
Characterization of Light Distribution and Optimization of Detector
Position for Multiple Reference Optical Coherence Tomography

Kai Neuhausa˚, Hrebesh Subhasha:, Roshan Dsouzaa, Josh Hoganc, Carol Wilsonc

and Martin Leahya,b

aTissue Optics and Microcirculation Imaging Group, School of Physics, National University of
Ireland, Galway, Ireland;

bRoyal College of Surgeons (RCSI), Dublin, Ireland;
cCompact Imaging, Inc., 897 Independence Ave., Suite 5B, Mountain View, CA 94043 USA.

ABSTRACT

A time-domain optical coherence tomography system with respect to multiple reflections in the reference arm is simulated
with Zemax and the optimal detector position is discussed based on the wavefront error. Multiple reference optical coher-
ence tomography (MR-OCT) is a novel optical imaging platform using a single miniature actuator and partial mirror to
recirculate light multiple times within the interferometric system. The recirculation corresponds to multiple path delays
extending effectively the axial scan-range. The simulation of MR-OCT with lenses of 5 mm diameter shows that it is
suitable to build a compact system using low-cost components. Subsequently MR-OCT enables an affordable miniature
OCT for low recourse settings and personal or point-of-care applications.
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1. INTRODUCTION

Optical Coherence Tomography (OCT)1 is a well-established optical imaging technique allowing the acquisition of three-
dimensional images of biological specimens with micrometer resolution. OCT is a low coherence interferometric based
imaging modality and can be implemented using either time-domain (TD) or frequency-domain (FD) methods. Modern
FD-OCT systems are built for stationary applications in clinical environments and require expensive optical and electronic
peripherals.

There is a growing interest2 in the development of cost-effective, compact and easy-to-use OCT platforms for personal care
and point-of-care (POC) diagnostic applications. MR-OCT3 provides an architecture which does fit into a small volume
using low-cost components. MR-OCT is a novel design based on TD-OCT utilizing a partial mirror to recirculate light
multiple times (multiple reflections) within the interferometric system, which achieves multiple path delays extending the
effective axial scan-range. MR-OCT can be manufactured with millimeter and micrometer optical components which are
available for optical pick-up systems in CD/DVD ROM drives. Those pick-up systems comprise typical elements of an
interferometer, such as lenses, beam splitter, light source and detector, including mechatronic actuators and optoelectronics
in a small volume. The available technology allows to build a miniature compact and robust TD-OCT system which is
portable and low-cost. The potential to integrate the optics using solid state technology makes MR-OCT interesting for
high volume production, which would allow to reduce costs even further. The comparably low scan speeds of MR-OCT
of a few hundred of A-scans per second allows the use of low-spec electronics and smartphones can be used for image
processing.

This manuscript describes the simulation of light propagation in an interferometric system by optical ray-tracing with
Zemax (Zemax Europe Ltd.) for lenses with a diameter of 5, 12.7 and 25.4 mm. The visibility of interference on the
detector plane is simulated and discussed based on the wavefront error related to the lens diameter and higher order of
reflections due to a partial mirror.
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To limit the complexity of the optical construction the partial mirror was not simulated directly and instead reproduced
by the displacement of the reference scanning mirror (ScM) for each order of reflection. The displacement of ScM was
arranged in steps with a width of the corresponding distance between a real PM and the ScM (Figure 5). Five different
orders of reflections are discussed and compared in Table 5.

The described optical construction of the simulated optical system uses a single doublet lens on the input aperture, which
allows to use a lens with a larger focal length, reducing angular divergence. The overall construction is described in Table 1
which shows an extract of the lens editor of Zemax and could be used to reproduce the model.

2. ZEMAX CONSTRUCTION

2.1 Zemax Modes
Zemax allows two different simulation modes to construct a system; the sequential-component mode (SC) and the non-
sequential component (NSC) mode. The interferometer was constructed in SC mode to allow the use of additional analytic
functions, which are not available in NSC mode, such as the point spread function and polarization ray trace to evaluate the
intensity on the image plane. The use of the NSC mode takes into account scattering and internal reflections, which compli-
cates the interpretation of distribution of energy at splitting surfaces through the system4. To get an initial characterization
of the interferometer with multiple reflections the SC mode was preferred.

