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Abstract: Novel type of microstructured optical fiber couplers is
introduced where energy transfer is enabled by transverse resonator arrays
built into a fiber crossection. Such a design allows unlimited spatial sepa-
ration between interacting fiber cores which, in turn, eliminates inter-core
crosstalk via proximity coupling, thus enabling scalable integration of
many fiber cores. Moreover, in the limit of weak inter-resonator coupling,
resonator arrays exhibit moderate polarization dependence.
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1. Introduction

Thiswork is a continuation of [1] where we have introduced the concept of transverse waveg-
uides inside of a microstructured optical fiber (MOF) crossection. This work addresses one
of the magjor trends in the development of all-fiber devices - integration of multiple optical
functionalities in a single fiber. The ultimate goal is being able to fabricate in asingle draw a
complete all fiber component provisioned on a preform level. Among others, the advantages
of al-fiber devices are: simplified packaging, absence of sub-component splicing losses, en-
vironmental stability due to the absence of free space optics. Many of the interesting func-
tionalities that fiber devices offer such as modal dispersion profile design, directional power
transfer between several fiber cores[2, 3, 4, 5, 6, 7], inter-mode conversion, etc. rely critically
on proximity interaction between modes localized in different spatial regions. Requirement of
finite overlap of interacting modes, typically, forces multi-core systems to be designed to op-
erate on aprinciple of proximity interaction, where different cores are placed in the immediate
proximity of each other. Such arrangement forms an all-interacting system where all the fibers
have to be considered simultaneously with a complexity of a system design increasing dra-
matically with the number of fiber cores. We argued that while it can be beneficial to have
individual sub-components designed on a proximity principle, scalable integration of several
of them in the same fiber would rather require individual spatially separated “ non-interacting”
sub-components and a transverse lightwave circuitry enabling connectivity between them. In
[1] we have demonstrated the principles of design of the transverse lightguides that enable long
range resonant energy transfer between two greatly separated cores. Such transverse waveg-
uides were introduced by dlightly changing the diameters of al the holes aong the line joining
the two hollow cores. We have also established that energy transfer through such a waveguide
was strongly polarization dependent.

In this paper we present another type of transverse lightguides - weakly coupled resonator
arrays which are considerably less polarization sensitive. We believe that such arrays is an
excellent starting point for design of polarization insensitive resonant couples in the multicore
MOFs.

2. Structure and definitions

In this paper we consider directional coupling between two arbitrarily far separated hollow
coresinaMOF. Initstraditional design two fiber cores are placed in a close proximity of each
other. In such a geometry complete energy transfer from one core into the other is possible
after propagation over a certain coupling length L, and is due to evanescent coupling of the
modal fields. When two cores are spaced further apart coupling reduces dramatically resulting
in an exponentia increase of the coupling length making such a coupler unpractical. In what
follows we demonstrate a resonant, rather than proximity, directional coupling which alows
energy transfer between two fiber cores regardless of the separation between them. Moreover,
suggested coupler geometry is only moderately polarization dependent. To demonstrate the ro-
bustness of our design and to investigate the importance of band gap confinement on coupler
radiation losses we choose the most challenging case - design of long range coupling between
two hollow core fibers guiding in the band gap of a surrounding 2D photonic crystal cladding.
Structure and modal properties of individual hollow waveguides are detailed in [8]. Briefly,
hollow core is formed in a silica based MOF with cladding refractive index n = 1.45 by re-
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moving two rows of tubes and smoothing the resulting core edges. The pitchisA = 2um, hole
diameter isd/A = 0.9, total number of hole layersis six. Fundamental bandgap where the core
guided modes are found extends between 1.29um < A < 1.40um. To form a coupler we place
two hollow cores N periods apart from each other asin Fig. 1(a). Transverse waveguide isthen
introduced by dightly reducing the diameters d,, of some of the holes along the line joining
the cores. In the rest of the paper we use dy/A = 0.7. As hollow core size is relatively small,
in order to not disturb too much guided hollow core mode we keep sizes of the N,y > 1 holes
closest to the cores unchanged. Periodic array of defects is then formed by reducing diameters
of the appropriate holes so that the separation between them is the same and equal to Ny > 1,
Figs. 1(b)-(i-iii).

