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Abstract: We demonstrate that the fundamental mode of the two coupled
photonic crystal waveguides (PCWs) can be odd parity in a triangular
photonic crystal and their dispersion curves do intersect. Thus, the PCWs
are decoupled at the crossing point. By employing the decoupling at the
crossing-point frequency and ultra short coupling length for another
frequency, we designed a dual-wavelength demultiplexer with a coupling
length of only two wavelengths and output power ratio as high as 15 dB. A
loop-shape PCW is adapted to eliminate the backward energy flow.
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1. Introduction

Photonic crystals (PhCs) [1-4], composed of periodic dielectric materials, have been
intensively studied in the past decade, because they possess many unique properties to control
the propagation of electromagnetic (EM) waves. For instance, it has been demonstrated in
PhCs the prohibition of propagating modes at certain frequency regions (the so-called
photonic band gap), inhibition of spontaneous emission, and localization of EM waves in
cavities. It may very well be possible to create large-scale photonic integrated circuits (PICs)
based on PhCs and to improve the performance and cost efficiency of photonic systems. The
photonic crystal waveguide (PCW) is one of the most promising elements of PhCs to be
utilized in PICs[5,6]. A PCW is constructed by introducing a line defect into a perfect PhC to
create defect modes within the photonic bandgap; thus, the EM wave propagating in the PCW
is guided by the bandgap, instead of index-guided as in traditional waveguides. PCWSs have
various unmatched features such as extremely slow group velocity [7,8] and zero loss at sharp
bends [9]. Many compact photonic devices based on PCWSs have been proposed, e.g., splitters
[10], Mach-Zehnder devices[11,12], and dispersion compensators [13].

Recently, the power transfer properties of parallel coupled PCWs have been studied,
and devices such as directional couplers[14], switches [15], and multiplexers/demultiplexers,
[16,17] have been proposed using the waveguide coupling. It is worth noting that the large
dispersion of coupled mode splitting can be used to design various compact photonic devices.
A special caseisthe extinction of power transfer (referred to as decoupling) resulting from the
degeneracy of the eigenmodes[18]. The crosstalk between coupled PCWSsiis eliminated when
the decoupling is present. High-density PICs can be easily achieved through the decoupling.
For traditional waveguides, it is not an easy task to perform the decoupling [19,20]. It was
claimin Ref. 18 that in two coupled PCWSs, as long as a guiding structure is able to propagate
only two modes, the electromagnetic component of the fundamental mode must always be of
even parity. At no frequency can an odd mode become the fundamental mode. Hence, its
dispersion curve can never cross that of the first even mode. Decoupling is impossible. In
order to achieve decoupling or crossing dispersion, three defect modes are generated by
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“adding new pillars at the center of the intra-core region” so that “the second and the third
modes have opposite parities, and their dispersion relations intersect.”

In this article, we found it is not always true that the fundamental mode must be of even
parity. Without “adding new pillars at the center of the intra-core region” to generate
“dispersion relations intersect”, we do demonstrate the fundamental mode of the coupled
PCWs can be odd parity in the triangular photonic crystal and the dispersion curves of the
coupled PCWs intersect. Thus, the PCWs are decoupled at the crossing point. By employing
the decoupling at the crossing-point frequency and ultra short coupling length for another
frequency, we designed a dual-wavelength demultiplexer, which is a key component for the
fiber-to-the-home optical network. The dispersive splitting and decoupling between coupled
PCWs are described by the dispersion relations and verified by the finite-difference time-
domain (FDTD) method [21]. The coupling region of the demultiplexer is only 5 lattice
constants of the PhC, about two times as much as the wavelength interested. A loop layout of
the output port is adapted to improve the output power ratios which show as high as 15 dB.

2. Coupling of PCWs

A two-dimensional (2D) PhC consists of atriangular lattice of dielectric rods with the lattice
constant A in air. The diameter and the dielectric constant of the rods are 0.4 A and 12,
respectively. To form a PCW alinear defect of void rods is introduced into the perfect PhC.
The extended modes and the defect modes of the TM-polarization (the electric field paralels
the rod axis) along the I'-M direction are calculated by the plane wave expansion (PWE)
method [22]. The bandgap ranges from the normalized frequency (f) 0.26 through 0.45 and
the defect modes lie within the bandgap. The optical waves at defect modes are alowed to
propagate within the PCW. The linear defect PCW can be regarded as a chain of point
defects, and the defect mode is derived from the superposition of the longitudinal shifted
eigenmodes of each individual point defect. The dispersion of a linear defect PCW is well
fitted by

f=Q[1+xcos(kaA)], )

from the tight-binding (TB) approximation [23,24], where Q is the eigenfrequency of asingle
point defect and « is the coupling coefficient. In Eg. (1), only the coupling of the nearest
neighbor defects istaken into account.