2.2 Construction Method SC Mode
To simulate an interferometer with Zemax in SC mode the two arms of the interferometer are simulated as two separate
configurations. The general simulation process with Zemax is along the z-axis only in SC mode. To “break” the z-axis-only
limitation a so called coordinate break must be used. As each component can only interact once in SC mode, any simulated
reflected ray passing through an interface for a second time, requires a duplicate of the interface at the same position.

The definition of all surfaces is managed in the lens editor in Zemax. Table 1 is a technical representation of the content
of the lens editor for an optical system with 25.4 mm lens diameters. The table reflects the repeated application of optical
components for the prismatic part of the beam-splitter (P1). Zemax manages two different sets of rays by defining two
different configurations, which are shown in Table 2.

For the initial test of the simulation the surface #11 is set to 100 µm for both configurations. This means for a real optical
set-up that the SpM-to-CP distance is the depth where the beam is focused into the sample, assuming the sample is placed
onto the CP. The ScM-to-PM determines the distance to a higher order reflection. A schematic plot of the construction
is shown in Fig. 1(a) and a 3D representation in Fig. 1(b). The general system performance was evaluated by inspection
of the interferogram (Figure 2(a)) and the point spread function (PSF). The Fast Fourier transform (FFT) PSF is shown
in Figure 2(b). For evaluation of minute differences between wavefronts the Huygens PSF provides a better sensitivity.
Subsequently the Huygens PSF was used for evaluation of the differences on the detector plane and mirrors.

For the optical simulation of the lens diameter with 25.4 mm, achromatic doublet lenses of focal length 100 mm and 30
mm (Thorlabs AC254-100-C and AC254-030-C) and a standard 50:50 beam-splitter cube (Thorlabs BS018) were selected.
The partial mirror and related compensation plate were simulated with glass windows (Thorlabs WG11050, glass type
N-BK7). Instead of a partial mirror a glass window is used for simulation. The focal lengths were chosen to correspond
to a real system, allowing the assembly in order to be performed on an optical bench with 20 mm distance between lenses
and 1 to 5 mm distance between the doublet pair to focus light onto the detector. All components were simulated with
anti-reflection (AR) coating, and the reflecting interfaces of the BS prism were defined for 50% transmission.

For the system with 12.7 mm lens diameter, doublet lenses of focal length 50 mm and 25 mm (AC127-050-C and AC127-
025-C) and a beam-splitter cube of length 20 mm (BS012) were selected for simulation. The partial mirror and corre-
sponding compensation plate were simulated with a Thorlabs equivalent windows (WG10530-C).

The miniature system with 5 mm lens diameters was simulated with lenses of focal length of 15 mm and 7.5 mm (AC050-
015-C and AC050-008-C) and with a beam-splitter of 5 mm length (BS009). The required glass windows (N-BK7) were
scaled to 5 mm diameter and 1 mm thickness.



Table 1: Lens data and position data for optical components for construction of the interferometer in Zemax.