Two core coupler
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Fig. 1. Schematic of a two hollow core MOF coupler. Cores are separated by N lattice
periods. Transverse waveguide is formed by a periodic array of holes of smaller diameter
(resonators) separated by Ny, periods; Ny, holes closest to the cores are not modified.

In a stand aone fiber, lowest loss mode is a degenerate doublet with electric field vector
having either x or y dominant component. We call such fields as x or y polarized. When second
identical core is introduced, interaction between the core modes of same polarization leads to
appearance of even and odd (with respect to areflection in QY axis) supermodes with effective
refractiveindexes defined respectively asny;, and n.?; closely spaced around nd; ; of ahollow
core mode of a stand aone fiber. Inter-fiber coupling strength is then defined by the difference
inreal parts of supermode effective indexes Any; = |Re(n?;” — ni?; )|, while modal radiation
losses are defined by the imaginary parts of their effective indexes. Coupling length over which
power launched in one core will be completely transferred into the other one is then L&Y =
A/ (28n%).

Coupler radiation loss can then be estimated over asingle coupling length as P(Lg”) /P(0) =
exp(—L&Y /L), where power decay length isdefined as Ly = A /(4rmax(Im(ny;))). At this
point a comment on the origin of a coupler lossisin order. In this paper we consider band gap
guided modes that propagate above the light line of a cladding. Thus, even in the absence of
material losses there will be a supermode radiation loss due to modal energy leakage into the
cladding through afinite size photonic band gap reflector. To counter such a radiation loss one
can simply increase the number of reflector layers (layers of holes) surrounding the coupler
structure. In this paper we chose to work with 6 layers which is a reasonable number for the
microstructured fibers avail able today.

As fields of the PBG guided core modes decay exponentially fast into the photonic crystal
cladding, proximity coupling between the coreswill decrease exponentially fast with increasein
the inter-core separation. Detailed analysis outlined above shows that for inter-fiber separation
N = 4 coupling length is ~ 10cm, for N = 7 itis~ 1m, whilefor N = 11 it is ~ 20m. Moreover,
at a given frequency coupling lengths for different modal polarizations can differ significantly
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resulting in a strong polarization dependence of a coupler. In the following we demonstrate
coupling via weakly polarization dependent resonator arrays exhibiting coupling lengths on a
cm scale for arbitrary inter-core separations.

3. Weakly coupled fiber arrays

Inwhat follows, dispersion relations of the supermodes of acomplete coupler (comprised of the
two hollow cores and resonators) were calculated with a Finite Element Method (FEM) mode
solver [9]. Predictions of the supermode analysis for the coupling length and coupler losses
were then verified by a FEM Beam Propagation Method (BPM)[10].

To provide an intuitive understanding of the modal structure in the multicore resonant cou-
plers we start by summarizing coupled mode theory for the supermodes in weakly coupled
fiber arrays (multicore fibers). We use Hamiltonian formulation of Maxwell equations for the
transverse electromagnetic field components of the modes of a uniform waveguide [11, 12].
We assume that transverse dielectric profile £(r) of a multicore waveguide is comprised of
two hollow core waveguides coupled via N, weakly interacting resonator waveguides. Dielec-
tric profiles of stand alone waveguides are defined as €(rt), i = [1,N; + 2]. Efficient coupling
between several cores requires phase matching of the corresponding core modes of stand alone
fibers. At a particular wavelength Ag, phase matching condition implies that the propagation
constants 3°(Ao) of all the core modes of stand alone fibers are equal to each other. For wave-
lengths close to a phase matching point A ~ Ag, electromagnetic fields F; of a supermode with
a propagation constant 3(A) can be represented as linear combinations of the modal fields Fg
of stand alone fibers entering with expansion coefficients B (A ):

Nr+2

Flred) = 3 R(A)FG(re. Ao), €

where we assumed that modal fields F) are not changing considerably in the vicinity of Ao.
By substituting this expansion into Maxwell Hamiltonian [12], and after using orthogonality
relations between guided modes one arrives at a generalized eigen value problem with respect
to a supermode propagation constant 3(A ) and a vector of expansion coefficients P:

B(A)NP(A) =ND(A)P(A) +AHP(A). 2

Wavelength independent mode overlap N and coupling AH matrixes, and diagonal matrix D(A)
are defined as:
Nj.i = 32 dre (ES x HY +E% x HY)
AHj,i:%’fdrt(e—si)(E?j*~E8+%ESj*E§-) : ©)
Di,i(A)=B’(A)

