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(57) Abrege(suite)/Abstract(continued):
sighal comprising the two Input signals where at least one of the two input signals Is partially coupled to produce the output VWWDM

sighal, and an output waveguide for providing the output WDM signal. Optionally, at least another output waveguide can be used
to trap all or some power not coupled to produce the output VWDM signal.
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BROADBAND WAVELENGTH-DIVISION
MULTIPLEXER/DEMULTIPLEXER

ABSTRACT OF THE DISCLOSURE

' A broadband wavelength-division multiplexer comprises two input
‘waveguides for two input signéls, each of which is from a different wavelength
band, a multi-mode interference waveguide foi' producing an output wavelength-
division multiplexed (WDM) signal comprising the two input signals where at least
one of the two input signals 1s partially coupled to produce the output WDM signal,
“and an output waveguide for providing theioutput WDM signal. ' Optionally, at least
another output waveguide can be used to trap all or some power not coupled to

produce the output WDM -signal.
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BROADBAND WAVELENGTH-DIVISION
MULTIPLEXER/DEMULTIPLEXER

FIELD OF THE INVENTION

The present invention relates to optical wavelength couplers and, more

particularly to broadband wavelength-dwxsmn multlplexers and demultlplexers

BACKGROUND OF THE INVENTION
A wavelength-.di\?ision multiplexing (WDM) technique is a technique to

combine (multiplex) input signals at different wavelengths so that they can be

‘coupled into the same fiber or waveguide. The resulting signal is called a WDM

signal. The optical device that multiplexes signals at different wavelengths into a |
WDM signal is called a Wavelength-division multiplexer, whereas the one that
demultiplexes a WDM Signal_ into signals at different wavelengths is called a
wavelength-division demultiplexer. The term broadband thereby refers to

multiplexed signals within a broad spectral range such as from 1.25 um to 1.35 um

in the 1.3 um wavelength band.

Low cost broadband wavelength-division multiplexers and demultiplexers
with inputs from more than one wavelength band may find applications in bi-
directional transmitter-receiver devices in a WDM communication system, where
different wavelength -bands are used for the two propagation ditectiohs of the
signals. They also may be used to add an additionel wavelength to supplement
capacity at another wavelength and ma:y be used for many other applications.

Generally, one way to lower the cost is to reduce the size of a broadband
wavelength-division multiplexer or demultiplexer. Another way is to design a
broadband wavelength-division multiplexer or demultiplexer thet can be

monolithically integrated with other optical devices such as lasers and

photodetectors. The reason that monolithic integration can lower the cost is that the

manufacturing and maintaining cost is generally cheaper.
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In an article “Low-Loss 1 X 2 .Multimode.Interference Wavelength
Demultiplexer in Silicon-Gefrnanium Al-ldy”, IEEE Photonics Technology Letters,
Vol. 11. No. 5, May 1999, pp. 575-577, by L1 et al. proposed the application of the
multi-mode interference (MMI) p’rinciple toa wavelength-diviSion demultipiexer
that can be monolithically integrated with silicon-based devices. The MMI principle
is based on the self-imaging ~principle, wherein an input signal to a MMI waveguide

is reproduced in single or multiple images at periodic intervals along the

- propagation direction of the MMI waveguide. Unfortunately, the length of the MMI

waveguide in this demultiplexer is approximately 2,600 um.

SUMMARY OF THE INVENTION

In accordance with the invention, the length of a MMI waveguide used in a
broadband wavelength-divisioﬁ rhultiplexer having inputs from different wavelength
bands can be shorter than 2600 um | -

The multiplexer can be implemented in InGaAsP/InP, silica on silicon and

many other materials to achieve the same multiplexing/demultiplexing with a device

length shorter than 2600 um.

The invention is about a wavelength multiplexer/ demultiplexer with compact
dimension and complete mul,tip-lexing/demulitplexing for one wavelength band, but
only partial multiplexing/demultiple)cing for the other wavelength band. The partial
multiplexing/demultiplexing is an important step, since it allows to reduce

dimension of the MMI wavelength multiplexer/demultiplexer considerably in

‘comparison with a devise that provides complete multiplexing/ demultiplexing.

