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(54) OPTICAL MULTIPLEXING CIRCUIT

(57) Provided is an optical multiplexing circuit includ-
ing: a first optical waveguide inputting a first light beam;
a second optical waveguide inputting second and third
light beams; an MM conversion waveguide; a first cou-
pling part converting the first light beam into a higher
order mode to couple the first light beam to the MM con-
version waveguide; and a second coupling part convert-
ing the first light beam propagating through the MM con-
version waveguide into the 0-th order mode to couple the
first light beam to the second optical waveguide to trans-
mit the second and third light beams. The waveguide

width of each waveguide is set such that the effective
refractive index of the first optical waveguide with the first
light beam in the 0-th order mode is equal to the effective
refractive index of the MM conversion waveguide with
the first light beam in the higher order mode and that the
effective refractive indexes of the MM conversion
waveguide with the second and third light beams in the
higher order mode are not equal to the effective refractive
indexes of the second optical waveguide with the second
and third light beams in the 0-th order mode.
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Description

Technical Field

[0001] The present invention relates to an optical multiplexing circuit and more specifically relates to, for example, a
three-primary-color optical multiplexing circuit that multiplexes visible light beams having three primary colors, namely,
R, G, and B light beams (R: red light, G: green light, B: blue light).

Background Art

[0002] In recent years, an RGB coupler module using a silica-based planar lightwave circuit (PLC) has been drawing
attention as a circuit element that multiplexes visible light beams of three primary colors for eyeglass-type devices and
projectors (see Non Patent Literature 1, for example). In the PLC, optical waveguides are created in a planar substrate
by patterning and etching processes in photolithography or the like and a plurality of basic optical circuits (e.g. directional
couplers, Mach-Zehnder interferometers, etc.) are combined with each other to implement various functions.
[0003] There is a three-primary-color multiplexing circuit that utilizes, for example, directional couplers and/or Mach-
Zehnder interferometers (see Non Patent Literature 1). In this description, the simplest case of using directional couplers
will be described by taking Fig. 1 as an example.
[0004] Fig. 1 illustrates the basic structure of an RGB coupler module using a PLC. As illustrated in Fig. 1, the basic
structure of the RGB coupler module using a PLC is formed of three optical waveguides, which are first to third optical
waveguides 1 to 3. A first directional coupler 4 is coupled to the first optical waveguide 1. An output waveguide 5 is
coupled to the second optical waveguide 2. A second directional coupler 6 is coupled to the third optical waveguide 3.
The waveguide length, waveguide width, and inter-waveguide gap of the first directional coupler 4 are designed such
that the first directional coupler 4 couples a light beam with a wavelength λ1 from the first optical waveguide 1 to the
second optical waveguide 2, and couples a light beam with a wavelength λ2 from the second optical waveguide 2 to the
first optical waveguide 1 and from the first optical waveguide 1 to the second optical waveguide 2. The waveguide length,
waveguide width, and inter-waveguide gap of the second directional coupler 6 are designed such that the second
directional coupler 6 couples a light beam with a wavelength λ3 from the third optical waveguide 3 to the second optical
waveguide 2 and transmits the light beams with the wavelength λ1 and the wavelength λ2.
[0005] In one example where λ1 < λ2 < λ3, a blue light beam (wavelength λ1) is input to the first optical waveguide
1, a green light beam (wavelength λ2) is input to the second optical waveguide 2, and a red light beam (wavelength λ3)
is input to the third optical waveguide 3, for example. The light beams of the three colors are multiplexed through the
first directional coupler 4 and the second directional coupler 6 and output from the output waveguide 5. Unlike an optical
multiplexing circuit for communication with a small bandwidth ratio, a three-primary-color optical multiplexing circuit deals
with the wavelength of the blue light beam (wavelength band 400 nm) and the wavelength of the red light beam (wavelength
band 700 nm), which greatly differ from each other. Accordingly, the wavelength dependency of the coupling length is
significant. This makes it possible to make a configuration as above.
[0006] Also, as discussed in Non Patent Literature 2, light beams with different wavelengths can be multiplexed also
by using a multi-mode interference (MMI) waveguide. However, since each of the number of input waveguides and the
number of output waveguides is two, it is difficult to multiplex light beams with three or more wavelengths by using MMI.
[0007] A directional coupler will be briefly described below for the understanding of the embodiments of the present
invention to be described later. Fig. 2 illustrates the basic principle of a directional coupler. Fig. 2 illustrates two waveguides
11 and 12. As illustrated in Fig. 2, the directional coupler is a coupler that transfers a light beam passing through one of
the waveguides, or the waveguide 11, to the opposite waveguide 12 in a state where the two waveguides 11 and 12
are arranged close to each other.
[0008] Let a z axis be set along the light travel direction. Then, in a case where a light beam with a light intensity of 1
is input to the waveguide 11, the light intensity of the light beams propagating through the waveguide 11 and the
waveguide 12 is P1 (z) and P2 (z) at a position Z, respectively. q = κ2 + δ2, F = 1/(1 + (δ/κ)2), and δ = (β2 - β1)/2 are
given, where κ is the mode coupling constant, and β1 and β2 are the propagation constants of the waveguide 11 and
the waveguide 12, respectively. P1 (z) and P2 (z) are expressed by (equation 1) and (equation 2) below, respectively.
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[0009] Here, the ratio of transfer of the light beam from the waveguide 11 to the waveguide 12 is greatest when z =
π/2q·(2m + 1), where m = 0, 1,2, .... The distance when m = 0 is called the coupling length. Also, when δ = 0, the light
transfer ratio is 100%.

Citation List

Non Patent Literatures

[0010]

NPL 1: A. Nakao, R. Morimoto, Y. Kato, Y. Kakinoki, K. Ogawa and T. Katsuyama, "Integrated waveguide-type red-
green-blue beam combiners for compact projection-type displays", Optics Communications 330 (2014) 45-48
NPL 2: Apollo Inc., "APSS Apollo Application Note on Multi-Mode Interference (MMI) Devices", [online], [searched
on February 3, 2016], the Internet <URL:http://www.apollophoton.com/apollo/APNT/APN-APSS-MMI.pdf>

