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Abstract. The paper presents a photonic integrated circuit (PIC) concept for 
the swept-source optical coherence tomography (SS-OCT) systems operating 
within two distinct wavelength ranges: 820−880 nm and 1260−1360 nm. The 
PIC features two interferometric schemes connected through a joint splitter 
that delivers a single output for tissue scanning. The proposed PIC concept is 
developed for the silicon nitride platform, which offers low losses compared 
to another photonic integrated platform. The numerical simulations were 
conducted using the Ansys Lumerical software to verify the PIC concept. The 
simulation results indicate that the focal length of the proposed SS-OCT system 
is approximately 2.9 mm for both wavelength ranges, and there is no 
interference between the optical signals from the adjacent interferometric 
systems. 
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1 Introduction 

Optical coherence tomography (OCT) prospects are 

highly positive, fueled by continuous technological 

advancements and expanding applications across various 

medical fields. OCT is a noninvasive method used to 

visualize the structure of biological tissues by analyzing 

the interference between an optical reference signal and 

the backscattered and backreflected signals from the 

sample being studied. Initially, OCT gained prominence 

in ophthalmology [1, 2], but its applications are now 

rapidly expanding. For instance, in cardiology, 

intravascular OCT images of coronary arteries provide 

high-resolution images of plaque morphology and stent 

deployment [3]. This technique aids in the diagnosis and 

treatment of coronary artery disease [4]. In dermatology, 

OCT is increasingly utilized for noninvasive skin 

imaging [5], assisting in the diagnosis of skin cancers [6], 

inflammatory skin diseases [7], and other dermatological 

conditions [8]. Additionally, emerging applications are 

being explored in gastroenterology (specifically, 

endoscopy), neurology, and other medical specialties. 

Modern OCT systems offer significantly faster 

acquisition speeds and higher axial and transverse 

resolutions than earlier models. These advancements enable 

quicker examinations, minimize motion artifacts, and allow 

for the visualization of finer anatomical details. One notable 

example is swept-source OCT (SS-OCT), which provides 

much faster scan rates than spectral-domain OCT 

(SD-OCT) [9]. Despite these improvements, OCT still faces 

several challenges. The development of compact OCT 

systems, potentially utilizing photonic integrated circuits 

(PICs), is facilitating the creation of more accessible and 

portable devices well-suited for point-of-care applications 

and broader use in resource-limited settings [10]. Various 

solutions have already been proposed for the implementation 

of individual components within the PIC OCT 

system [11, 12] and for highly compact systems that are fully 

integrated [13]. Modern PICs incorporate SS-OCT [14–16] 

and SD-OCT [17, 18] methods and encompass all relevant 

wavelength ranges for medical applications, specifically 

800 [12, 19], and 1310 nm [17, 20]. 

At the same time, another trend comprises searching 

for techniques to advance systems imaging speed, 

resolution (axial and transverse), and penetration depth. 

Such research focuses on using dual-band imaging 

schemes or integrating with other imaging 

modalities [21, 22], that can provide a more 

comprehensive picture of tissue structure and function. 
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Fig. 1 Concept of a PIC-based dual-band SS-OCT system: PC – personal computer; ADC – analog-to-digital converter; 

BPD – balanced photodetector; PIC – photonic integrated circuit. Blue shows the waveguides in which radiation in the 

820–880 nm wavelength range propagates, red – 1260–1360 nm, and violet – the waveguides in which both wavelength 

ranges can propagate. 

The first approach seems particularly promising due to 

its simple integration with integrated photonics 

technology. Dual-band OCT presents significant benefits 

compared to single-band systems by utilizing different 

wavelengths that uniquely interact with tissue. This 

approach delivers complementary information, improving 

our tissue structure and function comprehension. 

The applications of dual-band OCT are diverse and 

span various fields, with a significant focus on 

ophthalmology. In this field, dual-band OCT is 

particularly valuable for detailed retinal imaging, 

including angiography, blood flow measurement, and the 

assessment of retinal oxygen metabolism. It plays a 

crucial role in diagnosing and monitoring various eye 

diseases, such as glaucoma [23], where distinct 

differences can be observed in the OCT cross-sectional 

images at the two wavelengths used for the retinal nerve 

fiber layer. The dual-band OCT utilizes wavelengths of 

840 nm and 1050 nm for visualizing the retina and the 

anterior segments of the eye [24]. 

