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Abstract: Based on the scattering loss difference between the single-mode-fiber-optical-
waveguide (SMFW) and multimode-fiber-optical-waveguide (MMFW) structures, a method
to estimate the roughness of multimode rectangular optical waveguide (ROW) is proposed.
Based on the analysis of the mode coupling characteristics of the SMFW structure and the
MMFW structure, the coupling efficiency of higher order mode of the ROW for the MMFW
structure is larger than that of the SMFW structure. However, it is reversed for the lower
order mode. By further analyzing the mode scattering loss coefficients of ROW induced by
roughness, it is found that the total scattering loss for the SMFW structure is less than that
for the MMFW structure, which can be used to estimate the roughness. The experimental
results show that the roughness is 248.67 nm when the waveguide length is 75 mm and
the scattering loss difference is 0.31dB. As the roughness is 275.37 nm by the 3-D optical
profiler, this implies that the method is effective. Compared to the conventional methods, the
method has many advantages, such as convenience, high efficiency, and ability for large
measurement area.

Index Terms: Roughness, polymer waveguides, optical interconnects.

1. Introduction
With the rapid development of high performance computing (HPC) [1], big data center [2], and
broadband communication [3], the electrical interconnect technologies are rapidly approaching
their fundamental bandwidth limitation of ∼50 Gb/s [4]. The waveguide technologies for opti-
cal printed circuit boards (OPCBs) interconnects have been recently attracted wide attentions
[5], [6]–[10] attributing to their unique advantages of high transmission rate, electromagnetic in-
terference immunity, high density integration capability, low power consumption, and so on. At
present, the transmission loss of optical waveguide can be as low as 0.04 dB/cm at 850 nm [9].
The coupling devices based on different structures such as micro-mirror [5], optical element [8],
and flexible waveguide [5] applied to OPCBs have been fabricated. The demonstration based on
OPCBs technologies shows the good performance with a bit error rate of less than 10−12 at data
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rates of 40 Gb/s over waveguide lengths of 100 mm [10]. Moreover, optical waveguide also have
been widely designed as the key optical components such as coupler [11], modulator [12], amplifier
[13], sensor [14], and (de)multiplexer [15]. All these optical waveguide components are essential to
the development of optical waveguide integration on printed circuit boards (PCBs) in future. OPCBs
technologies are promising to become one of the main interconnection technologies in the future.

At present, the good performance of waveguide materials can meet the requirement of wave-
guide applications [16]. Nevertheless, the larger transmission loss due to the outdated preparation
technology of waveguide still limits the applications of waveguide. The roughness of waveguide
core is the main issue [17]–[22]. It leads to not only the coupling between the guided modes [18]
but also the coupling between the guided modes and the radiation modes [17], [19]–[22], resulting
in the scattering loss. For the rectangular optical waveguide (ROW), the scattering loss is up to
0.06 dB/cm when the sidewall roughness is 50 nm [17]. Moreover, the roughness also degrades
the characteristics of optical waveguide components such as decreasing the coupling efficiency
of waveguide coupler [11], degrading the characteristics of waveguide microring resonator [14],
and reducing the internal gain of waveguide amplifier [13]. Therefore, it is essential to determine
the accurate roughness value, which can guide the optimization of waveguide design. Roughness
generally is evaluated accurately by using tools such as the atomic force microscopy (AFM) [17],
[22] and 3D optical profiler [23]. However, the measurement length is limited to be on the order of
tens of or few microns [17], [22], and the measurement is insufficient to reveal the general situation.
If the general evaluation is carried out across the whole surface of waveguide core, it will be time-
consuming. Due to the special position of waveguide sidewall, many measurement difficulties will
also greatly increase. Furthermore, the waveguide core polluted by the dust in air will induce the
large scattering loss because the evaluation begins after the fabrication of waveguide core. Hence,
it is desirable to find an effective method to examine the roughness of waveguide core.

In this paper, we have proposed and demonstrated a method to estimate the roughness of
ROW, based on the differential scattering loss induced by the roughness between the SMF-optical-
waveguide (SMFW) configuration and the MMF-optical-waveguide (MMFW) configuration. First,
the mode coupling characteristics for the SMFW and for the MMFW structures are discussed in
detail. Then the influence on mode scattering loss coefficients of ROW induced by roughness has
been analyzed. After that, a method to estimate the roughness of the ROW is studied. Finally, the
experimental results agree well with the theoretical data, which implies the method is effective. Our
work can provide the theoretical support for the roughness estimation of the ROW.