Summary of Invention

Technical Problems

[0011] For a conventional optical multiplexing circuit as illustrated in Fig. 1, the waveguides need to be designed to
satisfy conditions for coupling the blue light beam with the wavelength λ1 propagating through the first optical waveguide
1 to the second optical waveguide 2 at the first directional coupler 4 to couple it to the green light beam with the wavelength
λ2 propagating through the second optical waveguide 2. The waveguides also need to be designed to satisfy conditions
for transmitting the light beams with the wavelengths λ1 and λ2 coupled at the second optical waveguide 2 at the second
directional coupler 6 and coupling the red light beam with the wavelength λ3 propagating through the third optical
waveguide 3 to the second optical waveguide 2 at the second directional coupler 6. In that case, a waveguide design
is needed that satisfies conditions for matching between the light beam with the wavelength λ2 propagating through the
second optical waveguide 2 and the light beams with the wavelengths λ1 and λ3 propagating through the first and third
optical waveguides 1 and 3, respectively.
[0012] For example, in a case of only transferring the red light beam with the wavelength λ3 to the second optical
waveguide 2 at the second directional coupler 6, the red light beam can be transferred with a short waveguide length
by narrowing the inter-waveguide gap to a certain extent. With the inter-waveguide gap thus reduced, however, the blue
light with the wavelength λ1 and the green light with the wavelength λ2 are not transmitted at the second directional
coupler 6 but transferred to the third optical waveguide 3. This increases the optical loss.
[0013] To avoid the coupling of the blue light with the wavelength λ1 and the green light with the wavelength λ2 to the
third optical waveguide 3 to prevent the increase in optical loss, the inter-waveguide gap needs to be large and the
coupler length needs to be long. Doing so, however, leads to a problem that the waveguide length cannot be shortened
and the optical multiplexing circuit cannot therefore be downsized.
[0014] Fig. 3 illustrates a transmission spectrum calculated via a simulation by the beam propagation method (BPM)
for specific numerical values of the second directional coupler 6 illustrated in Fig. 1. In Fig. 3, the waveguide length is
set to 3700 mm, the waveguide width is set to 1.5 mm, the waveguide thickness is set to 3.6 mm, the inter-waveguide
gap is set to 4.8 mm, a relative refractive index difference Δ between the core and the cladding is set to 0.45%, λ1 is set
to 450 nm (blue), λ2 is set to 520 nm (green), and λ3 is set to 650 nm (red). As illustrated in Fig. 3, the second directional
coupler 6 transmits 99.6% of the light beam with the wavelength λ1, transmits 93.0% of the light beam with the wavelength
λ2, and couples 95.5% of the light beam with the wavelength λ3 to the second optical waveguide 2. With the inter-
waveguide gap narrowed, the light beams with the wavelengths λ1 and λ2 are coupled to the third optical waveguide
3, thereby lowering the transmission rate. Hence, it is difficult to shorten the directional coupler length any further without
deteriorating the characteristics.
[0015] Also, in a conventional optical multiplexing circuit as illustrated in Fig. 1, an input waveguide and a directional
coupler may be added to add another light beam in an attempt to raise the intensity of the exiting light beam. However,
the light beams originally multiplexed in the optical multiplexing circuit before the addition exit from the added input
waveguide and/or directional coupler. This makes it impossible to raise the intensity of the exiting light beam. Thus,
there has been a problem that it is impossible to emit a light beam with a light intensity equal to or greater than that of
the laser’s performance.
[0016] The present invention has been made in view of the above problems, and an object thereof is to make an
optical multiplexing circuit that is small and multiplexes a plurality of light beams with a plurality of wavelengths with a
low loss, and also to make an optical multiplexing circuit that can output a multiplexed light beam with higher intensity
and a smaller spot diameter when multiplexing a plurality of light beams with a plurality of wavelengths using a planar
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lightwave circuit.

Solution to Problems

[0017] To solve the above problems, an optical multiplexing circuit according to an embodiment of the present invention
including: a first optical waveguide inputting a first light beam with a first wavelength in a 0-th order mode; a second
optical waveguide inputting second and third light beams with second and third wavelengths in the 0-th order mode, the
second and third wavelengths being different from the first wavelength and different from each other; a multi-mode
conversion waveguide provided between the first optical waveguide and the second optical waveguide; a first coupling
part converting a waveguide mode of the first light beam propagating through the first optical waveguide into a higher
order mode to couple the first light beam converted into the higher order mode to the multi-mode conversion waveguide;
and a second coupling part converting a waveguide mode of the first light beam propagating through the multi-mode
conversion waveguide into the 0-th order mode to couple the first light beam converted into the 0-th order mode to the
second optical waveguide to transmit the second and third light beams, wherein the second optical waveguide multiplexes
the first light beam converted into the 0-th order mode and coupled by the second coupling part and the second and
third light beams transmitted by the second coupling part to output the first light beam and the second and third light
beams as a multiplexed light beam, and waveguide widths of the first optical waveguide, the second optical waveguide,
and the multi-mode conversion waveguide are set such that an effective refractive index of the first optical waveguide
with the first light beam in the 0-th order mode is equal to an effective refractive index of the multi-mode conversion
waveguide with the first light beam in the higher order mode and that effective refractive indexes of the multi-mode
conversion waveguide with the second and third light beams in the higher order mode are not equal to effective refractive
indexes of the second optical waveguide with the second and third light beams in the 0-th order mode.
[0018] Also, an optical multiplexing circuit according to another embodiment of the present invention is an optical
multiplexing circuit that uses a planar lightwave circuit and outputs a multiplexed light beam, including: a first optical
waveguide inputting a first light beam with a first wavelength in a 0-th order mode; a multiplexing optical waveguide
inputting one or more other light beams with one or more wavelengths in the 0-th order mode, the one or more wavelengths
being different from the first wavelength and different from each other; and a first multiplexing part converting a waveguide
mode of the first light beam propagating through the first optical waveguide into a higher order mode to couple the
converted first light beam to the multiplexing optical waveguide to thereby multiplex the coupled first light beam with the
one or more other light beams propagating through the multiplexing optical waveguide, wherein the multiplexing optical
waveguide includes a first portion arranged close to the first multiplexing part, and the waveguide widths of the first
optical waveguide and the first portion are set such that an effective refractive index of the first optical waveguide with
the first light beam in the 0-th order mode is equal to an effective refractive index of the first portion of the multiplexing
optical waveguide with the first light beam in the higher order mode and that effective refractive indexes of the first portion
of the multiplexing optical waveguide with the one or more other light beams in the higher order mode are not equal to
effective refractive indexes of the first optical waveguide with the one or more other light beams in the 0-th order mode.

Advantageous Effects of Invention

[0019] According to the present invention, even in the case of multiplexing a plurality of light beams with a plurality of
wavelengths using a PLC, if conditions for coupling the light beams with desired wavelengths are satisfied, it is possible
to suppress coupling of the light beams with the other wavelengths and couple and multiplex only the light beams with
the desired wavelengths. Then, the gap at each directional coupler can be narrowed within the fabrication capability,
and accordingly the coupling length can be shortened. It is therefore possible to make an efficient and small optical
multiplexing circuit.
[0020] Moreover, according to the present invention, the intensity of existing light from an RGB multiplexing circuit
using a planar lightwave circuit by be raised by using a space multiplexing technique.

Brief Description of Drawings

[0021]

[Fig. 1] Fig. 1 illustrates the basic structure of an RGB coupler module using a PLC;
[Fig. 2] Fig. 2 illustrates the configuration of a directional coupler;
[Fig. 3] Fig. 3 illustrates a transmission spectrum calculated via a simulation by BPM on the second directional
coupler 6 illustrated in Fig. 1;
[Fig. 4] Fig. 4 exemplarily illustrates an optical multiplexing circuit according to embodiment 1 of the present invention;
[Fig. 5] Fig. 5 illustrates the relation between the effective refractive index and the waveguide width for each of given
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wavelengths in each of the 0-th, first, and second orders in an optical multiplexing circuit according to the present
invention;
[Fig. 6] Fig. 6 illustrates a transmission spectrum in the optical multiplexing circuit according to the present invention;
[Fig. 7] Fig. 7 illustrates another example of the optical multiplexing circuit according to this embodiment 1;
[Fig. 8] Fig. 8 exemplarily illustrates an optical multiplexing circuit according to embodiment 2 of the present invention;
[Fig. 9] Fig. 9 illustrates the relation between the effective refractive index and the waveguide width for each of light
beams with given wavelengths in each of the 0-th, first, and second orders in the optical multiplexing circuit according
to embodiment 2 of the present invention;
[Fig. 10] Fig. 10 illustrates the beam profiles of a 0-th order mode light beam, a second order mode light beam, and
a multiplexed light beam of the 0-th order mode light beam and the second order mode light beam; and
[Fig. 11] Fig. 11 exemplarily illustrates an optical multiplexing circuit according to embodiment 2 of the present
invention.

