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METHOD AND APPARATUS FOR A SUBSTANTIALLY WAVELENGTH
INSENSITIVE HYBRID DEVICE

SPECIFICATION

FIELD OF THE INVENTION

[0001] The present invention relates to devices for processing electromagnetic

signals and, more: spesifically, to hybrid electromagnetic processing devices.

BACKGROUND OF THE INVENTION

[ooo2] Optical processing and coupling ‘devioes such as hybrid optical couplers are

known jithe ait. Such components utilize elements of carefully chosen physical

dimensions to petform power division, combination and other functions. T hese

types of devices are typically constructed to operate at specific optical frequencias.

SUMMARY OF THE INVENTION

PROBLEM TQ BE SOLVED

10003] Various embodiments provide an optical device that include a free space
optical region and input-and output optical waveguides end connecting thereto. At
least one of the optical waveguides has lateral offset between two segments

thereof. The lateral offset is located near the free space optical region.
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thie optical device for a substantially wavelength insensitive- hybrid opfical

integrated optical device. The planar integrated optical d
‘input optical-waveguide, a free space optical region.ang

waveguides. The optical waveguides end connecting 10, the:

Jjoined ends of an input portion and an output portion of the at.le

[o0041 Some deficiencies of the prior art are addressed by some embodiments of

Specifically, in such embodiments, the lateral offset prodi

oseillation such that a wavelength dependency of the device is ret
respect toa device without said offset. |

00081 ‘One embadiment features an apparatus. The appard

region: The-at least ohe input optical waveguide has an offset inacor

optical waveguide.

BRIEF DESCRIPTIN. OF DRAWINGS

[0g0s] The teachings of the present embodiments can be readily unders
gonsidering the following detailed description in conjunction with-the accompanying
drawings, in which:

FIG. 1 depicts an example of a hybrid optical device known inthe art]

FiG. 2 depicts a 90 degree substantially wavelength insensitive 2x4 hybrid optical
device performing functions according to various embodiments;

FI(3. 3 graphically depicts a mode oscillation profile according to various
embodiments; and |

To facilitate understanding, identical reference numerals have been used, where

0.
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different number of optical inputs, &g, more

device, e.g., a star coupler, may be reduced by cons

possible, to designate identical elements or slements with similar funetion in the

figures.

DETAILED DESCRIPTION OF THE

(0007] Various embodiments will be flustrated ; ‘context of optical

coupling/processing functions being pEr gad -output

(2x4) 90 degree hybrid planar optical devics. Othe diments. miay have a

4 differerit number of

optical outputs, Broadly speaking, the wavelen ¢e of such an optical

the dnput optical

waveguides with relatively abrupt offsets or displacements e “the field to

osillate in the optical waveguide, which osciilation wi

i

disclissed herein. The

period of oscillation will change with Waveiength By conitrolling the design

parameters according to somé ermbodifments dxscusaedheremi the movement of

the fields may be adapted to supstantially reduce the wavelength-dependence of
the star coupler.

[ooos] FIG. 1 depicts an example of a planar optical device Known in the ért;
namely, a star coupler 100. Staf coupler 100 is a 2x4 planar Qpﬁﬁai coupler that
acts as an optical 90 degree planar optical device for redistributing (e:g., splitling
and/or combining) light. An optical 90 degree hybrid is a passive device. The first
and 'sécond input ports receive signals A and B, respectively. The first, second,

third, and fourth output ports transmit signals which are interferences between A

and B with four different relative phases: 0, 90, 180, and 270 degrees, respectively.

.3.
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It-other Wwords, the output amplitudes from the first, second, third, and fourth output

pofts can be represented by (A+B)/2, (A*iB)2, (A-B)/2, and (A- 1B)Y/2, respectively,

Wwhered is the imaginary number. The operation of examples:of conventional planar

star couplers is explaiied, eg., in L Kaminow [ T. L Optical  Fiber

Telecommunications IV Comportents, Chapter 9 sections 2.4 - 2.8 by Chrisi Doerr,

: ca;z:syrzgm 2002, Elsevier Science, 18BN: 0-12-395172-0; which is incorporated

herein by reference in its entirety:

Star coupler 100 includes %’npui.wa'veguiéés 110+.2,.a free space region 120,

1o

atid output waveguides 13014 Star coupler 100 also may iriclude optional unused
A dummy’ éwa.ysgi{ides 140 to help make optical coupling -and fabrication of star
‘coupler 108 mote uniform around the input arid output waveguides 110r2 ‘and

. 48014 When star coupler 100 is acting as an opfical power splitter,

glectromagnetic (EM) waves (i.e., optical signals) of a given intensity enter the
coupler 100" through input wave;guides 1104, disperse through free space region
120 and afe dividedly output through output waveguides 130x4.

