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Abstract: In this paper, we propose an optical fiber-based broadband mode coupler for multimode
optical coherence tomography (OCT) in the O-band (1.26 — 1.36 pm). The proposed device uses a
tapered few-mode fiber (FMF) to lower the effective mode index of the selected higher-order mode,
which can be phase matched to the fundamental mode of the single-mode fiber (SMF). The tapered
FMF and the SMF are side polished to reduce the core-to-core separation to achieve efficient mode
coupling. Key design parameters such as the tapering ratio of the FMF, FMF core to SMF core sep-
aration, coupler length, and coupling ratio in the O-band are studied thoroughly. Higher-order
modes of the FMF will be effectively coupled from the fundamental mode of SMF in the sample arm
of the multimode OCT system. The reflected signals of the higher-order modes from the sample will
be separated into several single-mode signals using the same fiber device before interfering with
the reference light, which was not possible before. The proposed fiber device will be a key compo-
nent to efficiently achieve multimode OCT operation with better signal collection efficiency and
improved penetration depth for deep tissue imaging.

Keywords: multimode optical coherence tomography; few-mode fiber (FMF); broadband fiber optic
mode coupler

1. Introduction

Optical coherence tomography (OCT) has been established as a standard-of-care tool
for the diagnosis of a wide spectrum of ocular diseases and a powerful tool for the diag-
nosis of coronary artery disease and gastrointestinal diseases [1-3]. However, penetration
depth and resolution degradation in deep tissue are two major limitations of the technol-
ogy for existing and potential clinical use [4, 5]. For example, OCT is very limited in im-
aging the choroid, sclera, and optic nerve head due to limited penetration depth, making
it unfit for examining abnormalities in these tissues [6-9]. In intravascular and endoscopic
applications, the penetration limit precludes the technology for assessing deep lesions

such as invasive tumors in digestive tracts and large plaques in coronary arteries [10-13].
In the single mode regime, OCT has reached shot-noise limited detection, which is the
fundamental limitation on penetration given a certain maximum permissible exposure
[14-18]. The way to improve penetration depth is to shift to the multimode regime, where
signal collection efficiency can be improved by an order of magnitude by collecting
backscattered light from tissue with a larger fiber core size and larger numerical aperture.
Few mode fiber (FMF)-based simultaneous bright and dark field OCT imaging has
demonstrated good prospects to achieve improved detection efficiency, although still suf-
fering from crosstalk and sensitivity drop due to mode mismatch between the higher-
order modes and the reference [19, 20]. The key to addressing these limitations in multi-
mode OCT is to separate OCT signals of different modes with a mode-selective device and
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detect them individually. More recently, a modally specific photonic lantern was used to
achieve mode-dependent coupling and solved the sensitivity issue in multimode OCT at
930 nm [21]. However, 930 nm is not a commonly used center wavelength where the quan-
tum efficiency of either Si or InGaAs-based linear cameras is low. In this paper, we present
the design of a detection module with mode selectivity for the multimode OCT in 1.26 —
1.36 um, typically used for OCT imaging applications. In the simulation study, a two-
mode FMF is used to construct the mode-selective device. The simulation results suggest
that the proposed few-mode detection module could enable multimode OCT detection,
totaling approximately 1.69 times of conventional OCT signal.

2. Operating Principle of the Proposed Multimode OCT System and the Broadband
Fiber Optic Mode Coupler

In the standard OCT operating in a single-mode regime, only backscattered (ballistic)
photons coupled into the LPoit mode are detected. Different from the standard OCT, in the
proposed multimode OCT setup, an FMF guides both LPo: and higher-order modes to the
mode-selective coupler, which separates the signals of multiple modes with high coupling
efficiency. For simplicity, we chose a two-mode FMF in the study, which only supports
LPo1 and LP11 modes.

In the proposed multimode OCT setup, a portion of the back-reflected or backscat-
tered light from the sample will be picked up by the beam splitter (BS) and coupled into
FME. This portion of the signal is coupled to the FMF in both LPo: and LP11 modes, which
are shown as the red rays for LPo: mode and black rays for LP11 mode reflected by the BS
in Figure la. Compared with the standard single-mode detection, there is a significant
portion of the signal in the LP11 mode carrying useful information that can be detected in
the proposed multimode OCT system. The rest of the sample light, i.e., the backscattered
light, is directed to pass the BS and coupled back to the same SMF that delivers the exci-
tation light, as shown in the red rays in Figure 1a.
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Figure 1. (a) Multimode OCT schematic with the FMF-based mode-selective coupler. SMF: single
mode fiber; FMEF: few-mode fiber; BPD: balanced photodetectors; BS: beam splitter; (b) Proposed
FMF detection module.