As two parallel identical PCWSs are brought close enough to have the defect modes well
coupled, the defect modes will split into two eigenmodes. The smaller the separation of
waveguides, the larger the coupling and the more splitting in dispersion of the eigenmodes.

0.5
(@) (b) ¥ —
Extended mode 5 0.0.0 7 0 % Q o] . o) N
) O OgFeowwe OO0 oW ewe O
O OO0 3 ol|o e oF N e 5 0 '
0.4 0 0
o) O' @.o 0|0 b (o] O & 0
= O, CumOmmO 0|0 & 0
S 0
« 03 o~
~ ol | OWNOWFO "0 %ﬂ R g
O OOl C # o] . 0 ¢ ®)
0 0.0.0 0 8 0 Q
02 0 2 ogmomeo © of o 2o
ool NS
0 = @ O (WO WROWMEC o
0.00 0.25 0.50
k_\_ (2WA)
Fig. 1. (@ The energy band structures of the extended modes and defect modes of two
coupled linear PCWSs (I and I1). The defect modes of the coupled PCWs are split into two
eigenmodes, which cross at the point A. (b) The eectric field patterns appear as even parity
at the points of el and €2, and odd parity at ol and 02. The poor confinement of the electric
field at point 02 is aresult of being close to the band edge.
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Fig. 2. (8) The plot of the coupling length L as the function of frequency. The L varies rapidly
near fa = 0.432 (L over 75 A is not shown). FDTD simulated electric field maps of the coupled
PCWs at fa (b) and fz (= 0.361) (c) fed into PCW I. The coupling length of fois well beyond the
simulated extent and that of fgis 4.6 A. The field intensity in (c) decreases because part of the
power flows backward, as discussed in Section 3.

Since a stronger coupling leads to a shorter coupling length, implying a shorter device, here
we take the separation of two parallel PCWs (denoted as | and I1) as 1 A. The dispersion
relations are shown in Fig. 1(a). In addition, it is more convenient to proceed with the FDTD
simulation of strong coupling since its simulated extent is smaller. From the mode patterns
calculated by PWE, the eigenmodes appear to be an even parity and an odd parity (Fig. 1(b)).
Unlike the traditional index-guiding waveguide, the odd mode mainly has an eigenfrequency
lower than the even mode, since in this case the effective index of refraction at the guiding
region of the PCW is lower than the index of the adjacent PhC. These two modes are
degenerate at the point A (k« = 0.353, fa = 0.432). It has been reported that the coupling
length L can be well described by the eigenmode expansion [18,25]; L can be written as
A/(2AK), where Ak = (k;-k), and k; and k, are the normalized wavevectors of the even and odd
modes at a given f. Apparently, Ak strongly depends on f, suggesting the splitting of large
dispersion.

The analytic dispersion relations of even and odd modes can be separately obtained by
fitting with Eq. (1), thus L as the function of f can be plotted as shown in Fig. 2(a). The value
of L varies dramatically from 2.5 A to infinity for the coupled PCWs. Infinite L occurs at
point A, attributed to the degeneracy of the eigenmodes and the fact that Ak = 0.
Consequently, the incident optical wave excites either PCW | or Il a fa = 0.432, and is
retained without crossing to the other PCW. The real-time evolution of the optical waves in
the coupled PCWs is simulated by the FDTD method (Fig. 2(b)). If one launches a Gaussian
wave with a width of \/3/2 A a frequency fa in the PCW I, then both eigenmodes will be

excited. The optical wave keeps traveling in PCW | without observable power transferring
into PCW 11, even though its field extends over the PCW I1. Hence, when they are operated at
point A, the two PCWs are decoupled. Decoupling does not imply “no coupling” existing
between the PCWs. In fact, those PCWs are ill coupled at point A, but their two
eigenmodes propagate at the same wavevector with no beating between the eigenmodes.

3. Demultiplexing

Let fa correspond to A, = 1300 nm, and fg = 0.361 for Az = 1550 nmthusLg = 3.6 A and Ak =
0.136. The FDTD simulated optical wave of fg transfers back and forth periodically between
the two PCWs, because of beating of the eigenmodes (Fig. 2(c)). L isabout 4.6 A closeto the
predicted value. The waves of f, and fg therefore would be demultiplexed, due to the
distinction of decoupling and coupling. The demultiplexer of our preliminary design (denoted
as Demux 1) is shown in Fig. 3. Two feeding PCWs are separated by five rows of rods to
prevent coupling, and the coupling region is 4 A long with one row separation. Clearly, the
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Fig. 3. FDTD simulated electric field maps of coupled PCWs; a bar state for f, (a) and cross
state for fg (b), while both forward and backward couplings happen to fs. As the feeding port
of PCW |1 isremoved (c), the wave of fg transfers back to PCW |.

