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We propose an ultracompact channel drop filter (CDF) based on photonic crystal nanobeam cavities. The condi-
tions for implementing such an ideal CDF are derived from the temporal coupled-mode equations governing the
operation of the CDF. By considering the intercoupling of the two involved nanobeam cavities, some ambiguities
of the previous equivalent circuit model analysis are cleared up. Practical configurations on silicon-on-insulator
(SOI) for the proposed CDF are suggested with a typical length less than 15um. Finite difference time domain
(FDTD) method calculations show that the proposed filter can achieve drop efficiency higher than 99% without
any reflection. Compared to the \/4-shifted Bragg grating resonators based CDF, the proposed CDF is more
compact, high-efficient and reflection-free. It is also easy to implement a low-power tunable filter due to the
ultrahigh quality factor Q) and ultrasmall modal volume V of the involved photonic crystal nanobeam cavities.

PACS: 42.79.5z, 42.79.Ci, 42.82.Et, 42.82.Gw

Optical channel drop filters (CDFs) are essen-
tial components in many fields including integrated
optoelectronics, optical communication, and inter-
connect systems.["”) These CDFs usually encom-
pass some resonators, gratings or other wavelength-
dependent parts. For instance, microring resonatorl’]
based CDFs were widely used as optical modulators,
switches, routers, and other components in on-chip
optical circuits. Like other channel-select compo-
nents such as array waveguide gratings (AWGS),["] a
ring resonator based filter occupies a large footprint,
which is undesirable in large-scale photonic integra-
tion. CDFs based on two-dimensional photonic crys-
tal are also considered in order to realize an ultracom-
pact footprint,!'*’] but actually the footprint is not as
much smaller as claimed because these configurations
require a number of ambient lattice cells.

Recently, Veerasubramanian et al.[l demonstrated
a compact \/4-shifted Bragg grating resonator based
CDF on a silicon-on-insulator (SOI) platform. The
concept of this type of CDF was firstly proposed
by Haus et all”l with the equivalent-circuit model
and further analyzed by Damask!®! using the coupling
mode theory in space. However, the CDF shows a
relative low drop efficiency of 65% (theoretically) and
its typical length is about 70 um.[%*l Tn addition, the
unwanted reflection and the spectrum side lobe in-
trinsically involved in this CDF due to the presence
of a grating are other critical issues that need be ad-
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dressed.

In this Letter, we propose and analyze a CDF
based on photonic crystal nanobeam cavities (PCNC).
We recast the description and the explanation of its
operation into temporal coupled-mode theory. Con-
sidering the intercoupling of the two involved PCNCs,
we also obtain the condition for implementing a non-
reflective CDF. Compared to the \A/4-shifted Bragg
grating resonator, the PCNC endures lower intrinsic
loss and features a ultracompact footprint.l” '] The
waveguide-perforated one-dimensional photonic crys-
tal also opens up a wide bandgap due to its strong
index modulation. With these merits, ultracompact
configurations on SOI for the proposed CDF are sug-
gested and are verified by using the finite difference
time domain (FDTD) method.

Figure 1 shows the model of the proposed CDF,
in which two highly-intrinsic-QQ PCNCs (a and b) are
side-coupled to the bus and a drop waveguide is di-
rectly coupled to the PCNC a. Intuitively, this struc-
ture allows the nonresonant wave to pass through the
bus waveguide instead of being reflected toward the
injection port. Here we focus on how to remove the
unwanted but actually existing reflection at the input
port and derive the condition that an ideal CDF can
be achieved. By choosing the reference planes in the
centers of the PCNCs and assuming that there is no
direct mutual coupling between a and b, the temporal
change of the normalized amplitude of the two PCNCs
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is described by the temporal coupled-mode theory:!'?!

da _(j 1 1 i)
dt o ]UJO T1 T2 ) “

+ki(sq1+ 8 1) + kasyo, (1)
db

G === = b k(s + ).
where wp, w( and 1/79, 1/7} are the resonant fre-
quencies and decay rates due to intrinsic radiation
loss of the PCNC a and b, respectively; s;; and s_;
(i = 1,2,3) are the amplitudes of forward and back-
ward guided waves in various waveguides, as indicated
in Fig. 1; k; (i = 1,2,3) is the input coupling coeffi-
cient associated with 1/7; and phase 6;:

1 .

kl = Eejgla (3)
o .

kZ = ?26J92’ (4)
1 .

ks = 1/7_—36”93. (5)

The decay rates of the PCNCs to the bus or the
drop waveguide Ti are related with partial @); using
the relations Q; = wo7;/2 (i = 1,2) and Q3 = wj73/2.
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Fig. 1. Schematic model of the PCNC-based CDF.

It is important to note that Egs. (1) and (2) are
coupled equations through s’,; = s_3e77% and 5,3 =
s’ 1e77% where ¢ = 23d is the phase retardation be-
tween the PCNC a and b. Using these relations and

under the assumption ?10 %6 < T% (the assumption

is reasonable in the case of high-intrinsic-QQ PCNCs),
one can derive the drop and reflection of the CDF as

D(w) = jfj ‘= H(J’w — jwo)kiks + (1 — e77204)
ks | { it - o) + ] it )+ =
A | o

=2 =[] o
[ st Yl -+ 1]
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Firstly, we consider a special and desired case that
wy = wo. It is easily deduced from Eq.(6) that the
CDF achieves 100% drop efficiency at w = wg when

Tl/’TQ ES 2, (8)
¢ = (2m + 1)m. 9)

The above phase and decay rate conditions for com-
plete dropping are the same as that derived from
the coupling mode theory in space.[!l Moreover, we
note that the reflection described by Eq. (7) is a fre-
quency dependent function and always exists. Insert-
ing Egs. (8) and (9) into Eq. (7), one can derive that
the reflection can be removed totally (R(w) = 0) all
over the studied frequencies if

T — T3. (10)

Complete dropping can also be achieved when w =
wh, wo = (1—%)(% and ¢ = 2mm+arccos( —%),[171
whereas the reflection can not be eliminated according
to Eq. (8). Generally, the PCNC b does not act like a
pure mirror because of its indirect coupling with the
PCNC a through the bus. According to Egs. (1) and
(2) of the coupled cavities system, the mode splitting

due to the indirect mutual coupling is written as

1 T ., 1 1 L0 \?2
Aw:[(—,—i———jwo ————— ——i—jwo)
To T3 70 T1 T2
11 1/2
+4ffe*ﬂ[’d} . (11)
T1 T3

The mode coupling induced frequency splitting results
in the two-peak lineshape, which is usually undesired
in practical applications. