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Abstract: By using integrated optics, it is possible to 
reduce the size and cost of a bulky optical coherence 
tomography (OCT) system. One of the OCT components 
that can be implemented on-chip is the interferometer. 
In this work, we present the design and characteriza-
tion of a Mach-Zehnder interferometer consisting of the 
wavelength-independent splitters and an on-chip refer-
ence arm. The Si3N4 was chosen as the material platform 
as it can provide low losses while keeping the device size 
small. The device was characterized by using a home-built 
swept source OCT system. A sensitivity value of 83 dB, an 
axial resolution of 15.2 μm (in air) and a depth range of 
2.5 mm (in air) were all obtained.

Keywords: Mach-Zehnder interferometer; on-chip; optical 
coherence tomography; silicon nitride.

1  �Introduction
Optical coherence tomography (OCT) is a minimally invasive 
optical imaging technique that provides high-resolution, 

cross-sectional images of tissues and turbid media [1]. 
OCT can provide real-time images of tissues in situ and can 
advantageously be used where conventional excisional 
biopsies are hazardous or impossible. Although the current 
OCT systems are bulky and expensive, integrated optics 
offers unique solutions for OCT systems.

One of the OCT components that can be implemented 
on-chip is the interferometer. Various interferometer config-
urations using different material systems have been investi-
gated by several research groups. Culemann et al. [2] reported 
the parallel integration of eight Michelson interferometers 
implemented in glass. Yurtsever et  al. [3] demonstrated a 
Michelson interferometer implemented in silicon on insula-
tor and a silicon nitride (Si3N4)-based Mach-Zehnder inter-
ferometer with a 190-mm-long on-chip reference arm [4]. 
Nguyen et al. [5] fabricated a Michelson interferometer in a 
Si3N4 platform to be used in a swept-source OCT system for in 
vitro tissue phantom imaging. In another study, Akca et al. 
[6] demonstrated a partially-integrated spectral-domain 
OCT system in silicon oxynitride (SiON).

In the present work, we present the design and char-
acterization of a Mach-Zehnder interferometer consisting 
of the wavelength-independent splitters and an on-chip 
reference arm. Furthermore, two adjacent waveguides 
were used on the sample arm side: one for delivering the 
light and the other for collecting back scattered light from 
sample, which can circumvent the use of Y splitters and 
their additional (6 dB) losses. The device was character-
ized by using a home-built SS-OCT system with a center 
wavelength of 1550 nm. Results indicate that a sensitivity 
value of 83 dB, an axial resolution of 15.2 μm (in air) and a 
depth range of 2.5 mm (in air) were all obtained.

2  �Chip design

2.1  �Waveguide design

Here, Si3N4 was chosen as the material technology for this 
specific design as it can provide low-loss, compact and 
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reproducible waveguides. Moreover, it has a wide trans-
parency range. A special waveguide type called TriPleX™ 
was used, which was developed by LioniX International 
BV (Enschede, The Netherlands) [7]. The waveguide 
geometry is a single-strip Si3N4 of 50 nm height and 3.4 μm 
width. The top and bottom SiO2 cladding layers are 8 μm 
thick. Waveguides operate in single mode at a wavelength 
of 1550  nm and have a minimum bending loss for TE 
polarization. The refractive index contrast between Si3N4 
(n = 1.98) and SiO2 (n = 1.45) enables the realization of 
smaller device sizes.

2.2  �Interferometer layout

Figure 1 presents the schematic of the integrated-optics-
based SS-OCT system, in which the micro-chip is outlined 
by the red dashed-rectangle. The micro-chip consists of an 
on-chip Mach-Zehnder interferometer. The top and bottom 
waveguides are reference waveguides that are designed for 
estimating the fiber coupling losses. The characterization 
of the interferometer was performed by coupling the input 
light into the second waveguide from the top which is then 
equally split into two in the first splitter (s1) towards the 
reference and sample arms. The back-scattered light from 
the sample mirror was collected with the same waveguide 
(wg1) and then combined with the reference light at the 
splitter (s4), which was then divided equally for balanced 
detection. For the biological specimen measurements, the 
waveguide adjacent to the delivery waveguide (wg2) can 
be used for back-scattered light collection, which can then 
be combined with the reference light at the splitter (s5) for 
balanced detection. Using this path reduces the number 
of splitters that the back-scattered light passes, thereby 
increasing the system sensitivity by decreasing the split-
ter-induced losses. The physical length of the on-chip 

reference arm was designed to be 9.2 cm and the overall 
chip size was 1.7 cm × 0.5 cm.

The light source was a swept laser (Insight Photonic 
Solutions, Inc, Lafayette, CO, USA) with a 1550-nm center 
wavelength, 115-nm full width half maximum (FWHM) 
bandwidth, 7-mW average power and 50-kHz repetition 
rate. All splitters in the circuit were wavelength independ-
ent splitters with a 50/50 splitting ratio over the FWHM of 
the laser source. The light from the chip end was focused 
on the mirror by using an aspheric focusing lens. In order 
to cancel the RIN noise, a balanced detector was used 
(PDB40C, Thorlabs, Newton, USA). The interferometric 
data were sampled by a digitization card (ATS9350, Alazar 
Technologies Inc, Pointe-Claire, QC, Canada) at 500 MS/s. 
The ADC was used to digitize the measured intensities 
with an internal k-clock onto the 8000 samples.