2. Principle
The schematic structure of OPCBs interconnection is shown in Fig. 1. Many groups of optical
waveguides are fabricated on the normal PCBs. There are 12 channel waveguides in each group,
and the core distance is 250 μm, which is shown in Fig. 1(a). Multi-mode ROW is a common
waveguide structure, while the diagram of the cross-section is shown in Fig. 1(b). The core has a
rectangular shape with the width a of 50 μm and the height b of 50 μm. The refractive indices of
core nc and cladding ncl is 1.51 and 1.48, respectively. Optical signal propagates from light source to
a short piece of standard optical fiber (single-mode fiber, SMF, or multi-mode fiber, MMF) followed
by the multimode ROW. The transmitted signal is then monitored by a power meter through another
piece of MMF. The optical power carried by each mode in multimode ROW is determined by the
mode coupling efficiency. Two kinds of coupling mechanisms between the fiber and ROW namely
SMFW and MMFW have been shown in Fig. 1(c) and (d), respectively. The signal wavelength λ is
850 nm.

Two kinds of modes exist such as E x
mn and E y

mn (m and n as the mode orders in x and y directions
respectively) in multimode ROW [24]. Because E x

mn and E y
mn modes degenerate at the same mode

order, only E x
mn mode will be considered in this paper.

In a real waveguides, there is irregular distribution at the core-cladding interface, which can
be characterized by the roughness σ. Fig. 2 shows the diagram of ROW core with the distortion
characterized by the roughness function f(z). The field components of E x

mn mode have the relation
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Fig. 1. Diagram of OPCBs interconnection. (a) Diagram of OPCBs with 12 channel waveguides in each
group, (b) diagram of the cross-section of the multimode ROW, (c) SMFW structure, and (d) MMFW
structure.

Fig. 2. Diagram of ROW core with distortion function f(z).

as E y � E z � E x [25]. Therefore, the coupling coefficients between the guided modes and the
radiation modes caused by the aforementioned waveguide irregularities can be expressed as [25]

K mn,ρ = ωε0

4i P

∫ ∞

−∞

∫ ∞

−∞

(
n2 − n2

0

)−→
E x∗

mn
−→
E x
ρdxdy (1)

where ω is the angular frequency of light, ε0 is the dielectric constant of vacuum, P is the power
factor,

−→
E x

mn is the electric field of E x
mn mode along the x direction, and

−→
E x
ρ is the electric field of the

radiation modes along the x direction [25].
The scattering loss coefficient αmn of E x

mn mode induced by σ is a characteristic parameter to
describe the influence on the transmission loss of ROW. According to standard perturbation theory,
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TABLE 1

Parameters of SMF and MMF

Fiber The refractive index of core The refractive index of cladding Core radius

SMF 1.4681 1.4628 4.5 μm

MMF 1.4662 1.45 25 μm

αmn can be expressed as [25]

αmn =
∫∫ 4∑

i=1

∣∣K i
mn,ρ (κ, υ)

∣∣2 〈∣∣F i (βmn − βρ
)∣∣2〉 dκdυ (2)

where K i
mn,ρ(κ, υ) and 〈|F (βmn − βρ)|2〉 are the expression with relation to the roughness σ and the

correlation length L c, which is discussed in Appendix A.
To take the mode scattering loss into account, the transmitting mode field distribution in ROW can

be expressed as ψmn (x, y)exp(−αmnL ). Then, the scattering loss at ROW output [25] for the SMFW
structure can be written as

L oss(s)= − 10log10

{
M∑

m=1

N∑
n=1

|ηs→mn exp (−αmnL )|/
M∑

m=1

N∑
n=1

|ηs→mn |
}

(3)

where ηsmn is the coupling efficiency between LP01 mode of SMF and E x
mn mode of ROW, with L as

the waveguide length.
For the MMFW structure, the scattering loss at ROW output can be written as

L oss(m)= − 10log10

⎧⎨
⎩

Q∑
q=1

ηl→q

[
M∑

m=1

N∑
n=1

∣∣ηq→mn exp (−αmnL )
∣∣
]
/

Q∑
q=1

ηl→q

∣∣∣∣∣
M∑

m=1

N∑
n=1

∣∣ηq→mn
∣∣
∣∣∣∣∣
⎫⎬
⎭ (4)

where ηq→mn is the coupling efficiency between LP0q mode of MMF and E x
mn mode of ROW, and

ηl→q is the coupling efficiency between light source and LP0q mode of MMF. The mathematical
derivations of coupling efficiencies are summarized in Appendix B.

