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Chapter 7 

Discussion, outlook, and concluding remarks 

 

 

In the previous chapters we discussed several key optical components for photonic 

integration and improved functionality of optical coherence tomography. In this 

chapter these results are discussed in a broader perspective. We will discuss the 

limitations of the studied integrated optics components, possible added functionality, 

as well as their future integration in optical coherence tomography devices. Finally, we 

present new applications that can become a reality with further photonic integration of 

optical coherence tomography. 
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7.1   Discussion and outlook 

In this thesis entitled “Integrated-optic-based optical coherence tomography”, we 

discussed the miniaturization of OCT devices in integrated optics and improvement of 

OCT functionality.  Chapter 2 to 5 describe several key optical components of (FD-) OCT 

such as elliptic couplers, arrayed waveguide gratings, directional couplers, and on-chip 

interferometers that have been designed, fabricated, characterized, and used in OCT 

imaging. In chapter 6, the analysis of backscattered and transmitted OCT signals is used 

to distinguish dependent and multiple scattering effects in turbid media. In this section, 

we discuss the potential applications, limitations, and future possibilities for photonic 

integration of optical coherence tomography. 

7.1.1  Elliptic coupler 

The elliptic couplers presented in chapter 2 focus light from a channel waveguide into 

the off-chip environment or tissues. Elliptic focusers provide only focusing in the 

horizontal, in-plane direction. In the vertical direction, light diverges from the chip and 

therefore the use of elliptic couplers is only partly suitable for off-chip imaging 

applications. Elliptic couplers are ideally suited for focusing within the planar photonic 

circuits on the chip. For example, elliptic couplers can be used in integrated optics 

sensors to focus light in on-chip microfluidic flow channels, or to monitor changes in 

the optical properties and morphology of fluids close to the chip. 

 Chang et al. [1] demonstrated the design of a reflow polymer microlens integrated 

onto a SiON channel waveguide chip. A schematic of the hybrid integrated optics 

microlens is shown in Fig. 7.1. The microlens, positioned at a certain distance from the 

end facet of a channel waveguide, is fabricated using reflow of a photo-definable 

polymer. As a result, the lens is able to create a three-dimensional focus a few 

millimeters in the off-chip environment. Such a hybrid integrated optics microlens can 

be suitable for focusing the OCT sample beam onto, and to collect the back scattered 

light from, the tissue. 

 

Figure 7.1: Schematic cross-section of a microlens hybrid integrated with a SiON 

channel waveguide chip (Figure is reprinted from Ref. [1]).  
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7.1.2  AWGs and integrated optics FD-OCT system 

The AWG designs for the 800 nm and 1300 nm wavelength ranges presented in chapter 

3 show the combination of a fiber-based SD OCT systems and integrated optics 

spectrometers. However the AWGs presented in this thesis still have a few limitations 

that affect the OCT performance:  

1- AWGs are polarization dependent and polarization is not controlled in the 

OCT measurements. Consequently, the spectrum can be distorted resulting 

in modulations in the OCT depth measurement. 

2- The current AWG wavelength resolution, which is related to the maximum 

OCT imaging depth (1 mm), is smaller than obtained with current state-of-

the-art commercial SD-OCT devices. 

3- The focal plane of AWG is curved, which hampers the integration of AWGs 

with a planar detector array. 

Work presented in Ref. [2] shows that by control of the input polarization of light 

or by reducing the birefringence, the modulation effect on the depth ranging 

measurement is removed and thereby increases the effective OCT imaging depth. 

Alternatively, the AWG can be designed to be polarization independent by balancing 

the material and waveguide birefringence [3]. 

It is challenging to design a compact, high resolution AWG with a large number of 

output waveguides. Moreover, the number of output waveguides is limited by the 

space and crosstalk between them. However, for the AWGs used in chapter 3, it is 

shown that by removing the output channels and directly focusing light from the 

second FPR onto the CCD camera, the wavelength resolution is improved [2]. In this 

case, the wavelength resolution is determined by the number of pixels on the camera, 

which can be much higher than the number of output channels, thus enhancing the 

OCT depth range significantly. Figure 7.2 shows the schematic of the experimental 

setup of SD-OCT using an AWG with removed output channels. 
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Figure 7.2: Schematic of 

the experimental setup of 

SD-OCT using an AWG 

with removed output 

channel (Figure is 

reprinted from Ref. [2]). 