Additionally, a second measurement in a different 

range enhances tissue contrast [25] and reduces image 

speckle, particularly in FD-OCT, while improving 

resolution [26]. For instance, visible light optical 

coherence tomography (Vis-OCT) offers superior axial 

resolution for imaging retinal layers, especially the 

retinal pigment epithelium and choroid complex. In 

contrast, near-infrared optical coherence tomography 

(NIR-OCT) provides greater penetration depth for 

examining deeper structures [27]. Moreover, the same 

research [27] has shown that Vis-OCT excels in 

measuring retinal blood oxygen saturation due to its 

increased blood optical absorption contrast in the visible 

spectrum. 

In dermatology, researchers are exploring the use of 

dual-band line-field confocal optical coherence 

tomography (LC-OCT) systems that operate at 

wavelengths of 770 nm and 1250 nm. These systems aim 

to enhance the non-invasive diagnosis of malignant skin 

neoplasms, particularly basal cell carcinomas (BCCs). 

The dual-band approach integrates high-resolution 

imaging of superficial layers at 770 nm with deeper 

penetration capabilities at 1250 nm, resulting in a more 

comprehensive view of the lesion [28]. In cardiology, 

different wavelengths are employed to improve the 

differentiation of plaque components, such as lipid-rich 

areas versus fibrous tissue. However, it is essential to 

note that specific studies demonstrating this advantage 

need to be directly cited in the available data. 

However, the lack of readily available publications 

detailing fully integrated dual-band OCT on PICs 

suggests that this is an area of ongoing research and 

development. While the building blocks for a PIC-based 

dual-band OCT system exist (dual-band OCT systems 

and PIC-based OCT systems), a fully integrated solution 

is not clearly documented in the provided data. 

Thus, the paper presents the concept of a dual-band 

PIC designed for the most technologically relevant 

method – SS-OCT. We propose integrating two data 

collection schemes on a single chip, operating at two 

optimal wavelength ranges for medical applications: 

around 850 nm (820−880 nm) and around 1310 nm 

(1260−1360 nm). Both schemes capture backscattered 

and backreflected signals through a single output on the 

chip, ensuring data acquisition at varying depths and with 

different resolutions from a single observation point. The 

paper is organized as follows. Section 2 describes the 

concept of the system and the basic operating principle 

of the SS-OCT system on PIC. In Section 3, we present 

the design and simulation models for the system’s 

building blocks. Section 4 describes the simulation 

results of the overall system performance, while 

Section 5 provides a discussion and main conclusions. 

2 The Dual-Band OCT Scheme 

Fig. 1 illustrates the concept of the proposed dual-band 

SS-OCT system. The chip is equipped with two tunable-

source OCT circuits linked by a splitter, providing a 

single scanning output across both wavelength ranges. 

The operating principle for both circuits, which use 

two different wavelengths, is consistent across the chip. 

Therefore, this chapter will focus on the functioning of 

just one circuit. Light from a tunable laser source is 



I.V. Stepanov: Design of a Photonic Integrated Circuit for Swept-Source OCT for... doi: 10.18287/JBPE25.11.010301 

J of Biomedical Photonics & Eng 11(1) 2025   31 Jan 2025 © J-BPE 010301-3 

coupled to the chip through an edge coupler. A 

directional multimode interference coupler (MMI) splits 

the light beam into a sample arm and a reference arm. 

The light beam in the sample arm is directed to the tissue 

sample via a joint splitter and decoupled from the PIC 

through the output edge coupler. The backscattered and 

backreflected light from the tissue sample is then 

collected by the chip using the same edge coupler. The 

signal is divided by a joint splitter into two interference 

circuits. Before reaching the MMI, the signal passes 

through a filter in each circuit. Ultimately, the 

backscattered and backreflected radiation interferes with 

the reference signal in the subsequent MMI. A balanced 

photodetector then converts the interference result into an 

electrical signal. 