Therefore, the total scattering loss coefficient αtotal [25] can be expressed as

α
(x)
total= L oss(x)/L , (x = s,m) . (5)

Roughness can also lead to the mode coupling between the guided modes of ROW. However,
the maximum coupling coefficient only reaches to 10−6 when σ = 70 nm [18]. Due to the linear
dependency on σ2 [18], the maximum coupling coefficient with σ = 200 nm is estimated to be 10−5.
Thus it is negligible in our following analysis.

3. Simulation
Table 1 shows the typical parameters of SMF and MMF used in our simulation.

3.1 Coupling Characteristics

When SMF is coupled to the ROW, a certain proportion of optical power is transferred to E x
mn

mode. The coupling efficiency between LP01 mode of SMF and E x
mn mode of ROW with even mode

order is quite small due to the different odd-even characteristics of their filed distributions [24].
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Fig. 3. Mode coupling efficiencies between SMF and ROW.

Fig. 4. Mode coupling efficiencies between MMF and ROW. (a) Mode field radius ωl = 5μm, and
(b) mode field radius ωl = 3μm.

The field power from SMF is mostly transferred to the odd order modes of ROW. The following
numerical calculation only considers E x

mn mode of ROW with an odd mode order. Fig. 3 shows the
characteristics of E x

mn mode coupling efficiencies. It is clear that the coupling efficiency decreases
as increasing mode orders (m, n). In general, the coupling efficiency depends on the similarity
between two mode field distributions. For example, when the mode order is m = n = 1, the E x

11
mode coupling efficiency is 12.99%. And when the mode order is m = n = 9, the E x

99 mode
coupling efficiency is 0.18%. Thus, the coupling efficiency of higher-order mode can be neglected.

When MMF is coupled to ROW, the mode coupling efficiency of ROW is related to all modes
of MMF. However, the mode power distribution of MMF is also related to light source. The mode
coupling efficiencies between MMF and ROW with the mode field radius of VCSEL as ωl = 5μm
and ωl = 3μm is shown in Fig. 4(a) and (b), respectively. On the whole, the coupling characteristic
of MMFW structure is similar to that of SMFW structure. The coupling efficiency of lower-order
mode with ωl = 5μm is higher than that with ωl = 3μm, while the coupling efficiency of higher-
order modes is the other way around. Therefore, the mode coupling characteristics of ROW can
be determined by the incident light beam properties. The larger the mode field radius of VCSEL
is, the larger the coupling efficiency of lower-order mode is. This is because the correlation of two
mode field distributions is greater, especially for the fundamental mode of waveguide.
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Fig. 5. Comparison of mode coupling efficiencies between SMFW and MMFW structures with
ωl = 3μm.

Fig. 6. Mode scattering loss coefficients for different mode order with σ = 100 nm and L c = 2μm.

The simulation data from Figs. 3 and 4(b) is aggregated in Fig. 5, where the abscissa indicates
the mode order of ROW, and the histogram color for the SMFW and MMFW structures are red and
blue respectively. The mode coupling efficiency vary small with increasing mode order. Moreover,
the coupling efficiency of E x

mn mode with mode number of less than 9 (m = 1, n = 7) for the SMFW
structure is larger than that of E x

mn modes for the MMFW structure, but it is reversed for E x
mn modes

with mode number of more than 9. The mode coupling efficiency characteristics for the SMFW and
MMFW structures implies the differential scattering loss induced by roughness σ.

3.2 Mode Scattering Loss

All guided modes of the ROW are influenced by the roughness σ. Different modes have different
scattering loss coefficients. The correlation length L c can be directly calculated from the experi-
mental measurements [17], [22]. For the multimode polymer ROW, it has been proved theoretically
and experimentally that L c of 2 μm is more accurate in the calculation of scattering loss coefficient
[26]. In our simulation, the core surface roughness is assumed to be the same as the core sidewall
roughness. When σ is 100 nm, the distribution of mode scattering loss coefficients of the ROW
is shown in Fig. 6. The mode scattering loss coefficient increases with increasing mode order.
The mode scattering loss coefficient is symmetric on the mode order (m = n) fundamentally. For
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Fig. 7. Total scattering loss coefficient of ROW as different roughness with L c = 2μm.

example, the scattering loss coefficient of E x
13 mode and E x

31 mode is 2.527 × 10−2 dB/cm and
2.531 × 10−2 dB/cm, respectively, which is very close.