One embodiment of the invention is a broadband wavelength-division
multiplexer that comprises two input waveguides for two input signals, each of
which is from a different wavelength band, a MMI waveguide for producing an
output WDM signal from the two input signals, and a WDM output waveguide for
coupling out the output-WDM,signal. Optionally, at least anOther output waveguide
can be used to trap all or some power not coupled to produce the output WDM
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Another embodiment of the invention is a broadband wavelength-division
demultiplexer for demultiplexing an input WDM signal of wavelengths from two
wavelength bands. The broadband wavelength-division demultiplexer comprises
one 1mput waveguide, a MMI waveguide for producing two output signals where
the MMI waveguide couples partial power from one of the two wavelength bands
and substantially no power from the other wavelength band to produce one of the
two output signals at one of the wavelength bands, and two output waveguides for
providing the two output signals.

Certain exemplary embodiments can provide an optical device for
coupling first and second signals from respective wavelength bands, the optical
device comprising: (a) a multi-mode interference waveguide having an input side
and an output side; (b) first and second input waveguides connected to the input
side of the multi-mode interference waveguide for the respective input signals;
and (c) a first output waveguide connected to the output side of the multi-mode
interference waveguide, wherein the multi-mode interference waveguide produces
an output wavelength-division multiplexed (WDM) signal at the first output
waveguide, said output WDM signal comprises substantially all of the power of
said first input signal and only partial power of said second input signal.

It 1s evident, that the multiplexer and or demultiplexer operation can be

implemented into the same device.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be more fully appreciated from a consideration

of the tollowing Detailed Description, which should be read in light of the

accompanying drawings in which:
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FIG. 1 shows the cross section view of an exemplary broadband
wavelength-division multiplexer/demultiplexer in accordance with the principles
of the invention;

FIG. 2 shows the method of designing a broadband wavelength-division
multiplexer in accordance with the principles of the invention;

FIG. 3 shows illustrative beam propagation simulation results of the
broadband wavelength-division multiplexer in FIG. 1;

FIG. 4 shows illustrative relative output power of an input signal from
each input waveguide of the broadband wavelength-division multiplexer in
FIG. 1; and

FIG. 5 shows illustrative signal power distributions between two output
ports when the same device is used as a broadband wavelength-division

demultiplexer and multiplexer, respectively.
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DETAILED DESCRIPTION

An exemplary semlconductor structure of a multiplexer in accordance with the
teaching of this invention is shown in F1G. 1. (It should be noted that the same

device can be used as demultiplexer as illustrated later in the specification.)

- Multiplexer 100 1s enclosed by cIadding. material 101 of loWer‘refraetive index. The

multiplexer 100 comprises input Waveguides 102 and 103, multi-mode interference
(MMI)- waveguide 104 and Oﬁtput waveguides 105 and 106. Output waveguide 106
1s optional. In this exemplary structure, the cladding material is InP and the
exemplary material used for the guiding layer (wavegmdes) of multiplexer 100 is

InGaAsP with bandgap at 1.20 um (briefly called Quaternary 1.2 um material).

Multiplexer 100 produces an output WDM signal (not shown) at output
waveguide 105 from two input signals, signal 1 of wevelength 1.3 um applied to
input waveguide 102 and signal 2 of wavelength 1.55 um applied to input
waveguide 103. MMI waveguide 104 has a geometric length L, and width .

The geometric length and width of a MMI ‘waveguide are measured in the

propagation and lateral directions, respectively. The propagation direction of MMI

waveguide 104 is the direction from the input side to the output side of the MMI
waveguide, and lateral direction is the one perpendicular to the propagation
direction. The equivalent width, W, (1), of a MMI waveguide with respect to a
wavelength 4 essentially corresponds to the geometﬁc width Wé of the MMI

waveguide but takes into account the penetration into the surroundirig material. In

‘accordance with the principles of the ix;nvention, input waveguides 102 and 103 are

illustratively positioned W"% away from the respective ne aiby sides of MMI

‘waveguide 104 measured to the respective centers of the input waveguides. Output

W

‘'waveguide 105 for the output WDM signal is posmoned "/s irom the top side of

MMI waveguide 104 measured to the center of output waveguide 105. Optional
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~ output waveguide 106 (shown in solid lines) is positioned at Weq 5 from the

bottom side of MMI waveguide 104\mea‘sured to a point where the center of output
waveguide 106 and the top edge of the output side of MMI waveguide 104 intersect,
and can be extended to the bottom side of MMI waveguide 104 (as shdwn in dashed

lines). In this example, W, =6um, W, =6.6um,and L, =420um. W, isan

‘ average value of theequivalent width 7, as obtained for light at 1.3 um and light at ‘