# Type Comment Curvature Thickness Glass Semi-Diameter Coating
0 STANDARD 0.00E+000 1.00E+010 0.00E+000
1 STANDARD 0.00E+000 5.00E+001 2.00E+000
2 STANDARD AC254-100-C 3.11E-002 6.50E+000 N-BAF10 1.27E+001 THORC
3 STANDARD AC254-100-C -2.63E-002 1.80E+000 N-SF6HT 1.27E+001
4 STANDARD AC254-100-C 1.07E-002 2.00E+001 1.27E+001 THORCSLAH64
5 STANDARD P1 S1 0.00E+000 1.00E+001 N-BK7 1.00E+001 AR
6 TILTSURF P1 S2 M1 0.00E+000 0.00E+000 MIRROR 1.00E+001 I.50
7 COORDBRK CB1 0.00E+000 0.00E+000 0.00E+000
8 TILTSURF P1 S3 GLSS 0.00E+000 -2.50E+000 N-BK7 1.00E+001 AR
9 STANDARD P1 S4 (D CP BS) 0.00E+000 -5.85E+001 3.00E+000 AR
10 STANDARD C1 S1 0.00E+000 -5.00E+000 N-BK7 1.27E+001 AR
11 STANDARD C1 S2 0.00E+000 -1.00E-001 1.27E+001 AR
12 TILTSURF mirrors 0.00E+000 1.00E-001 MIRROR 2.50E+000
13 STANDARD C1 S2R 0.00E+000 5.00E+000 N-BK7 1.27E+001 AR
14 STANDARD C1 S1R (PU #9) 0.00E+000 5.10E+001 1.27E+001 AR
15 COORDBRK CB2 0.00E+000 0.00E+000 0.00E+000
16 STANDARD P1 S4R GLSS 0.00E+000 1.00E+001 N-BK7 1.00E+001 AR
17 TILTSURF P1 S3R GLSS 0.00E+000 0.00E+000 N-BK7 1.00E+001 I.50
18 COORDBRK CB3 0.00E+000 0.00E+000 0.00E+000
19 TILTSURF P1 S2R GlSS 0.00E+000 1.00E+001 N-BK7 1.00E+001 AR
20 STANDARD P1 S1R 0.00E+000 2.00E+001 1.00E+001 AR
21 STANDARD AC254-100-C -1.07E-002 1.80E+000 N-SF6HT 1.27E+001 THORCSLAH64
22 STANDARD AC254-100-C 2.63E-002 6.50E+000 N-BAF10 1.27E+001
23 STANDARD AC254-100-C -3.11E-002 1.00E+000 1.27E+001 THORC
24 STANDARD AC254-030-C 4.74E-002 1.30E+001 N-BAF10 1.27E+001 THORC
25 STANDARD AC254-030-C -6.56E-002 1.80E+000 N-SF6HT 1.27E+001
26 STANDARD AC254-030-C -1.41E-002 2.25E+001 1.27E+001 THORCSLAH64
27 STANDARD 0.00E+000 0.00E+000 2.24E-003

Table 2: Table of configurations to simulate both arms of the interferometer in Zemax.

# Type Int1 Int2 Int3 Config 1 Config 2
1 GLSS 6 0 0 MIRROR N-BK7
2 PRAM 7 3 0 -9.00E+001 0.00E+000
3 PRAM 8 2 0 1.00E+000 -1.00E+000
4 THIC 8 0 0 -2.50E+000 2.50E+000
5 THIC 9 0 0 -5.85E+001 5.85E+001
6 PRAM 12 2 0 0.00E+000 0.00E+000
7 THIC 15 0 0 0.00E+000 0.00E+000
8 THIC 16 0 0 1.00E+001 -1.00E+001
9 GLSS 17 0 0 N-BK7 MIRROR
10 PRAM 17 2 0 1.00E+000 -1.00E+000
11 PRAM 18 3 0 0.00E+000 -9.00E+001
12 THIC 10 0 0 -5.00E+000 5.00E+000
13 THIC 11 0 0 -1.00E-001 1.00E-001
14 THIC 12 0 0 1.00E-001 -1.00E-001
15 THIC 13 0 0 5.00E+000 -5.00E+000
16 THIC 14 0 0 5.10E+001 -5.10E+001

3. SIMULATION

3.1 Discussion of System Parameters
Zemax has the ability to only simulate one single wavelength at a time and the effect for each wavelength can be evaluated
separately. The total effect of a broadband source such as a super luminescent LED (SLED) used in experimental set-ups
cannot be exactly reproduced with Zemax in SC mode.