In the analysis of weakly coupled resonator arrays, matrices N and AH assume a tridiagonal
form. Thus, denoting left and right hollow waveguides by indexes “Lw” and “Rw”, denoting
the identical equally spaced resonators by index “r”, and assuming only the nearest neighbor
interactionswe arrive at the following general form of the normalization and coupling matrices:

1 Ny 0 Gy
NG 1N ch 0 COfF
Ny 1 Ny - o0 Gf
N= . . . (AH = . . . .
N5 1 Ny cCR o0 CR
Neoo1 N cr o cf
Ng 1 cR 0

(@)
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where hollow core - resonator interaction isintroduced through the coupling parameters C, =
AHpwyr, CLy = AHr L, CR. = AHRwr, CR, = AH; pw, While inter-resonator coupling is described
by the parametersC- = AHy, r, ,, CiR = AHy, r,,,; mode normalization isassumed tobe Ni j =
1. Two dominant coupling mechanismsin this system are due to the hollow core - resonator and
inter-resonator interactions. Thus, without the loss of generality to make qualitative analysis
simpler we further assume that six complex coupling parameters can be reduced to just two
real parameters Cyy = Ck, = CR =Cf, =CR,, and G, = C5R = C*. Note that by choosing
Ck, = CR we have assumed that a resonator mode is even, which is typical for a fundamental
mode of a stand alone waveguide. To treat odd resonator modes one has to assume Cl;, = —CR..
Coupling coefficients between band gap guided modes situated in different fiber cores will
decrease exponentially fast with an increase in the separation between such cores. Thisis due
to the evanescent behavior of the modal fields in the band gap cladding surrounding the cores.
Note, however, that evanescent behavior of the fields is ensured by the band gap, rather than
operation beyond the cladding index cut-off (asin conventional waveguides).

In the case of coupling through an array of weakly interacting resonators, supermode dis-
persion relations and coupling characteristics will be only moderately polarization dependent.
Particularly, fundamental modes of the stand al one hollow core waveguides and resonators con-
sidered in this paper are degenerate doublets |abelled as x any y polarized modes. Therefore, for
a complete coupler, in the absence of interaction between coupler sub-components, the point
of phase matching between the hollow waveguide and resonator modes will be the same for
both polarizations. From perturbation theory it follows that in the case of a weak coupling be-
tween coupler sub-waveguides, wavelengths of the coupling resonances for both polarizations
will remain close to the same phase matching frequency in the absence of coupling. Coupler
polarization dependence will then arise through the polarization dependence of the normal-
ization and coupling matrices (4) and will manifest itself in the somewhat different resonance
frequencies and coupling lengths at resonance.

Finally, we would like to note that not all the modes of a resonator are degenerate doublets,
some of the higher order resonator modes can be true singlets. When operating at the wave-
lengths corresponding to the excitation of such singlet resonator modes, coupler will exhibit
strong polarization dependence. Particularly, even if the mode of operation of a hollow waveg-
uide is a degenerate doublet supporting x and y polarizations, only one polarization of a hollow
waveguide mode will be able to couple to aresonator singlet due to symmetry considerations,
thus resonant coupling will only be observed for one of the polarizations. In the rest of the pa-
per we will concentrate on the case of moderate polarization dependence of a coupler in which
interaction is between the degenerate doublets of the hollow core and resonator waveguides.

Inwhat follows, we disregard the so-called “self-slowing” termsN; j ; j # j dueto overlap of
the modes situated on the different cores. We further assume that hollow core - resonator cou-
pling is much weaker than inter-resonator coupling Cyy < C;; S0 not to disturb considerably
the fields of the hollow core modes. For the brevity of presentation, al the derivations in this
paper are done for the case of an even resonator mode. With these assumptions, coupling be-
tween hollow cores mediated by a periodic resonator array can be readily understood. In Fig. 2
we present schematics of dispersion relations of the coupler supermodes modes as well as their
propagation constants and expansion coefficients at a phase mathcing point for the case of one,
two and three resonators.