Description of Embodiments

(Embodiment 1)

[0022] An optical multiplexing circuit according to embodiment 1 of the present invention will be specifically described
with reference to Figs. 4 to 6. In this embodiment, light beams with wavelengths λ1, λ2, and λ3 are light beams with
wavelengths in blue (400 to 495 nm), green (495 to 570 nm), and red (620 to 750 nm) wavelength bands, respectively.
[0023] Fig. 4 exemplarily illustrates the optical multiplexing circuit according to embodiment 1 of the present invention.
Fig. 4 illustrates an optical multiplexing circuit including a first optical waveguide 101 in which the light beam with the
wavelength λ3 is input, a second optical waveguide 102 in which the light beams with the wavelengths λ1 and λ2 are
input, a multi-mode (MM) conversion waveguide 103, a first coupling part 104, a second coupling part 105, and an output
waveguide 106 coupled to the second optical waveguide 102. Here, in this embodiment 1, description will be given of
an example where the two light beams with the wavelengths λ1 and λ2 are input into the second optical waveguide 102.
However, the configuration is not limited to this but may be such that only one of the light beams is input into the second
optical waveguide 102.
[0024] The first and second optical waveguides 101 and 102 and the MM conversion waveguide 103 are formed of a
lower cladding layer provided on a substrate, a core layer higher in refractive index than the lower cladding layer, and
an upper cladding layer provided on the core layer. The upper cladding layer is provided so as to surround the core
layer. The first and second optical waveguides 101 and 102 can be single-mode waveguides. As illustrated in Fig. 4,
the first optical waveguide 101, the second optical waveguide 102, and the MM conversion waveguide 103 are arranged
side by side along the light travel direction.
[0025] In this embodiment 1, the first and second optical waveguides 101 and 102 and the MM conversion waveguide
103 differ from each other in waveguide width. The first coupling part 104 is a directional coupler formed by arranging
the first optical waveguide 101 and the MM conversion waveguide 103 close to each other. The second coupling part
105 is a directional coupler formed by arranging the second optical waveguide 102 and the MM conversion waveguide
103 close to each other.
[0026] In the optical multiplexing circuit according to this embodiment 1, the MM conversion waveguide 103 is provided
between the first and second optical waveguides 101 and 102. Thus, the light beam with the wavelength λ3 having input
to the first optical waveguide 101 undergoes waveguide mode conversion into a higher order mode (e.g. first order mode)
and transfers to the MM conversion waveguide 103 at the first coupling part 104. The light beam with the wavelength
λ3 having transferred to the MM conversion waveguide 103 further undergoes waveguide mode conversion into the
fundamental mode (0-th order mode) and transfers to the second optical waveguide 102 at the second coupling part 105.
[0027] The two light beams with the wavelengths λ1 and λ2 in the 0-th order mode having input to the second optical
waveguide 102 do not transfer to the MM conversion waveguide 103 at the second coupling part 105 but are transmitted
by the second coupling part 105 since, as described later, the second coupling part 105 is designed not to satisfy
conditions for coupling them to the MM conversion waveguide 103. As a result, the light beams with the wavelengths
λ1 and λ2 transmitted by the second coupling part 105 and the light beam with the wavelength λ3 having transferred
from the first optical waveguide 101 through the MM conversion waveguide 103 are multiplexed. The multiplexed light
beam is output from the output waveguide 106.
[0028] Fig. 5 illustrates the relation between the effective refractive index and the waveguide width for each of the light
beams with the wavelengths λ1, λ2, and λ3 in each of the 0-th, first, and second order modes in the optical multiplexing
circuit according to this embodiment 1 in a case where λ1 = 450 nm, λ2 = 520 nm, and λ3 = 650 nm. In Fig. 5, the
waveguide thickness is 3.6 mm and the relative refractive index difference Δ is 0.45%, which are the same conditions
as those used in Fig. 3.
[0029] The waveguide widths of the first and second optical waveguides 101 and 102 are 1.5 mm, and the waveguide
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width of the MM conversion waveguide 103 is 4.8 mm. In this case, as illustrated in Fig. 5, the effective refractive indexes
of the light beam with the wavelength λ3 in the 0-th order mode and the first order mode substantially coincide with each
other. This indicates that the light beam transfers between the first optical waveguide 101 and the MM conversion
waveguide 103 based on (equation 2). Thus, the light beam with the wavelength λ3 propagating through the first optical
waveguide 101 is converted into a first order mode light beam and coupled to the MM conversion waveguide 103 at the
first coupling part 104 and is converted into a 0-th order light beam and coupled to the second optical waveguide 102
at the second coupling part 105.
[0030] On the other hand, as illustrated in Fig. 5, with the above waveguide widths, neither of the effective refractive
indexes of the light beams with the wavelengths λ1 and λ2 traveling through the second optical waveguide 102 coincides
with the effective refractive indexes of the light beams in any waveguide modes. Thus, the light beams with the wave-
lengths λ1 and λ2 are hardly coupled to the MM conversion waveguide 103. Hence, the second coupling part 105 can
be designed by considering only the conditions for the coupling of the light beam with the wavelength λ3. Specifically,
the waveguide widths of the first and second optical waveguides 101 and 102 and the waveguide width of the MM
conversion waveguide 103 may just need to be designed such that the effective refractive index of the first optical
waveguide 101 with the light beam with the wavelength λ3 in the 0-th order mode is equal to the effective refractive
index of the MM conversion waveguide 103 with the light beam with the wavelength λ3 in the higher order mode and
that the effective refractive index of the second optical waveguide 102 with each of the light beams with the wavelengths
λ1 and λ2 in the 0-th order mode is not equal to the effective refractive index of the MM conversion waveguide 103 with
each of the light beams with the wavelengths λ1 and λ2 in the higher order mode.
[0031] Fig. 6 illustrates a transmission spectrum in a case where, for example, the waveguide thickness is 3.6 mm,
the relative refractive index difference Δ is 0.45%, and inter-waveguide gaps G and waveguide lengths L illustrated in
Fig. 4 are 2.5 mm and 702 mm, respectively. As illustrated in Fig. 6, at the second coupling part 105, 99.5% of the light
beam with the wavelength λ1 can be transmitted, 97.2% of the light beam with the wavelength λ2 can be transmitted,
and 95.0% of the light beam with the wavelength λ3 can be coupled. Accordingly, with the optical multiplexing circuit
according to this embodiment 1, it is possible to shorten the waveguide length to approximately 1/5 of the waveguide
length in a conventional configuration without deteriorating the characteristics.
[0032] Although the description has been given of the example in which three light beams are multiplexed in this
embodiment, the optical multiplexing circuit according to this embodiment 1 is also applicable to cases of multiplexing
four or more light beams with four or more wavelengths. Fig. 7 illustrates another example of the optical multiplexing
circuit according to this embodiment 1 for the cases of multiplexing four or more light beams with mutually different
wavelengths. The optical multiplexing circuit illustrated in Fig. 7 includes the first optical waveguide 101, the MM con-
version waveguide 103, the first coupling part 104, and the second coupling part 105 and further includes one or more
optical circuits 120 each including a third optical waveguide 107, a second MM conversion waveguide 108, and third
and fourth coupling parts 109 and 110. The one or more optical circuits 120 are arranged at a plurality of stages along
the light travel direction. The third optical waveguides 107 of the one or more optical circuits 120 receive light beams
with wavelengths different from the wavelengths λ1 to λ3 and different from each other.
[0033] In this example, the waveguide widths of the third optical waveguide 107 and the second MM conversion
waveguide 108 in each of the one or more optical circuits 120 are set such that the effective refractive index of the third
optical waveguide 107 with an input light beam in the 0-th order mode is equal to the effective refractive index of the
second MM conversion waveguide 108 with this input light beam in a higher order mode and that the effective refractive
indexes of the second MM conversion waveguide 108 with the multiplexed light beam in the higher order mode inputting
the fourth coupling part 110 are not equal to the effective refractive indexes of the second optical waveguide 10 with the
multiplexed light beam in the 0-th order mode inputting the fourth coupling part 110.
[0034] Thus, in this example, at the above stages with the optical circuits 120, light beams with mutually different
wavelengths in the 0-th order mode having input to the respective third optical waveguides 107 can be converted into
multi-mode light beams and transfer to the respective second MM conversion waveguides 108 at the respective third
coupling parts 109, and be further converted into the fundamental mode and transfer to the second optical waveguide
102 at the respective fourth coupling parts 110. Then, the light beams having transferred to the fourth coupling parts
110 are each multiplexed at the second optical waveguide 102. Hence, four or more light beams can be output from the
output waveguide 106.
[0035] Note that the waveguide widths and refractive indexes of the first and second optical waveguides 101 and 102
and the MM conversion waveguide 103 are comparative. Thus, the waveguide widths of the first and second optical
waveguides 101 and 102 may be adjusted such that the propagation constants of the light beams in the 0-th order mode
with the waveguide widths of the first and second optical waveguides 101 and 102 are equal to the propagation constant
of the light beam in the higher order mode with the waveguide width of the MM conversion waveguide 103.
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(Embodiment 2)