For the simulation with 25.4 and 12.7 mm lens diameters the intensity profiles were assumed to be Gaussian with an
entrance beam-diameter of 3 mm and the distance of the entrance pupil was assumed to be 50 mm in front of the first
optical component. For the simulation with 5 mm diameter optical components the beam-parameters were varied and also
simulated with 1 mm entrance diameter.

The detector plane (D) was simulated to have a diameter of 0.3 mm based on a Newport 2053 detector.

Zemax allows the definition of a merit function to optimize selected system parameters automatically by attempted re-
duction of the value of the merit function. To calculate the optimal distance for the scanning reference mirror (ScM) and
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(a) Schematic plot of the interferometer construction with Zemax
( S: source, D: detector, Ln: lenses,BS: beam-splitter, PM: partial
mirror, ScM: scan mirror, CP: compensator plater, SpM: sample mir-
ror).

(b) A 3D representation of the interferometer components which is
useful to evaluate the mechanical layout.

Figure 1: Zemax construction plots.
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(b) The PSF at the detector plane for optimized mirror positions.

Figure 2: General results of interferometric operation of a 25.4 mm system with 3 mm beam diameter.

the sample mirror (SpM) a merit function was defined to minimize the Gaussian beam-radius on both mirrors, while also
keeping the beam-spot size close to the Airy disk diameter. The distance between the ScM and the PM was set to 100 µm
and the distance between the CP and the SpM was set to 500 µm which would in practice focus into the sample at a depth
of 500 µm.

Multiple reflections are simulated separately. In practice, the effect of multiple reflections means an increase in beam-
diameter due to beam divergence and a reduction in power due to each reflection at the partial mirror (PM). The divergence
can be calculated by a simple geometrical method and it is shown in Section 3.3 that the divergence is small if the distance
between the PM and the ScM is small compared to the divergence angle of the beam.

The model was aligned for all systems by setting the distance between CP and the mirrors to 100 µm. This allows the
evaluation of the symmetry of the system. The optimized spot size was generally less than the Airy disk diameter and the
wave front error and the Huygens PSF are compared in Figure 3. The Huygens PSF is sensitive to path-length differences
and the variations in relative intensity for the 5 mm system may be caused by minute differences of the placement of the



mirrors. The wavefront error for the 5 mm system has increased to an RMS of about 0.05 and a peak-to-valley difference
of about 0.16.
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Figure 3: Comparison of three models simulated for optical components of 25.4 mm, 12.7 mm and 5 mm lens diameter. Zemax shows
the wavefront distortions normalized and exaggerated. The peak-to-valley and RMS values are a measure of relative distortion strength.

5.
0

m
m

(a) Huygens PSF for reference and sample
wave.

Peak to valley = 0.0027 waves
RMS = 0.0007 waves

(b) Wavefront map on the detector. (c) Wavefront RMS on the detector.

Figure 4: The simulation of the wavefront error improves for a 5 mm system by reducing the beam diameter from 2 to 1 mm.

Figure 3 shows different characteristics between optical systems with optical elements with a diameter of 25.7 mm, 12.4
mm and 5 mm. The spot characteristics are not shown as they are symmetric and circular, and the spot width is less than
the Airy disc diameter. The Huygens PSF describes the characteristics between different lenses and the relative intensity
based on wavefront propagation. The Huygens plot shows that the combined effect of the reference wave and the sample
wave for the 5 mm system is reduced to 0.7 for a beam diameter of 3 mm. However, the characteristics for the 5 mm system
improve if the beam width is reduced to 1 mm (Figure 4).



Zemax allows the estimation of the effects by varying the value of a large set of parameters (geometry, material, positional,
etc.) in parallel. The calculation of those parameters is called “tolerancing” and uses a Monte Carlo method to vary
the parameters randomly. Although tolerancing was not the primary aim of this investigation a simulation was prepared
including both configuration and merit function. Zemax does creates a list of components causing the largest effects under
a section called “Worst offenders”. According to the list of “Worst offenders” the first lens (L1) has the strongest effect if
the radius, refractive index and the thickness is changing, and the beam-splitter causes effects if it is tilted in x or y.