The detection of signals of both LPoni and LP11 modes will result in better signal col-
lection efficiency compared with the standard single-mode OCT, where only the signal of
LPo1 mode is detected. Since the OCT noise is dominated by the shot noise of the reference
light, i.e., short noise limited, the sensitivity (signal-to-noise ratio with a perfect reflector)
is solely dependent on the signal detected [18]. On the other hand, the penetration depth
of OCT is proportional to the sensitivity.

The reference light is split into three beams, and each of the reference beams will
independently interfere with the signals guided in the excitation SMF, the LPo1 mode of
FMF, and the LP11 mode of FMF, respectively. The three interference signals are separately
detected by the use of three balanced detectors.

FMF has been used extensively in communication applications to augment the trans-
mission capacity and for selective mode couplers [22-26]. For example, an FMF-based
mode-selective coupler was developed to achieve mode division multiplexing from 1515
1590 nm. The fundamental mode of the SMF LPo1 mode is selectively coupled to higher-
order modes in FMF for transmission [26]. There are two parts of detection from mode
coupling in the proposed FMF detection module, as shown in Figure 1b. Firstly, a tapered
FMF is used to phase match its LP11 mode to the LPo1 mode in SMF. In this study, the FMF
only supports two modes for simplicity. If FMF supports more than one higher-order
mode, each higher-order mode needs to be selectively phase matched to the LPoi mode in
SMF for selective mode coupling. Both FMF and SMF are side polished to reduce the core-
to-core separation to achieve effective mode coupling between “the LP11 in FMF coupled
to LP01 in SMF” occurring in the mode-selective coupler; the corresponding output port
(lower left SMF in Figure 1b) is guiding LPn mode in SMF to interfere with reference.
Secondly, at the other output port of the coupler module (upper left FMF in Figure 1b),
the LPo: mode in FMF is coupled to LPo: mode in SMF through butt coupling or fusion
splicing [27]. Then the LPn mode in SMF will interfere with another reference. For desir-
able OCT imaging applications, the detection module is targeted to achieve broadband
selective mode coupling in the O-band (1.26 — 1.36 um).

3. Results and Discussion

In this section, the phase matching conditions and the selective mode coupling be-
tween the FMF and SMF in the proposed selective mode coupler structure is presented.
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Firstly, the side coupling between the tapered FMF LP11 mode and SMF LPo mode is mod-
eled by two parallel waveguides of FMF and SMF with the simulation parameters as
shown in Table 1, including the core diameters, the refractive index of the cladding, which
is calculated based on Sellmeier equation for fused silica to account for material disper-
sion, numerical aperture (NA) which can be used to calculate the refractive index of the
core, the tapering ratio of the FMF, SMF core to FMF core separation, wavelength band,
and coupler length. The Sellmeier equation used in this work is nges(4) =

> oocor0a52 T T —onieaniz T 72 —osseresz 1281, where 4 is the wavelength with

the unit of pm, and ng4, is the refractive index of the cladding. The refractive index of
the core is calculated by n.pre = +/Ncaqg? + NA2. In this study, a commercial software
(BeamProp®—RSOFT Design®) was used to model the beam propagation and mode cou-
pling in the optical coupler device.

0.696163312 0.4079426A72 0.897479472
1+ 7

Table 1. Simulation parameters in the side coupling.

Fiber Parameters SMF FMF
Core diameter (untapered) 8 pum 19 pm

Refractive index of the clad-

ding
Numerical aperture (NA) 0.12 0.12
Tapering ratio 1 0.7-0.9
SMF core to FMF core separa-
tion
Wavelength 1.26-1.36 pm
Coupler length Up to 20 mm

Sellmeier Equation for silica Sellmeier Equation for silica

4-4.9 um

The effective mode indices in FMF and SMF are shown in Figure 2. The mode curves
in untapered FMF are depicted by red and yellow curves, which are higher than the LPo
mode index curve of the SMF. Tapered FMF has lower mode indices compared with un-
tapered FMF. The phase match condition is satisfied when the LPo: mode curve in SMF
and the LP11 mode curve in tapered FMF are intersected in the O-band, as depicted by the
blue curve and green circles curve, respectively. The tapered FMF has a core diameter of
15.1 pm.
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1.448 : : ‘ :
1.26 1.28 13 1.32 1.34 1.36

A (pm)