3  �Device characterization

3.1  �Axial resolution

To characterize the system’s axial resolution and sensitiv-
ity, a mirror was positioned at 0.1 mm. The measured raw 
interference and background spectra for a fixed mirror 
position are shown in Figure 2a and b, respectively, along 
with the corresponding calculated OCT signal (Figure 2c). 
We observed some high-frequency interference patterns 
both on the interference and background spectrum, 
which can be attributed to the back reflections originat-
ing from the chip end facet that was not angle polished 
(as shown in the insets). The data processing consisted 
of background subtraction, k-space resampling, Hilbert 
transform, Fourier transform and dispersion compensa-
tion. The dispersion mismatch between the two arms of 
the system was compensated in the software by apply-
ing the third-order polynomial approach. The measured 
axial resolution of the system was 15.2 μm, larger than the 
theoretical axial resolution value of 9.2 μm. This can be 
due to insufficient dispersion compensation as well as 
the reduced bandwidth of the wavelength-independent 
splitters.

3.2  �Sensitivity

The ratio between the OCT point spread function at a 
0.1-mm distance from the zero-delay point and the stand-
ard deviation of the noise floor gives the sensitivity of 
the system. The measured sensitivity of this system with 
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Figure 1: The schematic of the integrated-optics-based SS-OCT 
system in which the on-chip Mach-Zehnder interferometer micro-
chip is outlined by the red dashed-rectangle. s1, s2, s3, s4, s5 
correspond to the splitters, and wg1, wg2 correspond to the 
waveguides.
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0.25 mW on the sample was 83 dB, whereas the shot noise 
limited, lossless system would had a sensitivity of 110 dB. 
The total signal power measured on the balanced detec-
tor side was 90 μW, of which 50 μW originated from the 
reference arm when the sample arm was blocked. Conse-
quently, 40 μW originated from the back-reflected light 
from the mirror into the sample arm. All power values 
were measured at 1569 nm. The power values at the bal-
anced detector arms were 27 μW and 23 μW. The setup had 
total of 13 dB loss in the sample arm, due the losses at the 
input/output coupling of the chip, splitters and the focus-
ing lens. Nevertheless, the system performance is compa-
rable with that of a commercial SS-OCT system.

Figure  3 shows the measured OCT signals for nine 
different positions of the sample arm mirror, each sepa-
rated by 250 μm. The observed decay in the amplitude 
with increasing optical path length can be attributed to 
the confocal gate of the focusing lens. Consequently, the 
maximum imaging range with this lens configuration was 
approximately 2.5 mm.
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Figure 2: The characterization of the on-chip Mach-Zehnder interferometer implemented in the SS-OCT system. (A) Measured raw interfer-
ence spectrum, and (B) background spectrum. The insets show the small interference coming from the chip facet. (C) Magnitude of the OCT 
signal. The FWHM of the peak is 15.2 μm.
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Figure 3: Measured A lines for nine different mirror positions. The 
maximum imaging range is around 2.5 mm.
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4  �Discussion
We have demonstrated an on-chip Mach-Zehnder inter-
ferometer with a high potential for OCT imaging based on 
photonic integrated components. However, some aspects 
still need to be improved for further integration with other 
OCT components. First, the 83-dB sensitivity of the system 
is still too low. In order to increase the system sensitivity, 
the input fiber coupling losses due to the spot size mis-
matches must be reduced significantly. These reductions 
can be obtained by using a lensed fiber or a spot size con-
verter [8]. Second, the noise in the OCT signals should 
be reduced. An important improvement will be expected 
by angle polishing the end facets in order to reduce the 
back reflections. The temperature fluctuations may also 
contribute to the noise. However, the thermo-optic coeffi-
cient of the Si3N4 material is very small (~3 × 10−5 RIU/oC). 
Consequently, thermal fluctuations will only result in 
small changes in the effective refractive indexes of the 
waveguides. The splitters are also highly fabrication-toler-
ant, therefore, their operation will not be affected by this 
small change in the index of the refraction as well. Still, if 
further reduction of the thermal dependency is required, 
the thermal control by means of a TEC can be incorpo-
rated. Third, although the 83-dB sensitivity of the system 
is capable of acquiring high-quality in vivo OCT images, an 
x-y scanner unit could not be accommodated between the 
sample and the focusing lens due to the limited spacing 
between them. This issue can be solved by increasing the 
on-chip reference arm length. However, this latter adjust-
ment will have an effect on the dispersion mismatch 
between the sample and the reference arm. Although the 
dispersion compensation was not a big challenge in this 
design, for larger arm length mismatches, an advanced 
software compensation will be needed. Next to these soft-
ware solutions, hardware solutions are also possible, e.g. 
by controlling the waveguide dispersion by changing the 
geometry of the waveguide, as proposed in [4].

Our design still features a chip in a lab rather than a 
lab-on-a-chip, but the integration of further OCT compo-
nents on a common chip will be feasible. The integrated 
microlenses can replace bulky focusing lenses. The hybrid 
integration of active materials, e.g. wafer bonding tech-
niques, can be exploited to integrate the light source and 
the detector array. The inclusion of the scanner unit, e.g. 
by MEMS technology and on-chip opto-electronic circuitry 

for processing may complete the system integration. Con-
sidering the ability of lithography to mass-produce the 
optimized optical systems, the on-chip integration will 
pave the road towards a much wider distribution of OCT 
systems.

5  �Conclusion
We have demonstrated an on-chip Mach-Zehnder interfer-
ometer to be used in OCT imaging. Although a sensitivity 
value of 83 dB was obtained, which was not too far from 
commercial system sensitivity values, better sensitivity 
values can be achieved by optimizing the design and fab-
rication methods. Considering the ability of lithography to 
mass-produce the optimized optical systems, the on-chip 
integration will pave the road towards a much wider dis-
tribution of OCT systems.
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