1.55 um. Under this set of parameters, multiplexer 100 couples substantially all
pbwer of signal 1 (1.3 um) and only about 70% of signal 2 (1.55 um) to produce the
output WDM signal at output waveguide 105. In other words, the coupling

efficiencies of multiplexer 100 for signals 1 and 2 are substantially 100% and about

70%, respectively. Output waveguide 106 (shown in solid lines), extended to the -
edge of MMI waveguide 105 (ShOWH"ifl dashed lines), is used to capture the
remaining power of Signal 2 (1.55 um). . .

The method for designing a multiplexer that couples partial power from at

least one of two input signals is deséribed in this paragraph using the multiplexer in

'FIG. 1 as an example. The method is shown in FIG. 2. Atstep 210, two

wavelength bands are selected. For example, the 1.3 um and 1.55 um bémds are
selected. At step 220, two input signals, signals 1 and 2, éach of which are from a
different one of the two selected wavelength bands from step 210, are selected. For
example, signals 1 and 2 are single wavelength signals of wavelengths 1.3 um and

1.55 um, selected from respective bands. (Each input signal can also be a WDM

signal from a different one of the selected wavelength bands.) At step 230, the

geometric width, ¥, , of a MMI waveguide is selected. For example, W, is 6 um

but it can be any width that is larger than the sum of the widths of the two input

‘waveguides. At step 240, initial lateral positions of the two input waveguides on the

input side of the MMI waveguide are selected. For example, waveguides 102 and

. W/ . '
103 are respectively positioned ‘% or 1.32 um away from the respective nearby
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sides of MMI waveguide 104. At step 250, an initial simulation length for the MMI

waveguide is selected. The actual length is determined at step 270. For example, an

 initial simulation length of 420 um is selected. At step 260, a beam propagation

simulation 1s performed for each input signal. Beam propagation simulation

techniques are known in the art and not discussed herein. It should be noted that if

an input signal is a WDM sigrial from a wavelength band, the median wavelength

for the wavelength band is used in the simulation. In this example, illustrative beam
propagation simulation results are shown in .FIG. 3(a) for signal 1 (1.3 um) and FIG.
3(b) for signal 2 (1.55 um). Finally, at step 270, the two beam propagation
simulation results are examined to determine the actual length of the MMI
waveguide and the lateral position of a potential .oﬁtput waveguidé, where an output
WDM signal which comprises af least first and second pre-defined percentages of
power respectively fi'om signals 1 and 2 1s produced. If no position can be found to
produce the output WDM.si-gnal meeting the criteria, the simulation length of the
MMI waveguide is increased and/or the lateral position of each input waveguide is
shifted, and thé last two steps, steps 260 and 270, afe repeated.

Turning now to FIG. 3, it shows the illustrative beam propagation simulati_on.
results for signals 1 and 2. The x and z axes indicate respectively the geometric
width and lengths of the .multi?mode interference waveguide. Each gray spbt
represents some power of the input signal. The darker the spot, the more power it
represents. For example, in FIG. 3(b), the gray spot pointed to by arrow 350 has

more power than the one pointed to by arrow 360. At the cross section of a given

‘length (z axis), if there is only one gray spot, the gray spot (which should appear

quite dark because of the high power) represents substantially 100 % of the power of

the input signal. If there is more than one gray spdt, each repfeSents only partial
- power of the input signal. The coupling efficiency of the light from a gray spot into
‘an output waveguide at a particular position can be roughly estimated. It should be

noted that the above method assumes that the output waveguide is able to carry all

the modes of the light at that spot. (A mode as known in the art is a stable pattern in
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which a light wave can travel along a waveguide; its details are not described

herein.) If the output waveguide carries only some modes, the power of the output
WDM signal is reduced by the power of the remaining modes. For more accurate
estiniates, one cah obtain data from the simulation program which, as known in the
art, can give values for the total power o.f a gray spbt and the power of each mode of
the light in that gray spot. The preferred ﬁ‘rst, and second pre-deﬁ'ned coupling
efficiencies for signals 1 and 2 are substantially 100% and 50%, respectively. Other
choices such as 50% for both can be used in the method as well. It should be noted
that the position selected must produce a WDM signal that comprises partial power
from at least of the input signals. ’ '