3.1. Coupling via one resonator

We start with a case of two hollow cores coupled via one resonator. In Fig. 2(a) dispersion
relations (A ) of the supermodes relative to adispersion relation of acore mode of astand alone
hollow core fiber B(A) is presented. Fine black dotted line represents dispersion relation of a
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Fig. 2. Schematic of the supermode dispersion relations in weakly coupled a) 1, b) 2, ¢) 3
resonator arrays. Dispersion relations are plotted with respect to the one of a stand alone
hollow core waveguide. Solid red curves - even supermodes, dotted blue curves - odd su-
permodes. Black dotted curve - dispersion relation of afundamental mode of a stand alone
resonator. |nserts - schematics of the field distributions at a phase matching point Ag.

guided mode of astand alone resonator which at Ag is phase matched with core guided modes of
the hollow waveguides. By solving eigen problem (2) near Ag we find that at the point of phase
matching three degenerate modes split. Corresponding supermodes are formed by proper linear
combinations of the three modes of the corresponding stand alone waveguides. Assuming that a
resonator mode is even, then there will be one odd and two even supermodes. Field distribution
in the odd supermode (dotted blue curve) presents an antisymmetric combination of the fields
of the two hollow core modes with no contribution from aresonator mode. Not surprisingly, the
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propagation constant of such a supermaode (point 2) will be equal to the propagation constant
of a mode of a stand alone hollow core fiber. The two other supermodes (red curves) will
be even, exhibiting avoiding crossing in the region of phase matching. Field distributions in
such supermodes show strong mixing (interaction) of the hollow core modes with the resonator
modes.

In the case of two identical hollow core waveguides coupled via a single resonator com-
plete power transfer between the hollow cores is till possible at the point of phase match-
ing Ap at which distance between the points 1 and 2 is the same as the one between the
points 2 and 3. At Ag, which we also call a resonant wavelength, we define s1, s, and s3
to be the fields of the supermodes with propagation constants B; = BS — v2Cur, B2 = B9,
and B3 = BY+ v/2Cyr (Fig. 2(a)). Then, linear combination (s; + S3)/2+ S, corresponds to a
field distribution of a core guided mode in the left hollow waveguide only. After the propa
gation distance L¢ = 11/ (v/2Cw) = /(B3 — B2) = 11/ (B2 — B1), modal composition becomes
(—(s1+3)/2+4 sp)exp(jBzLc), which corresponds to the field distribution of a core guided
mode in the right hollow waveguide only. Note that coupling length isinversely proportional to
the waveguide - resonator coupling strength.

Out of the resonance A # Ag we adopt the following definition of a coupling length:

- Lc =A/(2Anef1) (5)
Anet s = min(|Re(ng; ¢ — nger)l, IRe(NZe —n3e)]) -

BPM simulations confirm that even out of the resonance power launched into the left core
reaches its maximum in the right core after propagation over such a defined coupling length
(see next section). At resonance, power transfer is complete, while out of resonance only partial
power transfer is observed. To characterize radiation losses of a coupler with 3 interacting
modes we define power decay length Ly and power loss per one coupling length as:

Lg = A /(4rmax(Im(ng¢¢), Im(nges), Im(ng))
P(Lc)/P(0) = exp(—Lc/La) '

In Fig. 3(a) we use expressions of a supermode analysis (5,6) to predict coupling length and
losses per one coupling length for a one resonator coupler showed on Fig. 1(b)-i. Recall that if
no resonator were present coupling length between the two cores separated by 11 periodswould
be ~ 20m. After introduction of aresonator, coupling length is reduced by almost two decades
to 7cmfor y polarization and 12cmfor x polarization. As expected, resonant wavelengths for the
x and y polarizations are amost the same. In the lower part of Fig. 3(a) intensities of the modal
electric fields are presented for a mode 1 of Fig. 2(a) showing agreement with the predictions
of a coupled mode theory (2). The widths of the resonances are proportional to the hollow
waveguide - resonator coupling strength C,,,. Total power loss over one coupling length are
predicted to be 25% for y and 20% for x polarizations. Out of the resonance both coupling
length and loss rapidly increase.

(6)

3.2.  Coupling via two resonators

In Fig. 2(b), dispersion relation of the supermodes relative to a dispersion relation of a core
mode of a stand alone hollow core fiber are shown for the case of two hollow waveguides
coupled via an array of two resonators. As in the case of one resonator, at a phase matching
point all the degenerate modes (two of the hollow waveguides and two of the resonators) will
split by forming four properly symmetrized supermodes. Modes 1 and 4 will be split the most
with adifferencein their propagation constants (34 — 1) ~ C;r being proportional to the inter-
resonator coupling strength. Field distribution in these supermodes will be dominated by the
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fields of the excited resonator modes. Modes 2 and 3 will be split the least with a differencein
their propagation constants (83 — B2) ~ C2, /Crr < Cyr. Field distribution in these supermodes
will be dominated by the fields of the hollow waveguide core modes.