[0036] An optical multiplexing circuit according to embodiment 2 of the present invention will be specifically described
with reference to Figs. 8 to 10. Fig. 8 is a diagram exemplarily illustrating the optical multiplexing circuit according to the
embodiment of the present invention. Fig. 8 illustrates an optical multiplexing circuit including first to third waveguides
201 to 203, a multiplexing optical waveguide 204, first to third multiplexing parts 205 to 207, and an output waveguide
208 coupled to the multiplexing optical waveguide 204.
[0037] The first to third optical waveguide 201 to 203 and the multiplexing optical waveguide 204 are formed of a lower
cladding layer provided on a substrate, a core layer higher in refractive index than the lower cladding layer, and an upper
cladding layer provided on the core layer. The upper cladding layer is provided so as to surround the core layer. The
first to third optical waveguides 201 to 203 can be single-mode waveguides. The multiplexing optical waveguide 204
can be a multi-mode waveguide. In this embodiment 2, the first to third multiplexing parts 205 to 207 are directional
couplers formed by arranging the first to third optical waveguides 201 to 203 and the multiplexing optical waveguide 204
close to each other, respectively.
[0038] Moreover, as illustrated in Fig. 8, the multiplexing optical waveguide 204 includes first to third portions 2041 to
2043 differing from each other in waveguide width. The first to third portions 2041 to 2043 and the output waveguide 208
are each coupled to another by a tapered waveguide.
[0039] In this embodiment 2, a method of multiplexing light beams with wavelengths λ1’, λ2’, and λ3’ in the second
order mode in the multiplexing optical waveguide 204, through which light beams with wavelengths λ1, λ2, and λ3 in
the 0-th order mode are propagating, will be specifically described using Fig. 9. This embodiment 2 assumes that λ1 =
450 nm (blue), λ2 = 520 nm (green), λ3 = 650 nm (red), λ1’ = (450 + α) nm (blue), λ2’ = (520 + β) nm (green), and λ3’
= (650 + γ) nm (red) and that α, β, and γ are small values larger than 0 and smaller than the linewidth. The linewidth is
dependent on the light source of the incoming light beam but is assumed to be about 1 nm or smaller.
[0040] In the optical multiplexing circuit according to this embodiment 2, the waveguide widths of the first optical
waveguide 201 and the first portion 2041 are set such that the effective refractive index of the first optical waveguide
201 with the light beam with the wavelength λ1’ in the 0-th order mode is equal to the effective refractive index of the
first portion 2041 of the multiplexing optical waveguide 204 with the light beam with the wavelength λ1’ in a higher order
mode and that the effective refractive indexes of the first portion 2041 of the multiplexing optical waveguide 204 with the
light beams with the wavelengths λ1, λ2, and λ3 in the higher order mode are not equal to the effective refractive indexes
of the first optical waveguide 201 with the light beams with the wavelengths λ1, λ2, and λ3 in the 0-th order mode.
[0041] Also, the waveguide widths of the second optical waveguide 202 and the second portion 2042 are set such
that the effective refractive index of the second optical waveguide 202 with the light beam with the wavelength λ2’ in the
0-th order mode is equal to the effective refractive index of the second portion 2042 of the multiplexing optical waveguide
204 with the light beam with the wavelength λ2’ in the higher order mode and that the effective refractive indexes of the
second portion 2042 of the multiplexing optical waveguide 204 with the light beams with the wavelengths λ1, λ2, and
λ3 in the higher order mode are not equal to the effective refractive indexes of the second optical waveguide 202 with
the light beams with the wavelengths λ1, λ2, and λ3 in the 0-th order mode.
[0042] Further, the waveguide widths of the third optical waveguide 203 and the third portion 2043 are set such that
the effective refractive index of the third optical waveguide 203 with the light beam with the wavelength λ3’ in the 0-th
order mode is equal to the effective refractive index of the third portion 2042 of the multiplexing optical waveguide 204
with the light beam with the wavelength λ3’ in the higher order mode and that the effective refractive indexes of the third
portion 2043 of the multiplexing optical waveguide 204 with the light beams with the wavelengths λ1, λ2, and λ3 in the
higher order mode are not equal to the effective refractive indexes of the third optical waveguide 203 with the light beams
with the wavelengths λ1, λ2, and λ3 in the 0-th order mode.
[0043] Fig. 9 illustrates the relation between the effective refractive index and the waveguide width for each of the light
beams with the wavelengths λ1, λ2, and λ3 in the 0-th, first, and second order modes in the optical multiplexing circuit
according to this embodiment 2. The waveguide thickness is 3.6 mm, and the relative refractive index difference Δ is 0.45%.
[0044] As illustrated in Fig. 9, in a case where the waveguide widths of the first to third optical waveguides 201 to 203
are, for example, 1.5 mm (the left end of Fig. 9), the waveguide width with which the effective refractive index of the light
beam with the wavelength λ1’ in the second order mode is equal to the effective refractive index of the light beam with
the wavelength λ1’ in the 0-th order mode is 6.75 mm. Thus, the waveguide width of the first portion 2041 of the multiplexing
optical waveguide 204, which is arranged close to the first multiplexing part 205, is set to 6.75 mm so that the light beam
with the wavelength λ1’ in the 0-th order mode propagating through the first optical waveguide 201 can transfer to the
first portion 2041 of the multiplexing optical waveguide 204.
[0045] With this setting, the light beam with the wavelength λ1’ in the 0-th order mode propagating through the first
optical waveguide 201 undergoes waveguide mode conversion into the second order mode and is coupled to the mul-
tiplexing optical waveguide 204 at the first multiplexing part 205. The coupled light beam with the wavelength λ1’ in the
second order mode is multiplexed with the light beams with the wavelengths λ1, λ2, and λ3 in the 0-th order mode
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propagating through the multiplexing optical waveguide 204. If the inter-waveguide gap is 2.2 mm, the coupling length
is 3280 mm. Also, as illustrated in Fig. 9, the light beams with the wavelengths λ1, λ2, and λ3 in the 0-th order mode
propagating through the multiplexing optical waveguide 204 are hardly coupled to the first optical waveguide 201 since
their effective refractive indexes are greatly different.
[0046] Next, the light beam with the wavelength λ2’ in the 0-th order mode propagating through the second optical
waveguide 202 undergoes waveguide mode conversion into the second order mode and is coupled to the multiplexing
optical waveguide 204 at the second multiplexing part 206. Here, as illustrated in and understood from Fig. 9, the
waveguide width of the second portion 2042 of the multiplexing optical waveguide 204, which is arranged close to the
second multiplexing part 206, may be 7.15 mm so that the effective refractive index of the light beam with the wavelength
λ2’ in the second order mode can be equal to the effective refractive index of the light beam with the wavelength λ2’ in
the 0-th order mode. If the inter-waveguide gap is 2.5 mm, the coupling length is 2380 mm. Also, as illustrated in Fig. 9,
the light beams with the wavelengths λ1, λ2, and λ3 in the 0-th order mode and the light beam with the wavelength λ1’
in the second order mode propagating through the multiplexing optical waveguide 204 are hardly coupled to the second
optical waveguide 202 since their effective refractive indexes are greatly different.
[0047] Lastly, the light beam with the wavelength λ3’ in the 0-th order mode propagating through the third optical
waveguide 203 undergoes waveguide mode conversion into the second order mode and is coupled to the multiplexing
optical waveguide 204 at the third multiplexing part 207. Here, as illustrated in and understood from Fig. 9, the waveguide
width of the third portion 2043 of the multiplexing optical waveguide 204, which is arranged close to the third multiplexing
part 207, may be 8.00 mm so that the effective refractive index of the light beam with the wavelength λ3’ in the second
order mode can be equal to the effective refractive index of the light beam with the wavelength λ3’ in the 0-th order
mode. If the inter-waveguide gap is 2.5 mm, the coupling length is 900 mm. Also, as illustrated in Fig. 9, the light beams
with the wavelengths λ1, λ2, and λ3 in the 0-th order mode and the light beams with the wavelengths λ1’ and λ2’ in the
second order mode propagating through the multiplexing optical waveguide 204 are hardly coupled to the third optical
waveguide 203 since their effective refractive indexes are greatly different.
[0048] As described above, the light beams with the wavelengths λ1’, λ2’, and λ3’ are converted into second order
mode light beams and coupled to the multiplexing optical waveguide 204 to thereby be multiplexed with the light beams
with the wavelengths λ1, λ2, and λ3 propagating through the multiplexing optical waveguide 204. As a result, the
multiplexed light beam can be output from the output waveguide 208. Also, a multiplexed light beam with a desired spot
diameter can be output as the multiplexed light beam by changing the waveguide width of the third portion 2043 of the
multiplexing optical waveguide 204 to a desired waveguide width. In particular, a multiplexed light beam with a small
spot diameter can be output by changing the waveguide width to a small waveguide width. In this case, the waveguide
width should be changed so as to avoid cutoff of the higher order mode light beam. In this embodiment 2, the waveguide
width of the output waveguide 208 needs to be not smaller than 5.8 mm, which is the minimum waveguide width allowing
propagation of the light beam with the wavelength λ3’ in the second order mode.
[0049] Fig. 10 illustrates the beam profiles of a 0-th order mode light beam, a second order mode light beam, and a
multiplexed light beam of the 0-th order mode light beam and the second order mode light beam. With wo as the spot
size and p as the order of the mode, an amplitude E(p)(x) of the light beam in each mode can be approximately expressed
by the functions below.
[Math. 1] 