In this example, the pre-defined first and second coupling. efficiencies
respectfully for signals .l and 2 are substantially IOO% and 50%. From FIG. 3*(a), it

"is observed that at the cross section (shown as dashed line 310) at a geometric length

- of 420 um, there is only one gray spot and is located on the left side. Thus, this gray

spot represents substantially all powet from signal 1 (1.3 um) and its location is a
candidate position for the output w’avegﬁide. Examining the candidé;te position in
FIG. 3(b) (at the left of dashed liﬁe 330) for signal 2 (1.55 um), although there is
more than one gray spot ih the .cr_osé' section (shown as dashed line 3’3‘0); the gray
spot (pointed to by arrow 350) on the candidate position represents the highest
intensity. Considering the intensities and the widths of the gray spot at the
candidate position and other gray spots in that cross section, it is estimated that the

power of the gray spot in the candidate position represents approximately 70 % of

‘the power of signal 2. Thtis, this position produces an output WDM signal

comprising power within the selected power range from each input signal \(step 230)

and, thus, is selected as the location for the output waveguide. To locate the center

of the output waveguide, one overlaps the two simulation results and locates the

~ center of the overlapped area of the selected gray spot for signal 1 and the one for

signal 2. In this example, it is observed that the center is located at W"% or 1.32
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- um from the left side of the MMI waveguide. It should be -noted that this method is

iterative in nature. In this example, the selected initial simulation length resulted is

the actual length of the MMI waveguide. In other cases, when no position can be

found to satisfy the desiredc-OUpling efﬁciencies, the simulation length of the MMI

waveguide should be increased and steps 260 and 270 should be repeated. The
process should continue until a position meeting the selected coupling efficiencies is
found. o '

Similarly, in the example, the position of optional output waveguide 106 is

found to be 2W"% or 2.64 um from the other side of MMI waveguide 104. This

position is the center of the spread of the remaining power. It should be noted that

more than one optional output waveguide can be used to trap the remaining power

- of either or both signals. Those skilled in the art would appreciate that the principles

of the invention can be eXte_nded to more than two input waveguides with signals
from more than two Wavelength bands. Also, those skilled in the art would i
appreciate that the principles can be extended to MMI waveguides that are not
rectangular such as parabolic, circular or other kind of MMI shapes.

Using the method outlined above, many other points ean be selected to
produce an output'WDM' sighal. For example, if Substantially all power from signal
2 (1.55 um) and partial power from signal 1 (1.3 um) ere required in the output

WDM signal, MMI waveguide 104 would be about 360 um as shown in FIG. 3(b)

because there is only one gray spot at that cross section (showﬁ as dashed line 340)

for signal 2 and at the same position 1n FIG. 3(a) (at the right side of dashed line

320), there is a high intensity gray spot for signal 1. Thus, partial power of signal 1
and substantially all power from signal 2 would be coupled to produce the required
output WDM signal that position, and the output WDM signal would now be

produced approximately at_oiltput Waveguide 106. In this case, some of the

remaining power of signal 1 would be trapped apprc)xim-ately at output waveguide
105. ' '



10

15

20

25

CA 02377647 2002-03-20

'J.LEUTHOLD 5 \ 9

Another advantage of the invention is that an input signal can be either a
single wavelength or‘ a WDM signal. An i-nput signal can be a WDM signal as long

as the wavelengths are from the same wavelength band. FIG. 4 demonstrates that

multiplexer 100 can support two WDM signals, each from a different one of the two
~wavelength bands, 1.3 um and 1.55 um, because the transmission level is qulte flat

“in the two bands. In addition, the input, or rnultlplexed signals at the output may be

fundamental mode signals or comprise higher order modes (be a ,multl-mode mgnal).
As pointed out above, the multiplexer in FIG. 1 can also be used as a
demultiplexer. FIG. 5 shows the same device used as a demultiplexer and a

multiplexer. As shown in FIG. 5(a), the input signal for deviCe 500 used as a

| demulnplexer is applied at input wavegulde 503 In FIG. 5(a), the input 31gnal isa

WDM 31gnal of wavelengths 4, and ﬁ2 respecuvely from two dlfferent Wavelength

bands. The use of mput wavegulde 502 is Optlonal when the devwe 1s used as a

demultiplexer and, in fact, does not have to be included in the device. Device 500
used as a demultiplexer produces two output signals: an output signal of single
wavelength band at output waveguide 505, and the other output signal of both
wavelength bands at output waveguide 506. In FIG. 5(a), for example, y % of the