The key feature of this system is appearance of two new resonances at the wavelengths
A+1 corresponding to the points of avoiding crossing of the resonator supermodes 1 and 4
with the hollow core waveguide supermodes 3 and 2. In the vicinity of the resonances A1
band diagram (Fig. 2(b)) is similar to that of a single resonator coupler (Fig. 2(a)), suggesting
that coupling between two hollow cores is mediated by the excitation of one of the collective
resonances of atwo resonator structure. As before, we define resonant wavelengths A1 as the
ones at which propagation constants of the three supermodes closest to a propagation constant
of a mode of a stand alone hollow core fiber are equally spaced from each other. Spacing
between such resonances will be proportional to the inter-resonator coupling strength |Asq —
Ao|/Ao ~ AovgCrr, Where vg is a group velocity of the resonator modes in the units of ¢. Same
definition of coupling length asin (5) can be used to analyze power transfer between the hollow
cores in the vicinity of such resonances. Complete power transfer between the hollow cores
is again possible at the resonances A..1, with the coupling length being inversely proportional
to the hollow waveguide - resonator coupling strength L ~ Gy, and independent of the inter-
resonator coupling strength.

In Fig. 3(b) we use supermode analysis (5,6) to predict coupling length and losses per one
coupling length for atwo resonator coupler showed on Fig. 1(b)-ii. As expected from the band
diagram in Fig. 2(b), for each polarization there are two resonances with a separation between
them proportional to the inter-resonator coupling strength. At such resonances, coupling length
isonly 2.5cm for y polarization and 5¢cm for x polarization. By comparison with a single res-
onator array we observe that coupling length at resonance for a two resonator array is further
reduced due to an increase in the hollow waveguide - resonator coupling as waveguide - res-
onator separation N, becomes smaller (from 5 to 3). Resonant wavelengths for the x and y
polarizations are somewhat different. In the lower part of Fig. 3(b) intensities of the x and y
polarized modal electric fields are presented for the mode 1 of Fig. 2(b) at the resonance A_;
showing an agreement with coupled mode theory predictions. Note that resonator fieldsin the x
polarized mode (point 1) are extended more toward each other than corresponding fieldsin the
y polarized modes (point 1y), which explainswhy Cf; > C; thisalso explainslarger separation
between the resonances for x polarization. The widths of the resonances are proportional to the
hollow waveguide - resonator coupling strength C,,, which are also somewhat different for both
polarizations. Total power |oss over one coupling length at resonances are ~ 6% for y and 10%
for x polarizations. Out of resonance, coupling length and loss of the power per coupling length
rapidly increase. In between the two resonances coupling length and radiation losses remain
relatively small for y polarization, while they become considerable for x polarization, making
such a coupler polarization dependent.

3.3. Coupling via three resonators

In Fig. 2(c), dispersion relation of the supermodes relative to a dispersion relation of a core
mode of a stand alone hollow core fiber are shown for the case of two hollow waveguides
coupled via an array of three resonators. As in the case of two resonators, there are several
resonant wavelenghts A_1 g 1 corresponding to the points of avoiding crossing of the resonator
supermodes with the hollow core waveguide supermodes. In the vicinity of the resonances band
diagram is similar to that of a single resonator coupler, suggesting that coupling between two
hollow cores is mediated by the excitation of one of the collective resonances of a three res-
onator structure. Spacing between coupler resonances will be proportional to the inter-resonator
coupling strength. Complete power transfer between the hollow cores is possible at the reso-
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nances, with the coupling length inversely proportional to the hollow waveguide - resonator
coupling strength, and independent of the inter-resonator coupling strength.

In Fig. 3(c) we use supermode analysis (5,6) to predict coupling length and losses per one
coupling length for athree resonator coupler showed on Fig. 1(c)-iii. As expected from the band
diagram Fig. 2(c), for each polarization there are three resonances with a separation between
them proportional to the inter-resonator coupling strength. At such resonances, coupling length
is 16cmand 3cm for y polarization, and 5¢cm and 4cm for x polarization. Total power loss over
one coupling length at resonances are 25% and 7% for y polarization, and 10% and 18% for
X polarization. Out of resonance, coupling length and loss of the power per coupling length
rapidly increase. In the lower part of Fig. 3(c) intensities of the x and y polarized modal electric
fields are presented for the supermodes 1 and 2 of Fig. 2(c) at resonances A_1 (points 1,y on
Fig. 3(c)) and Ap (points 2y on Fig. 3(c)) showing an agreement with coupled mode theory
predictions.