When L c is 2 μm and L is 100 cm, the total scattering loss coefficients αtotal with σ for the SMFW
and MMFW structures are plotted in Fig. 7. It shows that αtotal increases with σ for the two coupling
structures. When σ is approximately lower than 300 nm, αtotal is on the order of magnitude of 10−2

dB/cm. And when σ is higher than 300 nm, it is on the order of magnitude of 10−1 dB/cm. It is clear
that αtotal for the MMFW structure is also greater than that for the SMFW structure with the same σ.
The larger σ is, the larger the difference of αtotal is. The difference is very small when σ is 30 nm.
Given σ from 30 nm to 300 nm, αtotal increases from 3.65 × 10−3 dB/cm to 9.8 × 10−2 dB/cm for
the SMFW structure and from 5.6 × 10−3 dB/cm to 1.15 × 10−1 dB/cm for the MMFW structure.
The difference of scattering loss is approximately 1-1.7 dB when σ is from 100 nm to 300 nm and
L is 100 cm. If σ is up to 300 nm, the total scattering loss is 9.81 dB for the SMFW structure and
11.48 dB for the MMFW structure respectively, which means that the roughness is a disadvantage
for the transmission characteristic of ROW.

Based on the scattering loss difference between the SMFW and MMFW structures, a better
method to estimate the roughness of ROW core can be introduced as the following.

3.3 A Method to Estimate Roughness

From (1) and (2), the scattering loss induced by the roughness σ is related to the mode propagation
constant βmn of ROW, the waveguide length L and the mode efficiency ηbetween fiber and ROW. In
case that the difference of scattering loss δ and the related parameters are defined, the roughness
σ can be calculated by the following equation:

δ = L oss(m)

(
M∑
m

M∑
n

βmn , L , σ

)
− L oss(s)

(
M∑
m

M∑
n

βmn , L , σ

)
(6)

where Loss(m)(
∑M

m

∑M
n βmn , L , σ) and Loss(s)(

∑M
m

∑M
n βmn , L , σ) is the scattering loss for the MMFW

and SMFW structures, respectively. When parameters (βmn , L , η) are determined, σ can be calcu-
lated by the complex numerical calculation for the certain δ. In order to calculate easily, (6) can be
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Fig. 8. Difference of scattering loss between for SMFW structure and for MMFW structure with σ2 (50
nm–300 nm) and L (30 mm–100 mm) when ωl = 3μm and σ1 = 50 nm.

written as

f (σ) = δ−
[

L oss(m)

(
M∑
m

M∑
n

βmn , L , σ

)
− L oss(s)

(
M∑
m

M∑
n

βmn , L , σ

)]
. (7)

When f(σ) with the test root σ is zero, the root σ exactly is the solution to this (7).
Generally, the core sidewall roughness σ2 is much greater than the core surface roughness σ1

[17] in the real ROW. Fig. 8 further describes the difference of scattering loss between the SMFW
and MMFW structures with σ2 (50 nm–300 nm) and L (30 mm–100 mm), when σ1 is 50 nm and ωl

is 3 μm. It can be clear that the difference of scattering loss increases with σ2 and L increasing.
Assuming that σ2 is 200 nm and L is 100 cm, αtotal for MMFW structure can be calculated as
4.94 × 10−2 dB/cm and 4.60 × 10−2 dB/cm when σ1 of 50 nm is considered and not considered
respectively, which means that the scattering loss difference is very small. When σ2 is larger, the
influence induced by σ1 can be neglected.

4. Experiment
The sample of ROW uncoated upper cladding with the length of 75 mm is fabricated by the
photolithography method. The core material (LightLinkTM XP-6701A) and the cladding material
(LightLinkTM XH-100145) are produced by Dow. The refractive indices of core nc of 1.51 and
cladding ncl of 1.48 are provided. The microscopic appearance of ROW by 3D optical profiler
(Sensofar-Tech, SNEOX) is shown in Fig. 9(a). Fig. 9(b) displays the enlarged details of core
surface and core sidewall. Fig. 9(c) and (d) depicts the core surface roughness of 52.67 nm and the
core sidewall roughness of 252.10 nm, respectively. The core sidewall roughness is larger more
than the core surface roughness. Therefore, the scattering loss is induced by the core sidewall
roughness mostly. In order to obtain the exact value of core sidewall roughness, the random values
in Table 2 along core has been measured accurately. The mean square root of 275.37 nm is
calculated. Further, the transmission loss L oss(s)

t and L oss(m)
t is measured as 3.81 dB and 4.12 dB

respectively. As shown in the Section 3.3 above, the roughness σ is calculated as 248.67 nm. The
results based on the proposed method well conform to the measured data by 3-D optical profiler.