' power from wavelength A, 1n the input WDM signal and no power from wavelength

A, in the input WDM signal are contributed to the output signal produced at output

waveguide 505, and x % of power from wavelength 4, in the input WDM signal and

- (100-y )% of power from wavelength 4, in the input WDM signal are contributed
to the output signal produced at oiltput. waveguide 506. It can be observed that,
unlike a prior art splitter, this demultiplexer does not extract a fraction of power

from all wavelengths of the input WDM signal. Thus, this demultiplexer can be
used to extract a multi-cast message carried by a specific wavelength of an input
WDM signal at certain node of an optical network and at the same time pass the '

multi-cast message to the downstream nodes by the same WDM signal without

going through another multiplexing step. It should be noted that the principle can be
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“extended to input WDM signals of more than two wavelength bands.

FIG. 5(b) shdws the same device used as a multiplexer. Here, the two input

signals of respective wavelengths 4, and A, are app}ied at input waveguides 502 and

503, respectively. When device 500 is used as a multiplexer, MMI waveguide 504

produces two output signals, one each at output waveguides 505 and 5 06. The
output signal produced at waveguide 505 has x % of power from input signal of

-wavelength 4, and y % of power from input signal of wavelength A4,. The other

output signal produced*at-.waveguide 506 has (100 -x)% and (100 - y) % of power

from the respective input signals.

In order to design a demultiplexer such as the one shown in FIG. 5(a), one
first designs a multiplexer in FIG. 5(b) in accordance with the method outlined in
FIG. 2 using percentages x and y (mentioned above) for selecting a minimum

coupling éﬂiciency and a maximmncoupling efficiency respectively for input

' signals of wavelengths 4, and A, . The design method has been described

previously and is not repeated here.

Broadband MMI optical multiplexers/demultiplexer other than those

disclosed can be implemented using the teachings of the present invention.

Numerous modifications to and alternative embodiments of the present invention
will be apparent to those skilled in the art in view of the foregoing description. For

example, referring to FIG. 1 the material-system used for the guiding layers of the

multiplexer can be based on semiconductor compounds (such as InP, GaAs, ternary

compound semiconductors, quaternary compound sém_iconductOr materials such as
InGaAsP, penternary :semic(mductor compounds such as InGaAsPN, etc.), plastic
materials, glasses (such as silica, silicon, silcon-nitrited), ceramics, 3 dimensional
bandgap materials and many bther materials. The cladding .la‘yef material can be any
material as long as the refractive index is lower than the refractive index of the
guiding layers. Also the position of the input and output guides with respect to the
MMI edge may be different than in this eXemplary description. Accordingly, this |
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description is to be construed as illustrative only and is for the purpose of teachmg
those skilled in the art the best mode of carrying out the invention.
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CLAIMS

1. An optical device for coupling first and second signals from respective
wavelength bands, the optical device comprising:

(a) a multi-mode interference waveguide having an input side and an
output side;

(b) first and second input waveguides connected to the input side of
the multi-mode interference waveguide for the respective input signals; and

(¢) a first output waveguide connected to the output side of the
multi-mode interference waveguide, wherein the multi-mode interference
waveguide produces an output wavelength-division multiplexed (WDM) signal at
the first output waveguide, said output WDM signal comprises substantially all of

the power of said first input signal and only partial power of said second input

signal.

2. The optical device of claim 1 further comprising at least a second output

waveguide for trapping power of the first and second input signals not coupled to

produce said output WDM signal.

3. The optical device of claim 1 wherein the first signal is a single

wavelength signal and the second signal is a WDM signal.

4, The optical device of claim 1 wherein the multi-mode interference

waveguide 1s rectangular in shape.

5. The optical device of claim 1 wherein the median wavelength of the first
signal is 1.3 um, and the positions of the first and second input waveguides and

the first output waveguide are a predetermined distance away from the respective
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nearby sides of the multi-mode interference waveguide, said predetermined

distance being a function of:
(a) said median wavelength;

(b)  the geometric width of said multi-mode interference waveguide;

and

(c) the penetration of said first signal into the surrounding material of

said multi-mode interference waveguide.

6. The optical device of claim 1 wherein the first wavelength band is

1.3 micrometers (um) and the second wavelength band is 1.55 um.
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