3.2 Simulation and Optimization Results
It is expected that the Airy disk diameter reduces with reduced lens diameters as the marginal rays pass through the lenses
closer to the edge and are refracted much more (Table 3). A reduced Airy disk means a better lateral resolution. However
the Rayleigh range and the Gaussian beam-width reduce also (Table 4). While the Rayleigh range is significant for the
depth of view, the Gaussian beam-width is considered to be the available energy or intensity available in the beam. A
reduced intensity may mean reduced interference and subsequently reduced sensitivity.

Table 3: Change of Airy disk diameter on the image plane (detector) depending on the beam diameter and the lens parameters (diameter
and combination of focal lengths for lens L3 and all other lenses Ln).

Lens Diameter (mm) 25.4 12.7 5.0 5.0
Beam Diameter (mm) 3.0 3.0 3.0 1.0
Lens focus Ln / L3 (mm) 100 / 30 50 / 25 15 / 7.5 15 / 7.5
Simulated Airy disk diameter ( µm) 34 27 8 24

Table 4: Paraxial Gaussian Beam parameters calculated by Zemax depending on beam diameter and lens parameters (diameter and
combination of focal lengths for lens L3 and all other lenses Ln).

Input parameter
Lens Diameter (mm) 25.4 12.7 5.0 5.0
Beam Diameter (mm) 3.0 3.0 3.0 1.0
Lens focus Ln / L3 (mm) 100 / 30 50 / 25 15 / 7.5 15 / 7.5

simulated results
Beam-waist radius on mirror ( µm) 21.2 10.6 2.1 6.5
Rayleigh range on mirror ( µm) 1061.0 264.0 10.6 95.2
relative intensity on detector 0.1995 0.1917 0.1942 0.1938

Table 4 shows that a beam-waist radius and the Rayleigh-range increase if the beam diameter is reduced from 3 to 1 mm.
The relative intensity on the detector for different lens diameters remains approximately constant and the simulation shows
changes of a maximum of 2% (Table 4).

It appears to be plausible that with constant beam-diameter the intensity should stay constant. The reduction of the thickness
of components should reduce absorption, however scatter effects and dispersion may have a stronger effect and increasingly
attenuate the beam intensity.

3.3 Multiple Reflections
The beam is focused on the ScM and the marginal rays are reflected at an angle. The spot size will increase depending on
how many times a ray was reflected between the PM and the ScM. Each new reflection (order) can be simulated by placing
an additional ScM a distance (integer multiple d) away from the PM.

Simulation of multiple reflections with Zemax requires placement of a new surface for each reflection and the introduction
of a negative thickness of lenses and distances to assure that the beam propagation continues. However, the additional
information gained are only the increased spot size due to the angular divergence depending on the incidence angle of the
input ray (Figure 5).
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Figure 5: Geometrical representation of a second virtual surface for a second reflection.

Figure 5 shows that any additional reflection creates a virtual surface which is placed at a distance d, which is exactly the
spacing of the PM to the ScM. Knowing that any additional reflection can be investigated by increasing the distance by the
amount of d can easily be done with Zemax.

After the 5 mm optical system was optimized for the position of all components the distance from lens L3 to the detector
plane was 5.2402 mm (beam-width 1 mm).

For displacements of the detector of up to ˘200 µm the geometrical calculated divergence of rays matched the Airy disk
diameter (Figure 6).

-200 µm -100 µm 0 µm +100 µm +200 µm

Figure 6: Spot size change on the detector plane due to axial detector displacement.