— y-polarization
—— x-polarization
2 2l
10 10
E E
£ o
ey o
3 3
1 1
10 10
1.308 131 1312 N 1314 1.316 1318 1.308 131 1312 N 1314 1316 1318 1308 131 1312 A 1314 1316 1318
= = <
51 g 51 51
] ) 8 3
2 } g g
= b = -
5 5 §
3 g ]
8 8 g
] -1 -1
10 10 10

1.308 131 1312 1314 1316 1318 1308 131 1312 1314 1316 1318 1308 131 1312 A 1314 1316 1318

Fig. 3. Supermode analysis predictions. Coupling length, loss per one coupling length, and
intensities of electric fields at resonances for the weakly coupled @) 1, b) 2, ¢) 3 resonator
arrays. Dotted blue curves - x polarization, solid red curves - y polarization.
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3.4. Coupling via more than three resonators

In a case of more than three resonators N, > 3 analytical expressions for the propagation con-
stants at a phase matching point become cumbersome. However, in the limit when Cy <
Cir/N; coupling via an array of N, resonators can still be readily understood (Fig. 4). First
of al, at a phase matching point Ag degenerate modes will split into N, + 2 supermodes. Field
distribution in most of them will be dominated by various mixing of resonator modes with only
avery small content of the modes of hollow waveguides; corresponding propagation constants
of such modeswill becloseto B — B9 ~ 2C.;sin(mi /(Ny 4 1)), wherei = —[N; /2], [N, /2]. Field
distributionsin the two or three modes with the propagation constants closest to the propagation
constant B9 of amode of astand aone hollow core waveguide will exhibit strong mixing of the
resonator modes with the modes of the hollow cores. In the case of even number of resonators,
the split in the propagation constants of the two supermodes closest to B will be proportional
to C2, /Cry < Cyr. In the case of odd number of resonators (Fig. 4), the split in the propagation
constants of the three supermodes closest to B9 will be proportional to Cy.

In spectral domain one observes appearance of N; resonances. Spacing between such reso-
nances will be proportional to the inter-resonator coupling strength divided by the total number
of resonators, while |Aj — Ao|/Ag ~ AgVg2C;rsin(7ti /(Nr +1)), i = —[N: /2], [Ny /2]. Inthe vicin-
ity of the resonances band diagram is similar to that of a single resonator coupler, suggesting
that coupling between two hollow cores is mediated by the excitation of one of the collective
resonances of an N; resonator structure. Thus, at any resonance supermode analysis can be
performed taking into account only three supermodes with propagation constants closest to the
propagation constant of a mode of a stand alone hollow core waveguide. Such an analysis will
be valid assuming that higher order modes are sufficiently far avay Cr < C;r/N;. Splitin the
propagation constants of interacting supermodes will be proportional to the hollow waveguide
- resonator coupling strength C,. At such resonant wavelengths complete power transfer from
one hollow core into the other is possible after propagation over a coupling length L, ~ Gt
inversely proportional to the hollow waveguide - resonator coupling strength, independent of
the inter-resonator coupling strength.

4. Comparison of a supermode analysis and beam propagation method

We use FEM-BMP [10] to confirm predictions of a supermode analysis for the values of cou-
pling length and loss per coupling length defined in (5,6). To do that we revisit the case of a
two resonator coupler of Fig. 1(b)-ii. In a BPM simulation we launch a mode of a stand alone
hollow core fiber into the left hollow waveguide and then record total power in the hollow core
of the right waveguide as a function of propagation length. Coupling length is then defined as
propagation distance corresponding to the first maximum of the total power in the right hollow
core. InFig. 5(a) in solid curves we present coupling length as defined from modal analysis (5),
while in dotted curves with circles coupling length is shown as calculated by BPM. Excellent
agreement between the two methods is observed even outside of the resonance, suggesting that
three supermode analysisiswell applicable for the analysis of weakly coupled resonator arrays.
Good agreement is also observed between supermode analysis prediction (6) and BPM simula-
tions for the total power loss per one coupling length (Fig. 5(b)). In BPM the loss is given by
the difference between the initial power launched into the left core and the total power left in
the two cores after propagating over one coupling length.