[60010]A 90-degree optical hybrid in existing planar optical devices such as star
coupler 100 is formed by a construction that suitably provides for differences in the
optical path lengths over the different optical paths within the coupler through
which EM waves propagate between inputs and outputs of the device. The optical
path-length differences produce differing relative phases between light waves
arriving at (and propagating through) respective output waveguides of the device.
These phase differences (-33?'3) are a function of a precise design wavelength value

(Ag) based on the physical dimensions of the hybrid device. For a 2x4 star coupler

-4 -
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such as coupler 100, ¢ from waveguide m1 to waveguide m2 is expressed by

the following equation:.

Ag= %L{rzi - :;-Imz - i)éf’»«
Ay 2 27 4 (1)

[oo6121wherein A is the wavelength of an EM wave passing through:tt

[000%1]

may equal integer values 2 or 3 (because the central two waveguides of the four
possible waveguides are used on the input side of the 90-degree hybrid),
,im“*‘&iyvzeqiizfalJ%‘:nie:gar values 1, 2, Sord. Speciﬁcéiiy, iy = 2 forwaved
3 for waveguide 110, g = 1, 2, 3, and 4 for waveguides 1304,

1304, respectively. Thus, the operational characteristios of such exi

devices are wavelength dependent, which may preciude their use in

wideband optical applications.

t{;‘gﬁ%&}?&ﬁ 2 depicts a 90-degree, substantially wavelength-insensitive 2
optical device that funetions according to some embodiments. Specifically, the
substantially wavelength insensitive 2x4 planar optical coupler 200 comprises &
2%4 planar optical coupler including input waveguides 210y, a free space tegion
220, output waveguides 230+.4 and optional dummy waveguides 140, However,
unlike conventional star coupler 100 of FIG. 1, each input portions of the input
waveguides 2104 of coupler 200 has input portions 2123 and output portions
21445, which are end-connected and are positioned to have a refative lateral offset
240 therebetween. In particular, the axis of the input portion 2124, of each input
waveguide 2104, is laterally offset with respect to the axis of an output portion

21445 of the same input waveguide input 210+.,. For example, the sidewalls of the

-5-
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i'r;pui‘;jp’c;r’ﬁibn_s 21242 and output portions 2144, of the input waveguides 210, have

abtupt relative offsets at the joined ends.

i input portion 21243 Is, e.g., relatively displaced towdrds the center

symmetry line of coupler 200 with r,espé‘ici:’ce the output portion 2144 of the same

iide 2105, However, it is also conhtemplated ‘that in other

i he offset may be oriented r‘f_a:way“f’?ﬁmihg coupler 200. The offset

wavelength Insensitivity of the device according to some embodiments, which will

plained below. The oscillation is transverse with. respect to the length of the

longitudinally along the guide and leaving the guide at different positions. with

r@éﬁiﬁé@fi@fiﬁfﬁ center of the guide. The specific meaning of "oscillation” herein will

‘b explained in more detail with respect to FIGs, 3A-3C. However, & more detailed

ion of the dimensions of an exemplary coupler 200 (eg., thevalues /, R,

W %ar‘fd ;) will first be provided below.

[ooo1s]Referrng to the embodiment in FIG. 2, each offset 240 bistween an input
poition 212y, and an output portion 21442 of the same input optical waveguide
2104 fs constructed to be non-adiabatic. 'fhat is, each input portion 2124, of the
input optical waveguide 2104 is abruptly laterally shifted with respect the output
portion 21442 of the same optical waveguide 210, at the connecting region. Each
fespective input portion 21245 and output portion 21442 of input waveguides 21012

is also wide enough to support multi-mode optical propagation therein.