[0050] The multiplexed beam profile can be rendered into a profile close to a Gaussian profile by adjusting the intensity
of the light beam in each mode. As illustrated in and understood from Fig. 10, the multiplexed light beam of the 0-th
order mode light beam and the second order mode light beam has higher intensity and a smaller spot diameter than the
0-th order mode light beam and the second order mode light beam. Thus, with the optical multiplexing circuit according
to this embodiment 2, a multiplexed light beam with higher intensity and a smaller spot diameter can be output by
multiplexing, in a waveguide in which light beams with R, G, and B wavelengths in the 0-th order mode are multiplexed,
light beams with the R, G, and B wavelengths in a different waveguide mode and emitting them.
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[0051] In this embodiment 2, the description has been given of the example where 0-th order mode light beams and
second order mode light beams are multiplexed. However, according to this embodiment 2, multiplexing is possible
regardless of the waveguide mode by adjusting the effective refractive index. By allocating different waveguide modes
to the set of wavelengths λ1, λ2, and λ3, light beams with this set of wavelengths can be multiplexed as many as the
number of waveguide modes to be used. For example, four sets of red, green, and blue light beams can be multiplexed
and emitted by using light beams in the 0-th to third order waveguide modes.
[0052] Although λ1 = 450 nm (blue), λ2 = 520 nm (green), and λ3 = 650 nm (red) in this embodiment 2, the wavelengths
are not limited to these. The light beams with the wavelength λ1, λ2, and λ3 can be light beams with wavelengths in
blue (400 to 495 nm), green (495 to 570 nm), and red (620 to 750 nm) wavelength bands, respectively.

(Embodiment 3)