The PIC design is optimized for the silicon nitride 

platform, which exhibits lower losses than other 

integrated photonics platforms [29]. 

3 The PIC Components Design and 

Simulation 

Numerical methods, specifically the finite difference 

eigenmode (FDE) and the eigenmode decomposition 

(EME) methods, were employed to simulate the 

components of the PIC for dual-band SS-OCT. 

3.1. The Waveguide Cross-Section for 

Both Wavelength Ranges 

The essential step in any PIC design is defining the 

waveguide cross-section, which facilitates light 

transmission between different components. The 

proposed device utilizes strip waveguides that are 450 nm 

in height. To determine the appropriate width of these 

waveguides, graphs were created to illustrate the 

relationship between the effective refractive index of the 

modes supported by the waveguide and its width. The 

resulting graphs for the central wavelengths of 850 nm 

and 1310 nm from the light sources are displayed in 

Figs. 2 and 3, respectively. 

 
Fig. 2 The effective index of transverse modes in a 

waveguide versus its width for 850 nm central 

wavelength. TE indicates the transverse electric modes 

and TM − the transverse magnetic modes. 

 
Fig. 3 The effective index of transverse modes in a 

waveguide versus its width for 1310 nm central 

wavelength. TE indicates the transverse electric modes 

and TM − the transverse magnetic modes. 

The effective refractive index dependencies 

indicate that to achieve quasi-single-mode operation, the 

waveguide widths should be specified 

as follows: 500 nm for the wavelength range of 

820–880 nm and 1200 nm for the wavelength range of 

1260–1360 nm. 

3.2 Design of the 50/50 MMI for 

Both Wavelength Ranges 

The circuit splits the light beam using MMI, where the 

power distribution follows the self-imaging 

principle [30]. Fig. 4 illustrates the generalized structure 

of the MMI. The EME method was employed to 

determine the geometry of the MMI for 50/50 split ratios. 

 

Fig. 4 Generalized structure of the MMI. 

 

Fig. 5 The 50/50 MMI’s transmission spectra relying on 

the length of the multimode section for a central 

wavelength of 850 nm. 
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Fig. 6 The 50/50 MMI’s transmission spectra relying on 

the length of the multimode section for a central 

wavelength of 1310 nm. 

The width of the multimode section was set to 

12 µm. The coordinates of the input waveguides were 

determined based on the principles outlined in Ref. [30]. 

Subsequently, the transmission coefficients from the 

upper left waveguide to the upper right and lower MMI 

waveguides were analyzed as a function of the length of 

the multimode section using the Ansys Lumerical 

MODE software package. The resulting data for central 

wavelengths of 850 nm and 1310 nm are presented in 

Figs. 5 and 6, respectively. 

The optimal transmission point in both output 

waveguides determines the length of the multimode 

sections. At a central wavelength of 850 nm, the length 

was 217 µm, while at a central wavelength of 1310 nm, 

it was 141.2 µm. Fig. 7 illustrates the final geometry for 

both MMIs, while Figs. 8 and 9 show the transmission 

performance of the 50/50 MMIs across a broad 

wavelength range. 

 

 

(a) 

 
(b) 

Fig. 7 50/50 MMI dimensions for (a) 850 nm and 

(b) 1310 nm central wavelengths. All dimensions are 

in µm. 

 
Fig. 8 Transmission spectra of the 50/50 MMI for an 

850 nm central wavelength. 

 
Fig. 9 Transmission spectra of the 50/50 MMI 

transmission spectra for a 1310 nm central wavelength. 

3.3 The Splitter Design for Both Wavelength 

Ranges 

An MMI-based joint splitter combines the interference 

schemes and divides the backscattered and backreflected 

radiation between them. The design follows the 

principles of a 50/50 MMI to determine its geometry. 

This splitter features a single input with a width set to 

4 µm. As with the 50/50 MMI, we analyzed how the 

transmission coefficients depend on the length of the 

multimode section for both wavelength ranges (see 

Fig. 10). Consequently, the length of the multimode 

section was determined to be 15.1 µm by the maximum 

transmission for the both central wavelength. The 

dimensions of the joint splitter are illustrated in Fig. 11, 

while its transmission spectra are displayed in Fig. 12. 

