The spikes on the OBR plots are actually very small 

amounts of higher backscatter signal due to core undulation on the top layer and not from 

reflections which have a very sharp distinct signature. The spiral propagation loss for spiral 

#2 was not extracted due to its sharp decline into the OBR noise level. Although the crosstalk 

and propagation loss was not quantified for spiral 2, by comparing the data of spiral 1 and 
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spiral 2 one can see the drastic improvement in waveguide propagation as a direct result of 

beta mismatch. 

To conclude the dual layer spiral coil experiments, spiral #3 was fabricated according to the 

schematic shown in Figure	 118. As with the previous 2 spirals, this 2-layer coil was 

fabricated similarly with a 3 µm waveguide separation. The second layer was used only to 

provide the waveguide output, and the waveguide crossings were done at an angle of around 

30°. By placing the waveguide crossings on the second layer, as opposed to the single layer 

spiral presented on the previous chapter, the reflections from the waveguide crossings can be 

mitigated to improve the gyro performance in comparison to the single gyro approach. 

 

Figure 118: Schematic of spiral #3. Black line represents bottom layer, Red line represents top layer. 

	
The spiral was measured with the OBR and the resulting data is shown in Figure	119. As 

expected and shown in the plot, each waveguide crossing reflection is still seen in the 

backscatter data but instead the peaks are at a much lower amplitude level when compared to 

the single layer gyro. The reflections can thus be reduced diminishing the optical gyro noise 

and improving sensitivity by using a multi-layer waveguide platform. Although the crossings 

still have some loss, because the index discontinuity (waveguide crossing) is on the second 

layer most of the loss is to random scattering and not reflected power. The improvement 

becomes clear when the figure below is compared to the single layer gyro coil in the previous 

chapter.  Although no footprint enhancement was gained, with this approach the return loss 

of each crossing can be drastically reduced.  



 

 165 

 
Figure 119: OBR backscatter data for spiral #3 which has a spiral on the first layer and only the output on 
the second layer. The data shows the decrease of reflections when compared to a similar single-layer spiral 

coil. 

	

7.6 Summary and Conclusions 

In this chapter, we discussed a novel multi-layer waveguide platform on the low-loss high 

aspect ratio Si3N4 core for use in integrated waveguide optical gyroscope (IWOG) 

applications. A broadband and tolerant adiabatic vertical coupler was designed, fabricated 

and measured to have very high coupling efficiency with losses of < 0.2 dB per transition 

measured over 80 nm. The layer interaction was then simulated and tested for waveguide 

crossing loss and waveguide crosstalk. Measurements of waveguide crossing loss closely 

matched the simulation results which predict crossing loss of < 0.01 dB per crossing for a 4 

µm vertical waveguide separation. We also investigated purposely introducing a beta-

mismatch between both layers in order to decrease the amount of parasitic coupling 

(crosstalk) and only coupling through the tolerant tapered vertical coupler. Multiple 2-layer 

spirals were fabricated and tested. Backscatter measurement results show full coupling 

between layers verifying the functionality of the adiabatic taper coupler for velocity-
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mismatched layers. Therefore, a dual layer waveguide platform has been demonstrated with 

spiral structures that can be used for IWOG applications. Although coupling was 

demonstrated between two vertical layer, the top layer was shown to have higher propagation 

losses due to a lack of planarization between waveguide layer, which can be solved through 

the addition of a chemical mechanical polishing step (CMP) between waveguide core 

depositions.  
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Chapter 8 

Summary & Future Directions 

8.1 Summary 

In this dissertation, we built upon the ultra low loss world record waveguide platform 

developed at UCSB and first presented in [1]. Since the platform’s first demonstration, 

multiple building blocks have been developed. Figure	 120 shows the platform evolution 

from its development to the demonstration of the following components: spirals [2], 

polarizers [3], ring resonators [4], AWG [5], active/passive tapered couplers [6], and Er 

doped lasers [7]. This dissertation then adds another layer to the platform evolution by 

establishing the necessary building block and demonstrating three different complex PLCs 

with different design constraints: an optical true time delay, dispersion compensating filter, 

and a single layer and multi layer spiral for use as an optical gyroscope coil.   

 
Figure 120: Evolution of ULLW platform showing the contribution of this dissertation highlighted in green. 
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In Chapter 1, the designs constraints for all three PLCs presented herein are introduced, while 

in Chapter 2 the platform is presented and the fabrication process flow explained. In the third 

chapter of this dissertation, each building block required to design the circuits presented here 

are defined. Chapters 4, 5, 6, and 7 present the fabrication and measurements of all of the 

devices. In Chapter 4, we present the integration of the longest integrated binary optical 

switched delay line for use in broadband phased array antennas, demonstrating delays longer 

than 12 ns in time (> 2 meters) on a single chip. Chapter 5, highlights the platform’s ability 

to provide relatively low loss at tight bend radii by integrating a state of the art dispersion 

compensating filter with low loss at a record footprint able to compensate +/- 500 ps/nm at a 

footprint of only 222.5 mm2.  To conclude, Chapter 6 presents the integration of long delay 

lines (3-meter spiral) for use as optical gyroscope sensing coils, while chapter 7 shows how 

to integrate even longer delays with a footprint enhancement via a multi-layer platform, 

where a broadband vertical coupler is designed and presented with losses < 0.5 dB per 

transition. Finally, in this chapter we close with future direction for related work. 

8.2 Future Directions 

In this section the future direction for improvement on the work presented here is suggested 

and broken down into different sections for platform and each individual devices. 