-6 -
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[00018] The propagation constant 8 of a mode v in a multi-mode waveguide s

expressed by the following-equation:

(00047

(2)

[oo018]Where K is the propagation constant in free (ie., K = 2m/A), e ig

refractive index and Wey is the effective width of the waveguide, oriented in the
direction of polarization.
[ooon a1 Various-specific embodiments to be discussed and the equatxonsthai follow

refer to. wavegiiides: supporting up fo approximately 5 modes. However, other

embodiments are also envisioned that utilize waveguides. supporting: & greater

number of modes while still adhering to the general principles of &

described herein. When multi-mode wave propagation is supported in one of the

input-waveguides 24042, lateral miode oscillation is facilitated by -constructing the

offset 240 between the input portion 2124, and output portion 2144 of the same

input waveguides 2104.» has an approximate beat length Ly expressed as:

A 2
dlerrpw e
g s

ooozof T | (3a)

ooo21)where k = 2r/A. As such, approximation (3a) may also be expressed as!

iy

[00022] i  (3b)
[o0623] In both of equations (3a) and (3b), Tesc depends on A. The inventor believes
that if the number of excited modes is less than or equal to approximately 5, then

there is an approximate beat length which is 3 times shorter than this. For simplicity

-7 -
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in explaﬂaﬁon, it will be assumed thatthe number of modes is less than or equal to

approximately 5: Thus:the following equation will be used:

Ly
[00024]

(3c)

(00025 wherein ny = the core refractive Index of the at least one or the one or more

embodiment approximated to +/- 01 L.

‘at the steepest point in the beat oycle. Thus it is

[timode waveguide to eéqual approximately

zero. Thus the output port
have-a length /'as dsp;aﬁadm?i@ 2 that is expressed by the following equation:

204 24 ?ﬂ"f

[00027) 34, 4

[00028] The input and eutput boundaries of the free space region of the coupler 200
have a radius of curvature R. The dirriensions ‘of coupler 200 include angles 8y and
6,. 6+ is the angle between the position (e.g., center of energy) of the center of the
wavefront of a light wave at the input boundary 222 as the light wavefront exits
input waveguide 2104 according to various embodiments, and the intersection 252
of output waveguides 2302 and 2305 at the output boundary 222 of free space

region 220 at the opposite side of the coupler 200, with respect to a vertical

- 8-
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centerline 250. 8 is the angle between the intersection 254 of input waveguides
2104 aiid 210, at the input boundary 222 of free space region 220 and the center of
output waveguide 2304 with respect the centetline 250 atthe output boundary 222,
By choosing the: appropriate values of / and wer (e.g.. according o equation 4),
mode oscillation is faci litated.

[000281An illustration of vé.fié"ai. mode Gscillation will now be discussed. As has
already been described with respect to equation (3b), L, depends.on wavelength 4.
In one. embodiiment, Ay is @ standard telecom wavelength, siich as the C-band

telecom wavelength of 1,550 nm. In the referenced embodiment involving planar

optical coupler 200, the phasé difference from a port at -y, to another portat 6 -

L&, B1p ~Ts expressed by the following equation:

¥ 6 i A 523:“:\ o
thy = RREG, = =Z 146,
B 4

[000307 (5)

[oge31]From Eq. (6), ene can see that 12 depends on A, which gives rise to the

unwanted wavelength dependence of the coupler. Since waveguide 2104 is wide
enough to support multi-mode propagation, it will be shown that the relative Jateral
position of the center of the propagating optical mode in the optical waveguide
changes the value of 6y, when A changes. This movement of 8y, can be designed
to partially or mostly cancel the net dependence of @1 on A, thus substantially
reducing or eliminating wavelength dependency of the coupler.