 

 

The depth range improvement in Ref. [2] is shown in Fig. 7.3. For the AWG designs 

demonstrated in chapter 3, using such a method, the depth range potentially can be 

enhanced from 1 to 3.3 mm for the 800 nm wavelength range and from 1 to 4.6 mm for 

the 1300 nm wavelength range.  

 

Figure 7.3: OCT depth range 

measurement and fit of the roll-off 

(dashed line) for the AWG (a) with 

and (b) without output channels, 

for TE polarization. The single 

wavelength response of the AWG is 

shown in the inset of (b) for TE 

polarization. (Figure is reprinted 

from Ref. [2]). 

The AWG’s curved focal plane can be flattened by redesigning the AWG using a 

field flattening lens [4] or by directly designing a flat image plane using aberration 

theory [5]. AWGs with a flat focal imaging plane can be directly integrated with a linear 

detector array and thereby increases the number of imaged pixels and hence the OCT 

imaging range. 

Akca et al. [6] demonstrates photonic integration of SD-OCT by OCT imaging 

performed using an AWG spectrometer in combination with a beam splitter on the 
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same chip. For full photonic integration of SD-OCT, the AWGs need to be combined 

with an integrated optics broadband light source [7], arrayed detector [8], integrated 

optics lens [1] and on-chip interferometer [9]. However, for these integration steps 

different material systems and/or passive and active optical components need to be 

combined. This can be done using hybrid approaches based on wafer bonding 

techniques, flip-chip methods, or multiple lithography steps. These photonic 

integration steps are highly challenging and require a significant effort and investment.  

7.1.3  Directional couplers  

In any OCT system based on a Michelson or Mach-Zehnder interferometer, directional 

couplers (DCs) (chapter 4) are an essential part. DCs in integrated-optics-based OCT can 

be used for splitting light, balanced detection (2x2 DCs), or depth degeneracy removal 

(3x3 DCs). The main limitation of conventional DCs is the relatively strong dependence 

of the splitting ratio on wavelength. The design of wavelength flattened DCs 

demonstrated with BPM simulations in section 4.2.4 shows the potential improvement 

in the splitting ratio over a broad wavelength range compared to the conventional 

symmetric DCs. Wavelength-flattened DCs are designed based on the use of 

asymmetric waveguides in which the wavelength-dependent response is suppressed by 

an incomplete power transfer due to the different propagation constants in the two 

waveguides. This design is more suitable for DCs with high asymmetric splitting ratio, 

e.g. 90:10, in which incomplete transferred power dominates the wavelength-

dependent response. 

Alternative methods to design wavelength-flattened DCs are cascading two DCs in 

a MZI structure or using non-uniform adiabatic couplers. Using these two methods, Ref. 

[6] shows that the DCs’ splitting ratio variation over a bandwidth of 100 nm (for the 800 

nm wavelength range) and 50 nm (for the 1300 nm wavelength range) can be less than 

10%.  

Directional couplers designed in low-index contrast material have the advantage 

of simplicity and low loss. However DCs are very sensitive to fabrication fluctuations, 

which may result in large effects on the actual DC performance, as can be observed in 

the performance of the 3x3 coupler in chapter 4. Alternatively, 3x3 integrated optics 

splitters also can be designed using multimode interference (MMI) couplers [10], which 

are less sensitive to fabrication fluctuations. However, MMI-based 3x3 integrated 

optics splitters typically are designed in high-index contrast material and have high 

losses. 
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7.1.4  Integrated-optics-based SS-OCT systems 

The highest level of photonic integration that was achieved in this thesis is in the 

integrated-optics-based SS-OCT system presented in chapter 5. Except for the focusing 

lens, all passive photonic components needed for the SS-OCT system, consisting of the 

sample arm, reference arm, splitter and balanced detection, were incorporated on a 

single chip. The feasibility of this approach for high performance OCT imaging was 

demonstrated by imaging a tissue phantom. Further photonic integration of SS-OCT can 

be achieved by the integration of active photonic devices. An integrated optics swept 

source [11], based on two cascaded tunable AWGs and InP amplifiers, that does not 

contain any moving parts has been developed. In the same material system, integrated 

optics detectors [12] that can detect the light from this swept-source have been 

developed. Integrated optics lenses [1] can be combined with the integrated-optics-

based SS-OCT system to replace the free space lens. However, similar to the future 

photonic integration presented for SD-OCT, hybrid integration of these alternative 

material systems remains highly challenging. 