8.2.1 Platform 

Chapter 2 presents the typical waveguide losses as a function of wavelength for different 

waveguide geometries on the ULLW platform. The loss spectrum showed large wavelength 

dependence with the shorter wavelength having higher propagation losses in the range 
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measured (1530nm to 1600 nm). The main reason for such phenomenon is the absorption due 

to the hydrogen impurities incorporated in films due to the precursors used during 

depositions. Although increasing annealing time and temperature can theoretically improve 

hydrogen removal, the tool’s highest temperature and a process that can be achievable in a 

reasonable timeline set practical limits. Therefore, one way to improve the material loss is by 

using Deuterated precursors which will replace all the hydrogen bonds with deuterium, and 

since D2 has a heavier mass than H2, all of the absorption peaks would be shifted to outside 

operation regime [8]. Another possible solution is performing a dehydration using chemical 

reactive reagents in order to reduce the –OH group, for example, chlorine. The chlorine 

breaks the Si-OH absorption according to the reaction shown below, which becomes active at 

temperatures greater than 800 °C at which point the byproducts are driven through diffusion 

[9]. 

 

8.2.2 Optical True Time Delay  

The work presented here for the OTTD used a conservative minimum bend radius of 5 mm 

for a 60 nm thick core and 7 µm wide. While this bend radius is well above the critical bend 

radius, the simulation shown in Figure	121 suggests that a 1.5 mm bend radius would still 

provide negligible bend loss at a drastic footprint reduction. Therefore, a more compact 

design can be laid out for fabrication.  
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Figure 121: Simulated bend loss for waveguide core with dimensions of: 0.06 x 7 um. 

	
A higher bit count would also allow for a finer scanning resolution, where an 8-bit delay is 

suggested for a next generation. Another possible direction for future implementation would 

be to incorporate the multi-layer work developed in chapter 7 to increase the bit count and 

delay range while still maintaining a conservative footprint. Figure	122 shows an illustration 

of an OTTD laid out as generation 1 but using the multi-layer technology [10] to double the 

bit-count while maintaining the same footprint. 

 
Figure 122: Illustration of a multi-layer OTTD. 

	
The full beamforming network can then be fully integrated onto a single chip, and work 

shown in [6] can be used in combining the work presented here with the remainder of the 
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optical network, which would include lasers, modulators, 1xN power splitter, and a 

photodetector. 

8.2.3 Dispersion compensating filter 

In Chapter 5 we present the optical finite impulse response filter, which was able to 

compensate +/- 500 ps/nm of dispersion at a record footprint of 2.23 cm2 with a minimum 

bend radius of 0.5 mm. Even though the overall losses were comparable to the state of the art 

devices, much improvement remains to minimize the insertion loss to < 3 dB. The metal 

absorption loss was measured to be 5 dB for the entire device; therefore, a 5 dB improvement 

can be accomplished simply by adding more upper cladding between the waveguide core and 

the phase tuners. Another major source of loss that was simulated was the offset between the 

bend modes and straight modes, which corresponded to approximately 10 dB as suggested in 

Chapter 5. As a result, the next generation can be further improved in insertion loss by 

adding bend offsets at each waveguide transition. 

Another potential and very promising area of research would be the integration of electronic 

feedback to dynamically control the adjustment of dispersion, especially at high bit rates as 

tolerances are tighter and any small dispersion fluctuation falls outside the tolerance window. 

Finally, the integration of a whole differential receiver with the addition of the filter 

presented here is particularly promising since differential receivers do not require local 

oscillators, but they lack the ability to compensate CD electronics. An illustration of a 

possible device where the whole dispersion compensation receiver is integrated onto a single 

chip with the use of the multi-layer technology is shown in Figure	123. 
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Figure 123: The schematic of a potential multilayer dispersion compensating receiver using the multi-layer 

technology presented in Chapter 7. 

	

8.2.4 Optical Gyroscope 

The most obvious and simple improvement for the next generation of optical gyroscope coil 

is the introduction of chemical mechanical polishing (CMP) between core layers so as to 

planarize the upper cladding before the deposition of the second core, thus allowing for low 

loss propagation on both layers. The next generation of gyroscope coil should also be a 

longer length with a new and improved waveguide crossing for low loss integration. And 

finally, the full integration of a low loss gyroscope coil with the gyro frontend integrated 

monolithically is the future direction for the development of the next generation IWOG as 

shown in Figure	124. 
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Figure 124:  Illustrative example of a 3-axis fully integrated IWOG-PIC with active/passive integration. 

	

8.2.5 Thermal optic switch 

Lastly, decreasing the thermal crosstalk, power consumption, and increasing the switch speed 

could improve the thermo-optic switch building block, which is used for the integrated 

optical delay and the dispersion compensation filter. One of the simplest known methods for 

improving the next generation of TO-switches is to reduce the thermal crosstalk and power 

consumption by introduction of a heat insulating groove between waveguide cores [11]. 

Figure	 125 shows the beginnings of the deep oxide etch procedure required for such 

technique.  
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Figure 125: Etch required for creating a heat insulating groove to improve power consumption of TO-

switches. 

	

8.3 Conclusion 

This dissertation presents the photonic integration of optical delay line circuits on an ultra 

low loss waveguide (ULLW) platform developed at UCSB. Although successful integration 

has been achieved, many possible directions for future improvement and research have been 

presented here starting with a path to lower propagation loss, to improving a single building 

block, as well as building upon the circuits presented here to create even more complex 

PLCs. 
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