Directly at resonance complete power transfer is expected so that after propagation over
one coupling length L. there is no power left in the left core with all the remaining power
transferred into the right core. Out of resonance, only partial power transfer is expected. In
Fig. 5(c) in blue dotted lines for x polarization and in red solid lines for y polarization we
plot the power remaining in the left core and the power transferred into the right core after
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Fig. 4. Schematic of supermode dispersion relationsin aweakly coupled Ny = 11 resonator
array. Dispersion relations are plotted with respect to the one of a stand alone hollow core
waveguide. Solid red curves - even supermodes, dotted blue curves - odd supermodes,
black dotted curve - resonator mode in the absence of coupling. At each of the N, coupling
resonances A, i = [—5,5| energy transfer from one hollow core into the other is possible
viaexcitation of one of the collective resonance of an 11 resonator array.

propagation over one coupling length (note that at each wavelength coupling length is different
Fig. 5(a)). In black lines we plot total power in the two cores remaining after propagation over
one coupling length. We observe that even out of resonances, in the whole mode interaction
region 1.311um < A < 1.314pum power transfer between the cores after one coupling lengthis
in the range of 70— 90%, the power remaining in the first coreisin the range of 0— 20%, while
the total power lossis amost constant and equal 10%.

Necessary condition for polarization insensitive operation of a coupler is the equality of the
coupling lengths for the two polarizations. In Fig. 5 thin vertical dotted lines signify two wave-
lenghts (which we further call wavelengths of polarization insensitive operation) at which this
condition is satisfied. Such wavelengths do not coincide with coupling resonances neither for
x nor for y polarizations. Thus, an interesting question is to characterize partial power trans-
fer from the left core into the right one close to the wavelengths of polarization independent
operation. We demonstrate our analysis for A ~ 1.3118um. In Fig. 5(d) in blue dotted lines
with circles for x polarization and in red solid lines with circles for y polarization we plot the
power remaining in the left core and the power transferred into the right core after propagation
over afixed propagation length L. = 10.5cm corresponding to the coupling length for the x and
y polarized modes at the point of polarization independent operation. At resonance, for both
polarizations, the transmitted power in the right core is 80% with only 5% remaining in the
left core. Out of the resonance, power transfer efficiency diminishes. We call a bandwidth of
such a coupler a wavelength region where the power transferred into the right core is larger
than the power remaining in the left core. With this definition we find the coupler bandwidths
of 0.25nm for x and 0.5nm for y polarizations. In principle, to increase coupler bandwidth one
has to augment hollow waveguide - resonator coupling strength.
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Fig. 5. Comparison between moda analysis predictions and BPM simulations for the a)
coupling length, b) loss per one coupling length. Solid curves - mode analysis, dotted
curveswith circles - BPM. Blue curves - x polarization, red curves - y polarization; c) BPM
simulations of power transfer from the left core into the right core. Blue dotted curves (x
polarization) and red solid curves (y polarization) - power in the left and right cores after
one coupling length; black curves - total power in both cores after one coupling length.
Cyan dotted curves with circles (x polarization) and magenta solid curves with circles (x
polarization) - power in the cores after propagation over a fixed distance L. = 10.5cm cor-
responding to a coupling length at the resonance A ~ 1.3118um.

5. Conclusions

Novel class of microstructured optical fiber couplers is introduced that operates by resonant,
rather than proximity, energy transfer via transverse resonator arrays introduced between fiber
cores. Such transverse waveguides allows significant spatial separation between interacting
fibers which, in turn, eliminates inter-core crosstalk via proximity coupling and allows scal-
able integration of multiple fiber sub-components. At resonances, controllable energy transfer
of both modal polarizations between the cores is achieved over the coupling lengths of several
centimeters regardless of the inter-fiber separation. Frequency separation between consecutive
resonances is proportional to the inter-resonant coupling strength, while bandwidth of such a
coupler at a resonance is proportional to a waveguide - resonator coupler strength. Findings
based on mode analysis were confirmed by direct BPM simulations. Transmission through
weakly coupled resonator array show modest polarization sensitivity making such structures a
good departing point for polarization insensitive designs.
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