As discussed in chapter 5, the use of wavelength-flattened DCs for balanced 

detection in integrated optics SS-OCT in combination with lower fiber to chip coupling 

losses can result in integrated-optics SS-OCT systems that have a comparable sensitivity 

to commercially available bulk SS-OCT systems. Furthermore, by implementing an 

integrated optics 3x3 coupler the OCT depth range can be increased by removing the 

depth degeneracy.   

Conventionally, 2D and 3D OCT images are acquired by scanning the sample arm 

light beam over the tissue. For integrated-optics-based OCT devices, scanning the 

sample arm light beam is challenging since any path length in air needs to be fully 

matched on the chip. Moreover, scanning systems are expensive, consume energy, and 

are bulky. An alternative is to acquire 2D OCT images by scanning the entire OCT probe 

over the sample and to correct for imaging artifacts due to non-uniform lateral 

scanning [13]. Figure 7.4 shows an example of an OCT image using manual scanning 

with (b) and without (a) image motion artifact correction. 
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Figure 7.4: ‘Hand-held’ OCT image of the skin of the ventral forearm. (a) With motion 

artifact. (b) With motion artifact correction (Figure is reprinted from Ref. [13]). 

7.1.5   Off-axis and transmission OCT 

In chapter 5, we discussed the integrated-optics-based SS-OCT system in off-axis mode, 

which potentially can improve the amount of collected light from the sample. The 

alternative solution of using an integrated-optics circulator is very difficult to fabricate 

in integrated optics. In addition, OCT images suffer from a form of noise known as 

speckle [14], which causes a reduction of the image contrast and resolution. Several 

methods to reduce speckle in OCT make use of OCT imaging at multiple angles, e.g. 

angular compounding [15, 16] or joint aperture detection [17]. These techniques can be 

implemented in our integrated-optics-based off-axis SS-OCT design. Using integrated 

optics, multiple collection waveguides can be used to simultaneously collect 

backscattered light from the sample at multiple angles. By averaging the obtained 

images, the amount of speckle can be reduced. 

The quantification of optical properties from OCT images is of paramount 

importance for the application of a low-cost OCT device in screening and disease 

diagnostics. We performed OCT measurements on high concentration scattering 

samples in backscattering and transmission geometry to separate the effects of 

dependent and multiple scattering on the OCT images. As a result we gained significant 

insight into the description of the OCT signal in high scattering media. This knowledge 

can be used to further understand the origin of the OCT signals from in vivo tissue and 

thereby providing additional information, such as the differentiation and grading of 

superficial tumors, as for example shown in Ref. [18]. 

7.2   Concluding remarks 

In this thesis, we have shown the design, fabrication, and characterization of integrated 

optics components for improved functionalities and photonic integration of OCT. The 

presented results are a big step forwards towards a miniaturized, low cost, and robust 
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on-chip OCT device. A prototype of such a future packaged integrated optics OCT 

device is shown in Fig. 7.5. The hand-held OCT device consists of a robust, hand-held 

OCT probe containing the integrated-optics swept source OCT chip and motion 

detection. Light from a low cost swept source can be brought to the chip via an optical 

fiber. Depending on the number of fabricated devices and the successful further 

photonic integration, the cost of such a photonic integrated OCT device can be less 

than a thousand euro.  

 

Figure 7.5: A prototype of a packaged integrated optics OCT device with interferometric 

OCT chip, motion detection, and low cost integrated optics swept source. Figure 

courtesy of J. Mink (2M Sensors Ltd). 

With such a portable, small, low-cost, and robust OCT device, OCT imaging can be 

widely used in the existing clinical application fields, e.g. in ophthalmology, 

cardiovascular imaging, dermatology, urology. Alternatively, such a device opens up 

new application areas where the use of OCT is still limited by the large size and high 

cost, such as: 

1) biometry, e.g. in determination of fingerprints or the shape of the iris. 

2) process control, e.g. in laser micromachining or thin layer deposition. 

3) food control, e.g. in fruit surface structure evaluation or quality control. 

4) forensic science, e.g. measuring blood drop size, fingerprints, and other 

traces. 

Considering the rapid developments in photonic integration we expect that photonic 

integration can lead to lower cost, improved function, and smaller form factor OCT 

systems to make the application of OCT in these new application areas a reality. 
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