wave of fy propagates only in PCW | without power transferring, and the wave of fg
completely transfers to the PCW |1 through the coupling region. In other word, the coupled
PCWs demonstrate a bar state to fa and a cross state to fg. The output power ratio (the power
at the desired output port to the residue power at the other output port, Py/P,) of fa is 26 dB
(Table 1). However, the ratio of fg isonly 10.7 dB, since the wave propagates in both forward
and backward directionsin PCW Il. The efficiency of Demux | is reduced accordingly. The
backward coupling is attributed to discontinuity of the effective index at the coupling region.
To overcome this matter is not trivial, since various interactions, e.g., coupling, reflection,
interference or diffraction, are present at the coupling region. As Fig. 3(c) shows, simply
removing the feeding port of PCW Il does not work, for the wave is bounced off the PCW 11
back to PCW | and the demultiplexing is destroyed.

Table 1. Output Power Ratios of Demultiplexers*

Demux | Demux 11

P./P, (dB) P1/P; (dB) P./P, (dB)
fa 26 26 15.6
fs 10.7 6 16.2

* fa= 0.432, fg = 0.372. P, isthe power at the desired output port, P, the residue
power at the other output port, and P; the backward power of PCW 11.

We therefore propose a novel design (denoted as Demux I1) to deal with the backward
coupling. Instead of removing the feeding port of PCW |1, we make it a hexagonal loop with
the coupling length of 5 A, as shown in Fig. 4. The backward coupled wave can merge with
the forward wave after traveling the loop. 1n phase or congtructive interference of the forward
and backward waves at the merging point is crucial for maximum output power. If thereisa
phase mismatch, part of the coupled wave will transfer back to the PCW I. The interference
can be tuned by changing the shape or size of the loop. The optimum designin Fig. 4(a) isto
make the hexagonal loop three rows in width and five rows in length, so that the interference
is congtructive. The output power ratio of fg isincreased to 16.2 dB as the backward wave is
eliminated (Table 1). The inevitable penalty is the output power ratio of f5 decreasesto 15.6
dB, which is comparable to the previous result [14]. Some changes in either width or length
of the loop will shift the constructive interference and decrease the output power ratio, as
shown in Fig 4(b).
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Fig. 4. (a) The loop layout applied to the PCW Il for eiminating the backward
coupling. The coupled forward and backward waves are in phase at the merging
point (marked with the red circle). (b) The coupling efficiency decreases, as the
waves are not in phase at the merging point. The frequency isfs.

4, Discussion

For the extremely large splitting (Ak = 0.136) of the coupled PCWSs, a coupling length of only
4.6 A isrequired for total transfer of power. In our design, the coupling region is5 A (equal
to two wavelengths). However, it is still rather tiny compared with traditional coupling
devices of millimeter scale. In addition, only one L (for fg) has to be taken into account for
demultiplexing. That shortens the length required for power transfer and simplifies the
design. The situation becomes more complicated if two different and finite Ls are involved at
the coupling region.

We test the demultiplexing bandwidth by injecting an optical wave deviated from the
nominal frequencies with the FDTD simulation. The available bandwidth (Af/f) around fg is
about 5%. That is enough to cover the bandwidth of typical laser diodes employed in optica
communication networks. The demultiplexer operated near fo appears with a much wider
bandwidth, because the coupling length is much longer than the coupling region. Hence the
influence of coupling length variation can beignored.

Here, we propose a novel design of the demultiplexer based on the unique properties of
coupled PCWs and illustrate that the design is compact and practical, without yet pushing for
its optimum performance. Overall, the dual wavelength demultiplexer is highly efficient and
compact, and very useful to the high-density PICs. We believe the performance, for example,
output power ratios, can be further improved by fine tune of the geometrical features. For
instance, one can refine the design to have a coupling region with an integer multiple of the
lattice constant to increase the output power ratios.

5. Conclusion

Without adding new rods at the center of the intra-waveguide region, we demonstrated the
fundamental mode of the coupled PCWSs can be odd parity in the triangular photonic crystal
and the dispersion curves of the coupled PCWs do intersect. Thus, the PCWs are decoupled
at the crossing point. By employing the decoupling at the crossing-point at wavelength of 1.3
um and ultra short coupling length of 5 lattice constants at 1.55um, we designed a dual-
wavelength demultiplexer with output power ratio as high as 15 dB. A loop-shape PCW is
proposed to increase the demultiplexing efficiency. A congructive interference a the
merging point of the loop is necessary to have the maximum power transfer.
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