In fact, the transmission loss L osst from experiment mainly arises from the coupling loss L ossc

[27], the intrinsic loss L ossi [28] and the scattering loss L ossσ induced by roughness [19]–[22]. For
the SMFW and MMFW structures, L oss(s)

c ≈ L oss(m)
c and L oss(s)

i ≈ L oss(m)
i . The relationship between

Vol. 9, No. 2, April 2017 7902813



IEEE Photonics Journal Roughness Estimation of Multimode Rectangular

Fig. 9. Measurement results of ROW. (a) Microscopic appearance of ROW, (b) enlarged details of core
surface and core sidewall, (c) core surface roughness, and (d) core sidewall roughness.

TABLE 2

Random Values Along Core

Num. σ/nm Num. σ/nm Num. σ/nm

1 309.07 5 268.04 9 274.75

2 288.31 6 285.67 10 272.64

3 282.72 7 253.05 11 252.10

4 283.116 8 292.24 12 242.75

L oss(s)
t and L oss(m)

t can be expressed as

δ = L oss(m)
t − L oss(s)

t =
(
L oss(m)

c + L oss(m)
i + L oss(m)

σ

)
−
(
L oss(s)

c + L oss(s)
i + L oss(s)

σ

)

≈ L oss(m)
σ − L oss(s)

σ . (8)

In our experiment, the field radius of LD laser is constant at the micron scale. In order to obtain
the efficient coupling between the light source and MMF (50/125 μm, Corning Inc.), thin-core-fiber-
MMF structure is adopted. A piece of thin-core fiber with ωl = 2.5μm can be considered as the
driving source to MMF. The ROW endface is polished by the sandpaper and the endface roughness
is estimated to be 7.67 nm as shown in Fig. 10(a). Based on the scalar scattering theory [28], the
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Fig. 10. Experimental measurement of transmission loss. (a) ROW core endface polished and
(b) physical map of the experiment device.

Fig. 11. Experimental measurement results. (a) Transmission loss test of ROW for SMFW and MMFW,
and (b) difference of transmission loss for SMFW and MMFW structures and roughness calculated.

TABLE 3

Twelve Groups of Data About σ as δ

Channels δ/dB σ/nm Channels δ/dB σ/nm Channels δ/dB σ/nm

1 1.19 234.37 5 1.08 210.37 9 1.44 304.08

2 0.83 163.83 6 0.92 179.65 10 0.98 190.71

3 0.94 183.28 7 0.87 170.77 11 1.28 256.50

4 1.21 239.07 8 0.74 148.70 12 1.13 220.93

endface scattering loss only is 0.05 dB, which can be neglected. In order to decrease the coupling
loss further, index matching liquid has been applied on the connection between fiber and ROW.
The input fiber is adjusted by a 6-D stage to be aimed at the ROW core.

We further measure the transmission loss of OPCBs (from TTM Technologies, Inc) with the length
of 41.5 cm. Fig. 10(b) shows the experimental setup. The transmission losses of ROW for the SMFW
structure and for the MMFW structure are shown in Fig. 11(a). It can be seen that the transmission
loss for the MMFW structure is larger than that for the SMFW structure. The difference δ is in range
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of 0.8-1.5 dB, which is shown as Fig. 11(b). It indicates the correctness of the coupled-mode theory
used to explaining the scattering loss of ROW. Table 3 gives 12 groups of σ with corresponding δ,
for example, σ is 163.83 nm when δ is 0.83 dB.

5. Conclusion
In this work, we reported a simple method to estimate the roughness of multimode ROW based
on the differential scattering loss induced by roughness between for the SMFW structure and for
the MMFW structure. By using the coupled-mode theory, the coupling characteristics between fiber
(SMF and MMF) and ROW for the two kinds of coupled structures is analyzed in detail. The mode
scattering loss coefficient of ROW induced by the roughness is simulated, and further the total
scattering loss coefficient is obtained. The results indicate that the scattering loss for the MMFW
structure is larger than that for the SMFW structure. Based on the scattering loss difference between
for the SMFW structure and for the MMFW structure, a method to estimate the roughness of ROW is
proposed. The simulated data shows that the difference of scattering loss increases with increasing
roughness. The experimental results show that the roughness is 248.67 nm when the waveguide
length is 75 mm and the scattering loss difference is 0.31 dB, and the roughness by 3-D optical
profiler is 275.37 nm, which well conforms to the experimental measurement results based on the
proposed method. Thus, it is proved that the proposed method for roughness estimation is effective.