Joint splitter transmission spectra imbalance is 

conditioned by the different waveguides widths for the 

various wavelength ranges. Less waveguide width for 

the 820–880 nm wavelength range provides higher loss 

for the more abrupt waveguide taper. This effect does 

not have a significant impact on the system simulation. 
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Fig. 10 Transmission spectra of the joint splitter over 

the length of the multimode section for central 

wavelengths of 850 nm and 1310 nm. 

 
Fig. 11 The joint splitter dimensions in µm. 

 
Fig. 12 Transmission spectra of a joint splitter over the 

broad wavelength band. 

3.4 The Exponential-Shaped Edge Coupler 

Light is coupled and decoupled from the PIC through an 

edge coupler, offering a wider bandwidth than traditional 

input-output gratings [31]. An exponential tapering shape 

was employed for the waveguide to enhance input 

efficiency. The length of the edge coupler is 200 μm, and 

a specific function can represent its shape: 

 log 1.5
exp 0.9 [um],y x

l

 
   

   

where l is the length of the edge coupler, x denotes the 

coordinates along the X axis in the segment from 0 to l. 

The edge coupler width spans from 200 to 1200 nm. 

Fig. 13 illustrates the transmission of the edge 

coupler. It is important to note that the transmission was 

measured for a mode spot with a diameter of 2 µm, 

positioned 5 µm from the PIC edge. For the edge coupler 

simulation, we used Ansys Lumerical EME software 

package. 

Edge coupler simulation results show that average 

loss for the light coupling is approximately 3 dB. This 

value is sufficient for our simulation. But further light 

coupling optimization will provide higher OCT system 

sensitivity. Transmission spectra difference in this case is 

conditioned by the mode size inequality for the air and 

for the waveguide. 

 
Fig. 13 Edge coupler transmission spectra. 

3.5 Bandpass Filters 

To effectively differentiate backscattered and 

backreflected radiation between two segments with 

distinct operating wavelength ranges, we propose 

utilizing a bandpass filter based on MMI within the 

device. These filters were developed utilizing the same 

principles as those used in the 50/50 MMI and the joint 

splitter. The key distinction in this case is that the device 

features only one input and one output. The geometries 

of the filters are illustrated in Fig. 14, while their 

transmission characteristics are shown in Fig. 15. 

 
(a) 

 

(b) 

Fig. 14 Dimensions (in μm) of bandpass filters with 

central wavelengths of (a) 850 nm and (b) 1310 nm. 
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Fig. 15 MMI-based bandpass filters transmission 

spectra. 

We chose bandpass filters lengths by the transmission 

spectra maximum for the needed wavelength range by 

analogy with the joint splitter geometry. 

4 Simulation Results of the Performance of 

the PIC-Based Dual-Band SS-OCT 

System 

To evaluate the performance of the SS-OCT system, we 

converted all the simulation results presented in the 

previous section of the article into S-parameters. We used 

the Ansys Lumerical INTERCONNECT software 

package to create a simulation model of the dual-band 

PIC. The following parameters were used in the model: 

– Simulation time window: 10 ns; 

– Sampling frequency: 250 THz;  

– Radiation source tuning time: 10 ns; 

– Output signal level at the radiation source: 

0 dBm; 

– Wavelength tuning ranges for the radiation 

sources: 820−880 nm and 1260–1360 nm; 

– Signal attenuation level in waveguides: 

92 dB/m [29]. 

A mirror with a reflectivity of 0.99 was used as a test 

sample to simulate biological tissue. It was connected to 

the circuit through a layer of air, the thickness of which 

was varied to determine the zero-delay point 

corresponding to the system’s focal length. 

The tuning time for the radiation sources was set to 

10 ns to optimize resource usage. In commercial tunable 

radiation sources, this tuning time is typically 10 μs. 

However, we have previously demonstrated that while 

tuning time influences the frequency value, it does not 

affect the system’s overall behavior [16, 32]. This 

assumption does not impact the signal level or the zero 

delay point. 