The distortion of the wavefront due to the detector displacement is shown for a range of ˘80 µm (Figure 7). Zemax shows
a maximum peak-to-valley distortion for the wavefront of 0.1347 waves, which appears to be acceptable for sufficient
visibility of interference, as it is less than 0.5 waves. The simulation shows a slight asymmetry of the wavefront error

Displacement ´80 µm
Peak to valley = 0.1391 waves
RMS = 0.0399 waves

Displacement 0 µm
Peak to valley = 0.0025 waves
RMS = 0.0007 waves

Displacement `80 µm
Peak to valley = 0.1260 waves
RMS = 0.0361 waves

Figure 7: The effect of the detector displacement on the wavefront distortion.

values, which shows also in the wavefront error characteristics (Figure 8).



Figure 8: Characteristics of the wavefront error over a defocus range of the detector of ˘100 µm.

Table 5: Five order of reflections with increasing depth of 100 µm up to 500 µm. (lR distance PM-to-ScM, lS distance CP-to-SpM, ∆F
change of focal point of optimal detector position, RMS wavefront error, IH relative intensity of Huygens PSF)

lR (mm) lS (mm) ∆FD (mm) RMS (waves) IH
0.200 0.205 0.055 0.025 0.9
0.300 0.3015 0.11 0.050 0.85*
0.400 0.402 0.16 0.074 0.62*
0.500 0.501 0.22 0.099 0.52
* possibly low accuracy

The simulation values for different orders are shown in Table 5. The increased virtual distance for a higher order reflection
was simulated by placing the reference mirror at the distance lR corresponding to the PM-to-ScM distance. As the relative
intensity of the Huygens PSF (IH ) also reacts on the path-length difference, the distance lS (CP-to-SpM distance) was
adjusted, to find the maximum of IH of a path-length match. Subsequently the values for ls are slightly different, but this
also means that the values for IH are at best estimates, and the jump between 0.300 and 0.400 mm may be spurious. The
increased path-length realizes an image-spot at a deeper layer, which shifts the focus for such a higher order on the detector
plane by a distance ∆FD and the detector is slightly out of focus. Also the wavefront error RMS increases, but remains
below 0.1 wavelengths and sufficient visibility of interference is to be expected.

4. OUTLOOK AND CONCLUSION

The focus of this study was to show the optimal detector position depending on varying parameters, such as distance
between mirrors and partial mirror, higher order reflections and lens diameters. A more detailed simulation for lenses with
5 mm diameter was conducted and showed an increase of the wavefront error RMS of up to 0.04 waves, which is small
compared to 0.5 waves to avoid destructive interference.

The simulation showed that a geometrical collimation for a 1 mm beam diameter provides sufficient focal capabilities
close to the Air disk diameter or smaller. The wavefront distortion was studied for different detector positions in a range of
˘80 µm and showed a maximum RMS of 0.04 waves (Figure 7), which should have no detrimental effect on the visibility
of the interference. The exact effects on the interference could not be investigated using SC mode alone. Further modeling
using NSC mode may give more detailed results about the interference characteristics.

Five orders of reflections were simulated to limit the complexity of the model. Each order was simulated separately by
changing the position of the reference mirror. Alteration of the detector position over a range of ˘200 µm relative to the
last lens L3 (Figure 1(a)) increased the geometrical spot-width up to one Airy disk diameter (Figure 6). The Airy disk
diameter is the smallest physical spot size, which was simulated to be about 24 µm. It is to be expected that larger spot
sizes are possible if it does not exceed the detector area size. However, for the 5th order of reflection the relative intensity
of the Huygens PSF reduced to 0.5, which may limit the maximum amount of orders of reflections to be detectable. The
visibility of interference depends also on the wavefront distortion, which increased slightly for smaller lens diameters, but
remained below an RMS of 0.1 waves (Table 5).



It would be beneficial to evaluate the interference efficiency on the detector directly, but this was not possible with the SC
mode of Zemax. The simulation of MR-OCT in NSC mode may be included in future studies for the purpose of evaluating
optical performance and interference efficiency of a small-scaled system. The NSC mode is able to simulate multiple
reflections and can also deal with components placed arbitrarily in space, including the simulation of broadband sources5.
A simulation in NSC mode may give complementary information about the interference quality of the interferometric
system depending on the size of components.
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