Appendix A
According to the [17], K i

mn,ρ(κ, υ) can be expressed as [25]

K 1
mn,ρ (κ, υ) = ωε0

4i P
a∗

mnaρδn
(

n1

n2

)2

sin (kxξ) f1 (z) · Q
(
ky , η, κ

)
(A.1)

K 2
mn,ρ (κ, υ) = −ωε0

4i P
a∗

mnaρδn cos
(
kyη
)

f2 (z) · P (kx , ξ, υ) (A.2)

where K 1
mn,ρ(κ, υ) and K 2

mn,ρ(κ, υ) is related to the core surface ©1 and the core sidewall ©2 , respec-
tively. For E x

mn mode, kx and ky are the transversal propagation constant to x and y direction, η and
ξ are phase parameters, and amn is the normalization factor of the electrical field. For the radiation
mode, κ and υ are the propagation vector in x and y directions, and aρ is the normalization factor of
the electrical field. Q (ky , η, κ) and P (kx , ξ, υ) can be written as [24]

Q
(
ky , η, κ

) =
∫ b

0
exp (iκy)cos

[
ky (y + η)

]
dy (A.3)

P (kx , ξ, υ) =
∫ −a

0
exp (iυx) sin [kx (x + ξ)] dx . (A.4)

F i (βmn − βρ) is the Fourier transform of the roughness function f(z) calculated at the difference
between the guided modes and the radiation modes, which can be written as [17]

∣∣F 1 (βmn − βρ
)∣∣2 = σ2

1

√
πL c · exp

⎡
⎣−
((
βmn − βρ

)
L c

2

)2
⎤
⎦ (A.5)

∣∣F 2 (βmn − βρ
)∣∣2 = σ2

2

√
πL c · exp

⎡
⎣−
((
βmn − βρ

)
L c

2

)2
⎤
⎦ (A.6)

where F 1(βmn − βρ) and F 2(βmn − βρ) is related to the roughness σ1 at the core surface ©1 and the
roughness σ2 at the core sidewall ©2. βmn and βρ is the propagation constant of the guided modes
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and the radiation modes in z direction, respectively, which can be expressed as [25]

βmn =
√

(n1k)2 − kx
2 − ky

2 (A.7)

βρ =
√

(n2k)2 − κ2 − υ2. (A.8)

The expressions for (K 3
mn,ρ(κ, υ), |F 3(βmn − βρ)|2) and (K 4

mn,ρ(κ, υ), |F 4(βmn − βρ)|2) are analogous
and are therefore omitted here.

Appendix B
For the SMFW structure, when SMF is coupled to ROW, the coupling efficiency between L P01 mode
of SMF and E x

mn mode of ROW can be expressed as

ηs→mn =
∣∣∫∞

−∞
∫∞
−∞ ψs (x, y)ψmn (x, y) dxdy

∣∣2
∫∞
−∞
∫∞
−∞ |ψs (x, y)|2dxdy

∫∞
−∞
∫∞
−∞ |ψmn (x, y)|2dxdy

(B.1)

where ψs(x, y) is L P01 mode field distribution of SMF, and ψmn (x, y) is E x
mn mode field distribution.

Considering all the supported modes in ROW, the total coupling efficiency between SMF and ROW
can be expressed as

ηs→w =
M∑

m=1

N∑
n=1

|ηs→mn | (B.2)

where M and N is the total mode order of ROW for m and n, respectively.
Within the MMFW structure, a number of L P0q modes of MMF can be found under the weakly

guiding approximation, where q is the mode order. The mode coupling efficiency between L P0q

mode and E x
mn mode can be written as

ηq→mn=
∣∣∫∞

−∞
∫∞
−∞ ψq (x, y)ψmn (x, y) dxdy

∣∣2
∫∞
−∞
∫∞
−∞
∣∣ψq (x, y)

∣∣2dxdy
∫∞
−∞
∫∞
−∞ |ψmn (x, y)|2dxdy

(B.3)

where ψq(x, y) is LP0q mode field distribution of MMF. Considering all the supported modes in MMF
and in ROW, the total coupling efficiency between MMF and ROW can be written as

ηm→w =
Q∑

q=1

∣∣ηl→q

∣∣
[

M∑
m=1

N∑
n=1

∣∣ηq→mn

∣∣
]

(B.4)

where Q is the total mode order of MMF, ηl→q is the coupling efficiency between light source and
L P0q modes of MMF.
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