{00032} In various embodimenﬁs of coupler 200, the size of the lateral offsets 240
between the input portions 2124 and the output portions 2144, of the same input

waveguides 210, may vary. Generally speaking, the larger the lateral dﬁset 240,

-9 .
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the larger ,thia:'gfaﬁ»smissi:sﬁm’}fiﬁss: that will occur to an incident wave thereto. Too

Jarge & offsst-will producestoo large a loss, While too small an offset will lead to a

lack of sufficient lateral oscillation of the optical mode in the waveguide to

significantly reduice the ¥ efengthdapendancy of the optical coupler 200. Typical

offsets 240 that have be | by the inventor include w4, That is offset input
12 and 2125 of the input waveguides are set inward
(toward the cent jby-a length of wesl4 with respect to the output

pottions 2144 2

he input Wai;‘eggi;ifdes. But, embodiments- are also

envisioned ‘where ‘one .are: friore offsets are set outward with respect to the

centerline of coupler 200. 1A ious embodiments, for instance, if the value 'A"in

‘equation (4) 1s an even mteger‘ the offsets 240 of input portions 212:.. are

p_dsiii;c}vmd'i”r@wg«tﬁ?.ffiﬁ%&arﬁ?i-iﬁe centetline 250 of coupler 200. Conversely if 'A"ig an
even integer; the offsets ZG} -;,f‘_'}_f input portions 21245 are positioned outward away
the centerline 250 of coupler 200. The pesition of the center of the propagating
optical modelateral jtt{z'.fha;iéiiéie@fi:ar; of propagation in the multi-mode waveguide at
the star cauplier' free-space region boundary will change with A. This movement of
the lateral center of a propagating mode can compensate for the wavelength-
dependence inthe relative phase difference between light received at the ends of
adjacent output waveguides, 1.8, at the second or output boundary 222 of the star
coupler 220.

[000331in one smbodiment, the offset has a size of about werd £ (0.1 Jwenld,
wherein werl4 is a width of a core of the at least one of the one or more input

optical waveguides,

- 10 -
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[00034] Generally speaking, offsets of w2 or less, when utilized in embodiments
such as coupler 200, can keep the offsets substantially non-adiabatic and produce
the desired oscillatory effects, It should be emphasized however, that any specific

mention of & particular offset 240 value (e.g., wer/2 and/or werl4) herein is provided

purely as an example, and should not be construed as fimiting the scope of any

referenced or other embodiments to any particular dimensional constraint(s).

Rather, any stitable offset value or othet means of producing escillation may be
utilized while still adhering to the-overall principles.

[o0035]1t is important to note that teachings herein are broadriy;««applicablke to

facilitating substantial wavelength independence of relative phases in adjacent
output waveguides in planar optical devices. The embodiments adapt or cause
various modes af' optical or electrical oscillations in input and/or output waveguides
of the device. Thus, an oscillation caused by an offset 240 in waveguides 210:; is
merely an example pertaining to one particular embodiment,

000361 F1Gs. 3A-3C depict exemplary oscillation profiles 310, 320 and 330 of
optical propagating modes, useful in understanding various embodiments such as
the one described with respect to the embodiment of FIG. 2. Mode oscillation
profiles 310, 320 and 330 of the optical propagating mode are shown for iHustrative
purposes as oceurring in waveguide 210 (of coupler 200), with offset 240 and
offset and non-offset waveguide portions 212 and 214 respectively. Mode
oscillation profiles 310, 320 and 330 are not drawn to any particular scale or with

respect to any specific wavelengths, but are intended to be viewed in comparison

-11 -
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to each other to illustrate the concept of how beat length changes with A relative to

Aq in waveguide structures such as-waveguides 210z

[00037] Mode osgillation pro s 310 depicts the path of the center energy of one or
more modes laterally oscillatitig (due to offset 240) in a "zig-zag" patterri while

propagating longitudinally along & non-offset waveguide portion 214 of a

]

| ‘wave ngth wensitivity of the device (e.g.,
coupler 200) to ‘which the wave e Iy ‘connected, according to various
embodiments. The period of 65¢ (Tgse) COFrEsponds to beat length as defined
by equations (3a)-and (8b):. B L of mode oscillation profile 310 is

indicative of A = As By contrast, mede nscillation profile 320 depicts:an example of

beat length. {rekaﬁvag‘t‘Qz-:é‘fi%ﬁ_@ié; sseillation profile 310) whan A <.Ag. In following with

equations (3a}-and 3(**3')%1@%3@3@ length gé,._'gjf'méicfie-‘-as&ii{»aﬁé)n profile 320 is thus

increased compared to the: A = Ay beat length example of mode oscillation pattern
310, Finally, oscillating mode: profile 330 ‘llustrates an exemplary beat length
according fo X' Ag, which is-decreased relativeto oscillation profile 310.