Figure 2. Phase matching curves of the modes in FMF and SMF.
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The mode coupling between the two parallel coupled waveguides can be analyzed
by coupled mode theory [29]. The SMF core to FMF core distance is a critical parameter
for the mode coupling in two parallel coupled waveguides as the coupling coefficient k.
is inversely dependent on it [30, 31]. In addition, the coupling length is dependent on the
coupling coefficient. Thus, it is also dependent on the core-to-core separation. The cou-
pling ratio n in this dissimilar fiber coupler determines how much power is transferred
from one core to the other, so it is essential to analyze the wavelength-dependent coupling
ratio to ensure sufficient coupling for all wavelengths in the chosen band. The coupling
between the LP11 mode in tapered FMF and the LPoi mode in SMF is analyzed by the beam
propagation method. The normalized launch field is LP11 mode in the FMF core, and the
mode power in both the FMF core and the SMF core is monitored along the propagation
length. As shown in Figure 3a, the normalized mode power of LP11 mode in the FMF core
(solid curves) is coupled to LPo: mode in SMF (dashed and dotted curves) and vice versa
along the entire length of the coupler. The core-to-core separation is 4 pm in this simu-
lated structure. The maximum coupling occurs at the coupling length L., corresponding
to the maximum achievable coupling ratio 1 or the normalized coupled mode power of
LPo: mode in SMF. The mode coupling curves are plotted at two wavelengths of 1.26 and
1.36 um, with different L, and n values of 5575 um, 0.94 and 8210 um, 0.97, respectively.
Figure 3b shows the mode coupling curves at wavelength of 1.26 pm for coupler struc-
tures with core-to-core separation d of 4 pm and 4.9 um. Clearly, when d islarger, both
cores are further apart, leading to a weaker coupling thus longer coupling length L. of
8210 pum associated with n of 0.88.
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Figure 3. (a): Mode coupling varies with coupler length wavelength; (b) Mode coupling varies with
core-to-core separation.

The coupling length L., and the maximum coupling ratio 7, present dependence on
the core-to-core separation d and vary in different wavelengths as shown in Figure 4a,b,
respectively. In general, coupler structures with larger d values have weaker coupling co-
efficients, thus, are associated with longer coupling length L. for maximum power trans-
fer [29]. As shown in Figure 4b, all the maximum power transfers occur at 1.31 um, as the
phase matching condition is satisfied at this wavelength.

The coupler length L is another critical design parameter shown in the colormap of
the broadband coupling ratio 7 in Figure 5a. The simulated coupler structure has core-
to-core separation d=4 pum. The two solid lines mark the permissible coupler length range
to ensure the chosen coupler structure achieves a broadband coupling ratio above a
threshold value of 0.9. For other selected threshold values of the broadband coupling ratio
varying from 0.9 to 0.55 with an interval of 0.05 and varying core-to-core separation from
4 to 4.9 um, the allowed coupler length range is plotted in Figure 5b. As the threshold
value increases, the range of the coupler length becomes narrower. For a high coupling
ratio threshold value of 0.9, the selection of core-to-core diameter values is critical as the
maximum and minimum L curves close at d around d = 4.2 um. In other words, coupler
structures with d values above 4.2 pm would not provide a broadband coupling ratio at
0.9 regardless of the coupler length.
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Figure 4. (a): Coupling length as a function of wavelength and core-to-core separation d; (b) cou-

pling ratio 7 as a function of wavelength and core-to-core separation d.
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Figure 5. (a): Color map of the coupling ratio 1 as a function of coupler length and wavelength.
Two lines represent the allowed coupler length range to achieve the broadband coupling ratio 0.9;



Photonics 2023, 10, 162

8 of 11

(b) Allowed coupler length range for chosen coupling ratio threshold, varying from 0.9 to 0.55 with
an interval of 0.05.

For a fixed coupler length, e.g., L = 5mm, the coupling ratio in the O-band as a
function of the core-to-core separation d varying from 4 to 4.9 um is plotted in Figure 6a.
Couplers with smaller separations are associated with a higher coupling ratio and are
more desirable to achieve broadband coupling above a chosen threshold value. Specifi-
cally, the coupler with d = 4 um can achieve broadband coupling above 0.9, as shown
by the solid blue curve. For estimation purposes, assuming the LP11 mode power is equiv-
alent to LPo mode power and assuming the BS ratio is 90:10, the multimode detection
using the selective mode coupler with output to BPD2 in the multimode OCT system as
shown in Figure 1a could achieve 0.81 (0.9 x 0.9 = 0.81) or more for all wavelengths
in the O-band.