[0053] An optical multiplexing circuit according to embodiment 3 of the present invention will be specifically described
with reference to Fig. 11. In this embodiment 3, an optical multiplexing circuit will be discussed which has a function of
coupling and multiplexing only light beams with desired wavelengths as in embodiment 1 and a function of multiplexing
light beams with wavelengths in different waveguide modes to thereby output a multiplexed light beam with higher
intensity as in embodiment 2.
[0054] Fig. 11 illustrates an optical multiplexing circuit including first to fifth optical waveguides 301 to 305 into which
light beams with wavelengths λ1 to λ5 are input, respectively, first and second MM conversion waveguides 306 and
307, first to fourth coupling parts 308 to 311, first and second multiplexing parts 312 and 313, and an output waveguide
314 coupled to the first optical waveguide 301.
[0055] The first to fifth optical waveguides 301 to 305 and the first and second MM conversion waveguides 306 and
307 are formed of a lower cladding layer provided on a substrate, a core layer higher in refractive index than the lower
cladding layer, and an upper cladding layer provided on the core layer. The upper cladding layer is provided so as to
surround the core layer. The first optical waveguide 301 can be a multi-mode waveguide. The second to fifth optical
waveguides 302 to 305 can be single-mode waveguides. As illustrated in Fig. 11, the first to fifth optical waveguides
301 to 305 and the first and second MM conversion waveguides 306 and 307 are arranged side by side along the light
travel direction. The first optical waveguide 301 includes first and second portions 3011 and 3012 differing from each
other in waveguide width. The first and second portions 3011 and 3012 and the output waveguide 315 are each coupled
to another by a tapered waveguide.
[0056] In this embodiment 3, the first to fifth optical waveguides 301 to 305 and the first and second MM conversion
waveguides 306 and 307 differ from each other in waveguide width. The first to fourth coupling parts 308 to 311 are
directional couplers formed by arranging the second optical waveguide 302 and the first MM conversion waveguide 306
close to each other, arranging the first optical waveguide 301 and the first MM conversion waveguide 306 close to each
other, arranging the third optical waveguide 303 and the second MM conversion waveguide 307 to each other, and
arranging the first optical waveguide 301 and the second MM conversion waveguide 307 to each other, respectively.
The first and second multiplexing parts 312 and 313 are directional couplers formed by arranging the fourth optical
waveguide 304 and the first optical waveguide 301 close to each other and arranging the fifth optical waveguide 305
and the first optical waveguide 301 close to each other, respectively.
[0057] As in embodiment 1, the waveguide widths of the first and second optical waveguides 301 and 302 and the
waveguide width of the first MM conversion waveguide 306 are set such that the effective refractive index of the second
optical waveguide 302 with the light beam with the wavelength λ2 in the 0-th order mode is equal to the effective refractive
index of the first MM conversion waveguide 306 with the light beam with the wavelength λ2 in a higher order mode and
that the effective refractive index of the first optical waveguide 301 with the light beam with the wavelength λ1 in the 0-
th order mode is not equal to the effective refractive index of the first MM conversion waveguide 306 with each light
beam with the wavelength λ in the higher order mode. Also, the waveguide widths of the first and third optical waveguides
301 and 303 and the waveguide width of the second MM conversion waveguide 307 are set such that the effective
refractive index of the third optical waveguide 303 with the light beam with the wavelength λ3 in the 0-th order mode is
equal to the effective refractive index of the second MM conversion waveguide 307 with the light beam with the wavelength
λ3 in the higher order mode and that the effective refractive index of the first optical waveguide 301 with the light beam
with the wavelength λ1 in the 0-th order mode is not equal to the effective refractive index of the second MM conversion
waveguide 307 with each of the light beams with the wavelengths λ.
[0058] Further, as in this embodiment 2, the waveguide width of the first portion 2041 is set such that the effective
refractive index of the fourth optical waveguide 304 with the light beam with the wavelength λ2’ in the 0-th order mode
is equal to the effective refractive index of the first portion 3011 of the first optical waveguide 301 with the light beam
with the wavelength λ2’ in a higher order mode and that the effective refractive indexes of the first portion 3011 of the
first optical waveguide 301 with the light beams with the wavelengths λ1, λ2, and λ3 in the higher order mode are not
equal to the effective refractive indexes of the fourth optical waveguide 304 with the light beams with the wavelengths
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λ1, λ2, and λ3 in the 0-th order mode. Also, the waveguide width of the second portion 2042 is set such that the effective
refractive index of the fifth optical waveguide 305 with the light beam with the wavelength λ3’ in the 0-th order mode is
equal to the effective refractive index of the second portion 3012 of the first optical waveguide 301 with the light beam
with the wavelength λ3’ in the higher order mode and that the effective refractive indexes of the second portion 3012 of
the first optical waveguide 301 with the light beams with the wavelengths λ1, λ2, and λ3 in the higher order mode are
not equal to the effective refractive indexes of the fifth optical waveguide 305 with the light beams with the wavelengths
λ1, λ2, and λ3 in the 0-th order mode.
[0059] This embodiment 3 assumes that the light beams with the wavelengths λ1, λ2, and λ3 are light beams with
wavelengths in blue (400 to 495 nm), green (495 to 570 nm), and red (620 to 750 nm) wavelength bands, respectively,
λ2’ = (λ2 + β) nm (green), λ3’ = (λ3 + γ) nm (red), and β and γ are small values larger than 0 and smaller than the
linewidth. The linewidth is dependent on the light source of the incoming light beam but is assumed to be about 1 nm
or smaller.
[0060] The operation of the optical multiplexing circuit according to embodiment 3 of the present invention will be
described below. The light beam with the wavelength λ2 having input to the second optical waveguide 302 undergoes
waveguide mode conversion into the first order mode and transfers to the first MM conversion waveguide 306 at the
first coupling part 308, and further undergoes waveguide mode conversion into the 0-th order mode and transfers to the
first optical waveguide 301 at the second coupling part 309. Similarly, the light beam with the wavelength λ3 having
input to the third optical waveguide 303 undergoes waveguide mode conversion into the first order mode and transfers
to the second MM conversion waveguide 307 at the third coupling part 310, and further undergoes waveguide mode
conversion into the 0-th order mode and transfers to the first optical waveguide 301 at the fourth coupling part 311.
[0061] Also, as in embodiment 1, the second and fourth coupling parts 309 and 311 are designed so as not to satisfy
conditions for coupling to the first and second MM conversion waveguides 306 and 307. Thus, the light beam with the
wavelength λ1 in the 0-th order mode having input to the first optical waveguide 301 does not transfer to either of the
first and second MM conversion waveguides 306 and 307 at the respective second and fourth coupling parts 309 and
311 but is transmitted by the second and fourth coupling parts 309 and 311. As a result, the light beam with the wavelength
λ1 transmitted by the second and fourth coupling parts 309 and 311 and the light beams with the wavelengths λ2 and
λ3 having transferred from the second and third optical waveguides 302 and 303 through the first and second MM
conversion waveguides 306 and 307, respectively, are multiplexed and input into the first portion 3011 of the first optical
waveguide 301. In this way, the optical multiplexing circuit according to embodiment 3 can implement the function of
coupling and multiplexing only light beams with desired wavelengths as in embodiment 1.
[0062] On the other hand, the light beam with the wavelength λ2’ in the 0-th order mode propagating through the fourth
optical waveguide 304 undergoes waveguide mode conversion into the second order mode and is coupled to the first
portion 3011 of the first optical waveguide 301 at the first multiplexing part 312. The coupled light beam with the wavelength
λ2’ in the second order mode is multiplexed with the light beams with the wavelengths λ1, λ2, and λ3 in the 0-th order
mode propagating through the first portion 3011 of the first optical waveguide 301 and input into the second portion 3012
of the first optical waveguide 301. Further, the light beam with the wavelength λ3’ in the 0-th order mode propagating
through the fifth optical waveguide 305 undergoes waveguide mode conversion into the second order mode and is
coupled to the second portion 3012 of the first waveguide 301 at the second multiplexing part 313. The coupled light
beam with the wavelength λ3’ in the second order mode is multiplexed with the multiplexed light beam propagating
through the second portion 3012 of the first waveguide 301 and output from the output waveguide 314. In this way, the
optical multiplexing circuit according to embodiment 3 can implement the function of multiplexing light beams with
wavelengths in different waveguide modes to thereby output a multiplexed light beam with higher intensity as in embod-
iment 2.
[0063] Assume for example that, in the optical multiplexing circuit according to embodiment 3, λ1 = 450 nm, λ2 = 520
nm, λ3 = 650 nm, the waveguide thickness is 3.6 mm, the relative refractive index difference Δ is 0.45%, the inter-
waveguide gaps at the first to fourth coupling parts 308 to 311 and between the fourth optical waveguide 304 and the
first portion 3011 and between the fifth optical waveguide 305 and the second portion 3012 are 2.5 mm, the coupling
lengths at the first to fourth coupling parts 308 to 311 are 702 mm, the coupling length at the first multiplexing part 312
is 2380 mm, the coupling length at the second multiplexing part 313 900 mm, and the waveguide widths of the first to
fifth optical waveguides 301 to 305 are 1.5 mm, as in embodiments 1 and 2. In this case, it is possible to make the optical
multiplexing circuit according to embodiment 3 by setting the waveguide width of the first MM conversion waveguide
306 to 4.3 mm, the waveguide width of the second MM conversion waveguide 307 to 4.8 mm, the waveguide width of
the first portion 3011 to 7.15 mm, and the waveguide width of the second portion 3012 to 8.00 mm based on Figs. 5 and 9.
[0064] Here, in the above embodiments, the description has been given of the cases of using directional couplers as
the coupling parts. It is, however, needless to say that, for example, a 231 MMI or different multiplexer may be used
instead. Also, in the above embodiments, RGB coupler modules have been exemplarily described. It is, however,
needless to say that the present invention is applicable to cases of multiplexing a plurality of light beams with a plurality
of wavelengths in a single waveguide, regardless of the materials and the relative refractive index difference Δ. Further,
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the waveguide shape according to the present invention is not dependent on the material of the planar waveguide and
the relative refractive index difference Δ and is therefore applicable to planar waveguides in general. Furthermore, in
the above embodiments, optical multiplexing circuits for R, G, and B, which are three primary colors of visible light, have
been exemplarily discussed. It is, however, obvious that the present invention is applicable as an optical multiplexing/de-
multiplexing circuit that multiplexes or demultiplexes a plurality of light beams with different wavelengths.
[0065] This application is a divisional application of European patent application no. 17 753 330.4 (the "parent appli-
cation"), also published as EP 3 418 783. Based on the original claims of the parent application, the following aspects
form part of the content of this divisional application as filed.

1. An optical multiplexing circuit comprising:

a first optical waveguide inputting a first light beam with a first wavelength in a 0-th order mode;
a second optical waveguide inputting second and third light beams with second and third wavelengths in the
0-th order mode, the second and third wavelengths being different from the first wavelength and different from
each other;
a multi-mode conversion waveguide provided between the first optical waveguide and the second optical
waveguide;
a first coupling part converting a waveguide mode of the first light beam propagating through the first optical
waveguide into a higher order mode to couple the first light beam converted into the higher order mode to the
multi-mode conversion waveguide; and
a second coupling part converting a waveguide mode of the first light beam propagating through the multi-mode
conversion waveguide into the 0-th order mode to couple the first light beam converted into the 0-th order mode
to the second optical waveguide to transmit the second and third light beams,
wherein the second optical waveguide multiplexes the first light beam converted into the 0-th order mode and
coupled by the second coupling part and the second and third light beams transmitted by the second coupling
part to output the first light beam and the second and third light beams as a multiplexed light beam, and
waveguide widths of the first optical waveguide, the second optical waveguide, and the multi-mode conversion
waveguide are set such that an effective refractive index of the first optical waveguide with the first light beam
in the 0-th order mode is equal to an effective refractive index of the multi-mode conversion waveguide with the
first light beam in the higher order mode and that effective refractive indexes of the multi-mode conversion
waveguide with the second and third light beams in the higher order mode are not equal to effective refractive
indexes of the second optical waveguide with the second and third light beams in the 0-th order mode.