[00038] The mode oscillation profiles discussed with respect to FIGs. 3A-3D may be
adapted to influence response éc;;j_haraeteﬁis;ﬁcs of devices according to various
embodiments, such that wavelengths. to which such devices are less sensitive to
pass through the devices with little. or no e,neju'mbrancé while wavelengths to which
the device. is more sensitive to are reduced or attenuated. Various embodiments
impart mode oscillations using different structures and techniques, such as
described herein in more detall. Generally speaking, the mode oscillations are

implemented in a manner adapted to the specific wavelength sensitivities of the

=12 -
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device, The various equations discussed herein may be used to calculate the

appropriate mode oscillation profile. Alternatively, the mode oscillation profile- may

be determined empirically.

[00038]FIG. 3D depicts a coupler 340, similar to coupler 200, illustrating further

details of how mode oscillation may be facilitated in the connection terr

" devices utilizing offeets such as offset 240 of FIG. 2, to produce mode oscillatioh i

the terminals (e.g., wéyeguidas)and decrease wavelength sensitivity acmrdmg 1o
various -embodiments. Like coupler 200, coupler 340 is a 90 degree, ~$§1tj}'$ﬁﬁﬁ§ﬁyi
wa&;fieéiengih insensitive 254 nybrid optical device, including input waweg.ﬁ%d&s:Q‘EQ&z,
a free space region 220, output waveguides 2301, dum‘miy%waveguidégs 140,

offsets 240-and respective offset portions 2121, and non-offset ‘_;jéfiiiii’ﬁ%{éf’}“

mentioned with respect to the exemplary embodiment depicted in FIG. 2 and

Cequation -(?5})_? a change in excitation wavelength A in the coupler 200 (and coupler

340) creates a shift of 8, providing wavelength insensitivity of the coupler(s)
according o various embodiments.

[00040] The dynamic shifting capabillity of 84, which was previously cﬁsg’:‘us@;éﬂ with
respect to FIGs. 3A-3C is displayed as 6y shift range 345 in FIG. 3B. i excitation
wavelength A is equal to the design wavelength Aq (A = Ag), the lateral ofientation of
optical energy as it exits waveguide 210 is in the center of the guide, and 6
remains same value as it would be if there were no offset 240. When the coupler
(200 or 340) excitation wavelength A is greater than the design wavelength Aq as’is

shown in mode osciliation profile 330 of FIG. 3G, beat length Ly is reduced (e.g.,

according to equation (3b)), causing the lateral orientation of optical energy exiting

213 -
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the waveguide 210 to be:situiated farther away from the Horizontal centerline 250 of

the coupler compared-to its p:gé;itiéﬁ:éiff‘ A= Ay making 8 larger, Conversely, when
excitation wavelsrgth A is less than the-design wavelength Aq such as in oscillation

profile 320 of FIG; 3C, beat length is mcreased ¢ausing the lateral orientation of

j to be situated closer to the horizontal

centerline 250 of othe A= A4 case), making &y smaller.

106041 Various ermbodir ipart mode ostillations using different structures and

technigues, such as ¢ {etail, Generally speaking, the mode

oscillations are imple
sensitivities of the devies. The various equations discussed herein may be used to
calculate the appropriate: fon profile. Alternatively, the appropriate
mode oscillation profile may be'd ruined empirically.

(00042} FIGs: 2 and BA-3D depict offsets 240 on the outer side of input wavegides
21045, That i, non-offset autplit portion 214 as an end positioned at the input
boundary 222, between free 'space region 220 and offset portion 212. In various
embodiments, if the length 1in FIG. 2 is less than half the beat length Ly (e.9., per
equations 3a and/or 25) will provide a lateral movement of the guided mode that
will partially compensate wavelength dependence of the relative phase at the ends
of adjacent output waveguides 230y and 230,. In other embodiments, if /is larger
than T then the relative lateral offset positions of input portions 212 of the input

waveguide and the output portions 214 of the input waveguides should be reversed,

Various embodiments are also envisioned wherein planar optical devices are

214 -
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constructed with input portions 212 and output portions 214 .of the input optical
waveguide are in both the preceding erientations.