The coupling of FMF LPo to SMF LPo mode is through direct fusion splicing between
both fibers. The coupling ratio varies from 0.87 to 0.89 for tapered FMF with a diameter of
15.1 um, whereas it varies from 0.74 to 0.77 for untapered FMF, as shown in Figure 6b.
The LPo: mode detection using a conventional OCT signal is normalized to 1. The LPo
mode detection through two paths, by BPD1 and BPD3, could achieve greater than 0.88
(0.1 + 0.9 x 0.87 =~ 0.88) if using tapered FMF butt coupled to SMF. The total detected
power in the multimode OCT system is approximately 1.69 times of the conventional OCT
signal.

(a) coupler length =5 mm
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to FMF LPo1 mode in tapered FMF (solid line) and untapered FMF (solid line with circles) through
direct fusion splicing.

The FMF LPot mode and SMF LPo: mode are not phase-matched. Thus, the coupling
efficiency would be very small. For example, the experiment result reported in a previous
paper shows the coupling efficiency was 0.1% between the FMF LPo1 mode and SMF LPu
mode as compared to the coupling efficiency of 78.9% for desirable mode coupling be-
tween the FMF LP11 mode and SMF LPo: mode at 1550 nm [26]. In addition, the noise
primarily comes from the reference light. The mode coupling is restricted to the sample
arm, and there is little effect on the imaging for two reasons. First of all, the optical path
length difference between the crosstalk and the reference is very large so that the interfer-
ence fringes due to crosstalk will not be detected by the detection electronics since it is
essentially a low-pass filter. Second, for biomedical applications, in most cases, the sample
reflectivity is a few orders of magnitude smaller than that of the reference light. Therefore,
the sample power (or its variations) can be negligible in calculating the noise. According
to Eq. 2 in Nassif et al. [18], the overall noise in electrons squared per readout cycle and
per detector element is given by:

2 ne’PresT; 4 (Uezpreffi>2 1

2
0° = 0ryq t

_ 2
Ev Ev T Tcon [e ]

where e is the electron charge; P, is the reference arm power per detector element at
the detection arm fiber tip; Ti is the integration time, and Ev is the photon energy. g2, is
nezp refTi

v

from the reference light, and the rest of the right-hand side is the RIN term. In shot-noise

nezpref'fi

the electrical noise term, is the shot noise term, which is equal to the electrons

OCT devices, the equation above can be reduced to
v

Therefore, the improvement in SNR is the improvement in signal power, which is
dependent on the beam-splitting ratio. The light attenuation in turbid media in biological
tissue is normally modeled with the Beer-Lambert law, which means the penetration
depth is approximately linearly related to the SNR. However, the improvement in pene-
tration depth is dependent on the attenuation coefficient of the sample, so without
knowledge of the sample, it is not possible to quantify penetration improvement. How-
ever, a simpler way to understand the advantage of the proposed method is in terms of
imaging speed. For example, with a 90:10 beam splitter, the signal power will be 69%
higher, thus improving SNR by 69%.

If FMF supports more than one higher-order mode, e.g., in addition to LP11 mode,
LP21 and LPo2 or even higher-order modes are also supported, the proposed FMF detection
module will be modified to cascade additional mode-selective coupler to selectively phase
match each higher-order mode to the LPoi mode in SMF for selective mode coupling in
the O-band. In each mode-selective coupler, the tapering ratio of the FMF and the core-to-
core separation need to be optimized specifically for the coupling between the selective
higher-order mode of FMF and the LPo: mode in SME. The optimization for other higher-
order modes can be performed by the same procedure presented in this work. Taking the
assumption of equal power distribution among all the optical modes in the FMF, the FMF
detection module can be designed to achieve broadband mode coupling of coupling effi-
ciency over 1 between each higher-order mode and the LPo: mode in SMF, e.g., for an N
higher-order mode FMF, the proposed detection module could achieve 0.88 + Nn x 0.9
times of conventional OCT signal. However, it should be noted that propagating more
higher-order modes in the FMF demands a good extinction ratio in the mode-selective
coupler. The extinction ratio determines the ratio of the selective mode coupling to the
desired mode compared to unwanted modes [26]. The extinction ratio will be a critical
parameter to minimize crosstalk among higher-order modes at the detector, and thus it
needs further study in the FMF coupler design optimization.
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The presented results are based on simulations of the optimized FMF coupler only.
We have not built the system yet. We will report the experimental results in future publi-
cations.

4. Conclusions

Our preliminary simulation results demonstrate that multimode detection in OCT
can be efficiently realized using a broadband all-fiber mode coupler in the O-band. It en-
hances signal strength as the simulation demonstrates over 1.69 times of conventional
OCT signal could be achieved. This approach will also improve penetration depth in OCT
imaging. Furthermore, the proposed detection module makes it possible to suppress
speckle noise by incoherent averaging OCT images of different modes as their speckles
are not correlated.
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