2. The optical multiplexing circuit according to aspect 1, wherein the waveguide widths of the first optical waveguide,
the second optical waveguide, and the multi-mode conversion waveguide are set such that propagation constants
of the light beams in the 0-th order mode through the first optical waveguide and the second optical waveguide are
equal to a propagation constant of the light beam in the higher order mode through the multi-mode conversion
waveguide.

3. The optical multiplexing circuit according to aspect 1 or 2, wherein the optical multiplexing circuit comprises:

one or more third optical waveguides inputting one or more other light beams with one or more wavelengths in
the 0-th order mode, respectively, the one or more wavelengths being different from the first to third wavelengths
and different from each other;
one or more other multi-mode conversion waveguides provided between the second optical waveguide and the
one or more third optical waveguides, respectively;
one or more third coupling parts converting waveguide modes of the one or more other light beams propagating
through the one or more third optical waveguides into a higher order mode to couple the one or more other light
beams converted into the higher order mode to the one or more other multi-mode conversion waveguides,
respectively; and
one or more fourth coupling parts converting waveguide modes of the other light beams propagating through
the one or more other multi-mode conversion waveguides into the 0-th order mode to couple the one or more
other light beams converted into the 0-th order mode to the second optical waveguide to transmit the second
and third light beams,
wherein the second optical waveguide further multiplexes and outputs the multiplexed light beam and the one
or more other light beams converted into the 0-th order mode and coupled by the one or more fourth coupling
parts, and
the waveguide widths of the one or more third optical waveguides are set such that effective refractive indexes
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of the one or more third optical waveguides with the other light beams in the 0-th order mode are equal to
effective refractive indexes of the other multi-mode conversion waveguides with the other light beams in the
higher order mode and that effective refractive indexes of the other multi-mode conversion waveguides with
the multiplexed light beam in the higher order mode are not equal to effective refractive indexes of the second
optical waveguide with the multiplexed light beam in the 0-th order mode.

4. The optical multiplexing circuit according to any one of aspects 1 to 3, wherein the multiplexed light beam has at
least one wavelength from each of wavelength bands of 400 to 495 nm, 495 to 570 nm, and 620 to 750 nm.

5. The optical multiplexing circuit according to any one of aspects 1 to 4, wherein the first and second optical
waveguides and the multi-mode conversion waveguide differ from each other in waveguide width,
the first coupling part is a directional coupler formed by arranging the first optical waveguide and the multi-mode
conversion waveguide close to each other, and
the second coupling part is a directional coupler formed by arranging the second optical waveguide and the multi-
mode conversion waveguide close to each other.

6. An optical multiplexing circuit using a planar lightwave circuit to output a multiplexed light beam, the optical
multiplexing circuit comprising:

a first optical waveguide inputting a first light beam with a first wavelength in a 0-th order mode;
a multiplexing optical waveguide inputting one or more other light beams with one or more wavelengths in the
0-th order mode, the one or more wavelengths being different from the first wavelength and different from each
other; and
a first multiplexing part converting a waveguide mode of the first light beam propagating through the first optical
waveguide into a higher order mode to couple the converted first light beam to the multiplexing optical waveguide
to thereby multiplex the coupled first light beam with the one or more other light beams propagating through
the multiplexing optical waveguide,
wherein the multiplexing optical waveguide includes a first portion arranged close to the first multiplexing part, and
the waveguide widths of the first optical waveguide and the first portion are set such that an effective refractive
index of the first optical waveguide with the first light beam in the 0-th order mode is equal to an effective
refractive index of the first portion of the multiplexing optical waveguide with the first light beam in the higher
order mode and that effective refractive indexes of the first portion of the multiplexing optical waveguide with
the one or more other light beams in the higher order mode are not equal to effective refractive indexes of the
first optical waveguide with the one or more other light beams in the 0-th order mode.

7. The optical multiplexing circuit according to aspect 6, wherein the optical multiplexing circuit further comprises:

a second optical waveguide inputting a second light beam with a second wavelength in the 0-th order mode,
the second wavelength being different from the first wavelength;
a second multiplexing part converting the second light beam propagating through the second optical waveguide
into the higher order mode to couple the second light beam converted into the higher order mode to the multi-
plexing optical waveguide to thereby multiplex the coupled second light beam with the one or more other light
beams propagating through the multiplexing optical waveguide;
a third optical waveguide inputting a third light beam with a third wavelength in the 0-th order mode, the third
wavelength being different from the first wavelength and the second wavelength; and
a third multiplexing part converting the third light beam propagating through the third optical waveguide into the
higher order mode to couple the third light beam converted into the higher order mode to the multiplexing optical
waveguide to thereby multiplex the coupled third light beam with the one or more other light beams propagating
through the multiplexing optical waveguide,
wherein the multiplexing optical waveguide further includes a second portion arranged close to the second
multiplexing part and a third portion arranged close to the third multiplexing part,
the waveguide widths of the second optical waveguide and the second portion are set such that an effective
refractive index of the second optical waveguide with the second light beam in the 0-th order mode is equal to
an effective refractive index of the multiplexing optical waveguide with the second light beam in the higher order
mode and that effective refractive indexes of the multiplexing optical waveguide with the one or more other light
beams in the higher order mode are not equal to effective refractive indexes of the second optical waveguide
with the one or more other light beams in the 0-th order mode, and
the waveguide widths of the third optical waveguide and the third portion are set such that an effective refractive
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index of the third optical waveguide with the third light beam in the 0-th order mode is equal to an effective
refractive index of the multiplexing optical waveguide with the third light beam in the higher order mode and
that effective refractive indexes of the multiplexing optical waveguide with the one or more other light beams in
the higher order mode are not equal to effective refractive indexes of the third optical waveguide with the one
or more other light beams in the 0-th order mode.

8. The optical multiplexing circuit according to aspect 7, wherein the first multiplexing part is a directional coupler
formed by arranging the first optical waveguide and the multiplexing optical waveguide close to each other,
the second multiplexing part is a directional coupler formed by arranging the second optical waveguide and the
multiplexing optical waveguide close to each other, and
the third multiplexing part is a directional coupler formed by arranging the third optical waveguide and the multiplexing
optical waveguide close to each other.

9. The optical multiplexing circuit according to any one of aspects 6 to 8, wherein the multiplexed light beam has at
least one wavelength from each of wavelength bands of 400 to 495 nm, 495 to 570 nm, and 620 to 750 nm.

10. The optical multiplexing circuit according to aspect 7 or 8, wherein the one or more other light beams include a
fourth light beam with a wavelength of 400 to 495 nm, a fifth light beam with a wavelength of 495 to 570 nm, and a
sixth light beam with a wavelength of 620 to 750 nm,
the first light beam is smaller in wavelength than the fourth light beam by 1 nm or less,
the second light beam is smaller in wavelength than the fifth light beam by 1 nm or less, and
the third light beam is smaller in wavelength than the sixth light beam by 1 nm or less.