{00043] Various embodiments afe.also envisioned where-the oscillation prodused in
the ,gguid;éd optical mode is jad}ustable., That is, oscillation profiles such as
respective oscillation profiles 310, 320 and 330 of FIGs, 3A-3C are not based

solely on the device's physical dimensions and miaterial composition, For instance,

it is conteriplated that in one embodiment, a planar optical device such.as coupler

200 is. constructed on an. Indium Phosphide (InP) samiconductor substrate with
electrodes. positioned along the length of a multi-mode waveguide (lead), such as
2144.5: By suitably biasing the slectrodes, a current is ereated in the guide changes
the r‘éfr;active index along its length. By adjusting: refractive index (.., beat length),
the propetties of the oscillation may be moved, andlor the coupler may be funed.

'g;‘mgém} it should be emphasized, however, that various embodiments as a whole

‘should not be construed as being limited by any charagteristic dimensions and/or

construction details particular to any exemplary embodiment discussed herein.
Likewise, although particular embodiments discussed herein are optical devices,
the overall basic principles of the various embodiments as a whole are not at all
limited to optical devices. It is fully envisioned that the basic principles of the
various ermbodiments as a whole can be equally applied 1o electrical devices,
including distributed element varieties, or any other type of device wherein
wavelength dependency is controlled by causing an oscillating mode in at least one

lead thereof.

- 15-
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such, the appropriate scope is to be determined according to the- glaims, which

Tollow.
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What is claimed is:

1. An optical device, comprising:

a free space optical region;

one or more input optical waveguides end connected to the free space
optical region along a first surface thereof; and ‘

one or more output optical waveguides end connected to the free space
optical region along a second surface thereof, the second surface facing the first
surface;

wherein at least one of the one or more input optical waveguides supports
multi-mode propagation and includes an offset at joined ends of an input portion
and an output portion thereof, the output portion end connecting to the first
surface; and

wherein the set of input and output optical waveguides includes at least
three optical waveguides; and

~ wherein the offset is adapted to cause an oscillating mode in the at least

one of the one or more input optical waveguides.

2. The optical device of claim 1, wherein the oscillating mode has a beat

length L, of approximately:

2
N 81 Wy
o~

34

wherein:

ns = the core refractive index of the at least one or the one or more input
optical waveguides;

wes = the effective width of the respective input waveguide; and

A = a standard telecom wavelength.

17 -
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3. The optical device of claim 1, wherein the output portion of the at least one

of the one or more input waveguides has a length / expressed as:

;2 +24)n,w,

34,

wherein:

ns = the core refractive index of the waveguide;

Wes = an effective width of the at least one of the one or more input optical
waveguides;

As = a standard telecom wavelength; and

A=an intéger > 0.
4. The opticél device of claim 1, wherein the offset has a size of about wes/4 *

(0.1)werd4, wherein wesf4 is a width of a core of the at least one of the one or more

input optical waveguides.

5. The optical device of claim 1, wherein the optical device is a star coupler.
6. An optical coupler comprising:

a planar integrated optical device having at least one input optical
waveguide, a free space optical region and a plurality of output optical

waveguides, the optical waveguides end connecting to the free space optical
region, wherein:

the at least one input optical waveguide includes an offset in a core thereof
at joined ends of an input portion and an output portion of the at least one input
obtical waveguide, the at least one input optical wavéguide being configured to

have lateral mode oscillation in the output portion thereof.

-18 -



10

15

7. The optical coupler of claim 6, wherein the optical device is constructed on
a planar semiconductor substrate and the refractive index of a portion of the at
least one input optical waveguide is adjustable via an electrical bias applied

thereto.

8. An optical coupling method for operating a planar integrated optical device
having an input optical waveguide, a free space optical region and a plurality of
output optical waveguides, comprising:

sending light into a first end of the input optical waveguide sudh that a
center of a guiding mode of the light laterally oscillates in the input optical
waveguide near and before a second end thereof, the second end connecting to a
surface of the free space optical region, the output optical waveguides end

connecting to the free space optical region.

9. The method of claim 8, further comprising:
adjusting a refractive index of a portion of the input optical waveguide near
the second end to cause the center of the guiding mode to laterally oscillate in the

input optical waveguide near the second end.
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