The simulation results demonstrated the relationship 

between the OCT system’s output signal frequency and 

the distance from the scanned sample to the end of the 

PIC. To establish this relationship, we identified the 

power peak in the signal spectrum and recorded the 

corresponding frequency in a data array. Fig. 16 

illustrates this dependency. 

 
Fig. 16 The output signal frequency in relation to the 

distance between the scanned sample and the end of the 

PIC. 

Based on the acquired data, extrapolation was 

conducted in a segment ranging from 2.5 to 3 mm to 

determine the precise value of the zero-delay point. As a 

result, the zero-delay point for the OCT branch with a 

central wavelength of 850 nm was found to be 2.9 mm. 

For the branch with a wavelength of 1310 nm, the zero-

delay point value was 2.92 mm. 

Figs. 17 and 18 illustrate examples of OCT signal 

spectra obtained from simulations at various distances 

between the scanned sample and the PIC edge. 

 
Fig. 17 OCT signal spectra for the branch with a central 

wavelength of 850 nm. 

 

Fig. 18 OCT signal spectra for the branch with a central 

wavelength of 1310 nm. 
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The spectra show side frequency peaks. Supposedly, 

they arise due to the nonlinearity of the transfer 

characteristics of individual optical system components. 

It is worth noting that these peaks were also observed 

when using idealized bandpass optical filters that entirely 

suppress the adjacent frequency range in the shoulders of 

the sample. 

5 Discussions and Conclusions 

This paper presents a PIC concept for an SS-OCT system 

that can operate simultaneously in two different 

wavelength ranges: 850 nm and 1310 nm. Although 

initially designed for the silicon nitride platform, this PIC 

concept can also be adapted for other integrated 

photonics platforms. The chosen wavelength ranges are 

tailored to the most common OCT applications in 

medical diagnostics, including ophthalmology, 

dermatology, and endoscopic examinations. In each 

field, acquiring additional information about the 

biological tissue sample through measurements at a 

second wavelength can enhance resolution and increase 

visualization depth. 

It is worth noting that biological tissues absorb 

radiation differently depending on the wavelength 

range [33]. This effect can be compensated with proper 

swept source power selection in the proposed scheme. 

However, medical standards must limit this power to 

prevent biological tissue damage. 

The simulation results obtained using Ansys 

Lumerical software indicate that optical signals from 

adjacent interferometric systems do not interfere with 

one another. However, the distortions observed in the 

output signal spectrum for a single reflecting object are 

attributed to the nonlinear characteristics of individual 

components within the PIC. 

To enhance the performance of dual-band SS-OCT 

PIC, it is crucial to improve the linearity of the transfer 

characteristics of its components within the specified 

operation bands. It can be achieved by optimizing the 

design of the elements based on MMI or by replacing 

them with broadband directional couplers [34]. However, 

using broadband directional couplers may increase the 

PIC’s sensitivity to variations in characteristics due to 

manufacturing errors [35]. Furthermore, optimizing the 

edge couplers can help reduce attenuation during the 

coupling and decoupling of radiation to the PIC, thereby 

increasing the system’s overall sensitivity. 

The second step to improve the performance of the 

SS-OCT system is to enhance the functionality of the 

PIC. For both interferometric schemes, the focal length 

can be adjusted using a tunable reference arm, as 

previously demonstrated by the authors in an earlier 

study [32]. Furthermore, OCT systems with a tunable 

source can integrate a k-clock for analog-to-digital 

converters. This k-clock can be implemented either as an 

unbalanced Mach-Zehnder interferometer [32] or as a 

microring resonator [36], utilizing dispersion regions that 

exceed the wavelength range of the radiation source. 

Another promising solution to improve OCT image 

quality is spectroscopic OCT (SOCT) signal processing 

algorithm realization at the personal computer side. This 

technique is based on the short-time and short-frequency 

Fourier transforms to create 2-D SOCT signals indexed 

by wavelength and depth in the object [37]. In 

combination with our PIC, it will allow obtaining more 

information about tissue samples [38]. 
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