11. An optical multiplexing circuit comprising:

first to fifth optical waveguides inputting first to fifth light beams with mutually different first to fifth wavelengths
in a 0-th order mode, respectively;
a first multi-mode conversion waveguide provided between the first optical waveguide and the second optical
waveguide;
a second multi-mode conversion waveguide provided between the first optical waveguide and the third optical
waveguide;
a first coupling part converting a waveguide mode of the second light beam propagating through the second
optical waveguide into a higher order mode to couple the second light beam converted into the higher order
mode to the first multi-mode conversion waveguide;
a second coupling part converting a waveguide mode of the second light beam propagating through the first
multi-mode conversion waveguide into the 0-th order mode to couple the second light beam converted into the
0-th order mode to the first optical waveguide to transmit the first light beam;
a third coupling part converting a waveguide mode of the third light beam propagating through the third optical
waveguide into the higher order mode to couple the third light beam converted into the higher order mode to
the second multi-mode conversion waveguide;
a fourth coupling part converting a waveguide mode of the third light beam propagating through the second
multi-mode conversion waveguide into the 0-th order mode to couple the third light beam converted into the 0-
th order mode to the first optical waveguide;
a first multiplexing part converting a waveguide mode of the fourth light beam propagating through the fourth
optical waveguide into a higher order mode to couple the fourth light beam converted into the higher order mode
to the first optical waveguide; and
a second multiplexing part converting a waveguide mode of the fifth light beam propagating through the fifth
optical waveguide into the higher order mode to couple the fifth light beam converted into the higher order mode
to the first optical waveguide,
wherein the first optical waveguide includes a first portion arranged close to the first multiplexing part and a
second portion arranged close to the second multiplexing part,
in the first optical waveguide, the second light beam converted into the 0-th order mode and coupled by the
second coupling part, the third light beam converted into the 0-th order mode and coupled by the fourth coupling
part, and the first light beam transmitted by the second coupling part and the fourth coupling part are multiplexed
and input into the first portion,
waveguide widths of the first optical waveguide, the second optical waveguide and the first multi-mode conversion
waveguide are set such that an effective refractive index of the second optical waveguide with the second light
beam in the 0-th order mode is equal to an effective refractive index of the first multi-mode conversion waveguide



EP 3 767 352 A1

14

5

10

15

20

25

30

35

40

45

50

55

with the second light beam in the higher order mode and that an effective refractive index of the first multi-mode
conversion waveguide with the first light beam in the higher order mode is not equal to an effective refractive
index of the first optical waveguide with the first light beam in the 0-th order mode,
waveguide widths of the first optical waveguide, the third optical waveguide, and the second multi-mode con-
version waveguide are set such that an effective refractive index of the third optical waveguide with the third
light beam in the 0-th order mode is equal to an effective refractive index of the second multi-mode conversion
waveguide with the third light beam in the higher order mode and that an effective refractive index of the second
multi-mode conversion waveguide with the first light beam in the higher order mode is not equal to an effective
refractive index of the first optical waveguide with the first light beam in the 0-th order mode,
waveguide widths of the fourth optical waveguide and the first portion are set such that an effective refractive
index of the fourth optical waveguide with the fourth light beam in the 0-th order mode is equal to an effective
refractive index of the first portion of the first optical waveguide with the fourth light beam in the higher order
mode and that effective refractive indexes of the first portion of the first optical waveguide with the first to third
light beams in the higher order mode are not equal to effective refractive indexes of the fourth optical waveguide
with the first to third light beams in the 0-th order mode, and
waveguide widths of the fifth optical waveguide and the first portion are set such that an effective refractive
index of the fifth optical waveguide with the fifth light beam in the 0-th order mode is equal to an effective
refractive index of the second portion of the first optical waveguide with the fifth light beam in the higher order
mode and that effective refractive indexes of the second portion of the first optical waveguide with the first to
third light beams in the higher order mode are not equal to effective refractive indexes of the fifth optical waveguide
with the first to third light beams in the 0-th order mode.

Claims

1. An optical multiplexing circuit comprising:

(a) a first optical waveguide (301) inputting a first light beam with a first wavelength in a 0-th order mode;
(b) one or more second waveguides (302 to 305), each second waveguide inputting a second light beam in the
0-th order mode, a wavelength of each second light beam being different from the first wavelength and different
from each other;
(c) a multi-mode conversion waveguide (306, 307) provided between the first optical waveguide and each the
second waveguide;
(d) a first coupling part (308, 310) provided between each the second waveguide and the multi-mode conversion
waveguide with a first inter-waveguide gap for converting a waveguide mode of each the second light beam
propagating through each the second waveguide into a higher order mode to couple each the second light beam
converted into the higher order mode to the multi-mode conversion waveguide;
(e) a second coupling part t (309, 311) provided between the multi-mode conversion waveguide and the first
optical waveguide with a second inter-waveguide gap for converting a waveguide mode of each the second
light beam propagating through the multi-mode conversion waveguide into the 0-th order mode to couple each
the second light beam converted into the 0-th order mode to the first optical waveguide, wherein the first light
beam propagates through the first optical waveguide,
(f) wherein waveguide widths of the first optical waveguide, the second waveguides, and the multi-mode con-
version waveguide are set such that (f1) an effective refractive index of each the second waveguide with each
the second light beam converted into the 0-th order mode is equal to an effective refractive index of the multi-
mode conversion waveguide with each the second light beam converted into the higher order mode and that
(f2) an effective refractive index of the multi-mode conversion waveguide with the first light beam in the higher
order mode is not equal to an effective refractive index of each the second waveguide with the first light beam
in the 0-th order mode.

2. The optical multiplexing circuit according to claim 1, wherein the first optical waveguide is a multi-mode waveguide
and the second waveguides are single-mode waveguides.

3. The optical multiplexing circuit according to claim 1, wherein the first optical waveguide includes a multiplexing part
close to one of the second waveguides, waveguide widths of the multiplexing part being different from that of another
part except for the multiplexing part, and
waveguide widths of the multiplexing part of the first optical waveguide and the second waveguides are set such
that an effective refractive index of each the second waveguide with each the second light beam in the 0-th order
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mode is equal to an effective refractive index of the multiplexing part of the first optical waveguide with each the
second light beam in the higher order mode and that an effective refractive index of the multiplexing part of the first
optical waveguide with the first light beam in the higher order mode is not equal to an effective refractive index of
each the second waveguide with the first light beam in the 0-th order mode.

4. The optical multiplexing circuit according to claim 1, wherein the multiplexed light beam has at least one wavelength
from each of wavelength bands of 400 to 495 nm, 495 to 570 nm, and 620 to 750 nm.



EP 3 767 352 A1

16



EP 3 767 352 A1

17



EP 3 767 352 A1

18



EP 3 767 352 A1

19



EP 3 767 352 A1

20



EP 3 767 352 A1

21



EP 3 767 352 A1

22



EP 3 767 352 A1

23



EP 3 767 352 A1

24



EP 3 767 352 A1

25



EP 3 767 352 A1

26



EP 3 767 352 A1

27

5

10

15

20

25

30

35

40

45

50

55



EP 3 767 352 A1

28

5

10

15

20

25

30

35

40

45

50

55



EP 3 767 352 A1

29

5

10

15

20

25

30

35

40

45

50

55



EP 3 767 352 A1

30

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

• EP 17753330 A [0065] • EP 3418783 A [0065]

Non-patent literature cited in the description

• A. NAKAO ; R. MORIMOTO ; Y. KATO ; Y.
KAKINOKI ; K. OGAWA ; T. KATSUYAMA. Inte-
grated waveguide-type red-green-blue beam com-
biners for compact projection-type displays. Optics
Communications, 2014, vol. 330, 45-48 [0010]

• APOLLO INC. APSS Apollo Application Note on Mul-
ti-Mode Interference (MMI) Devices, 03 February
2016, www.apollophoton.com/apollo/AP-
NT/APN-APSS-MMI.pdf [0010]


	bibliography
	abstract
	description
	claims
	drawings
	search report
	cited references

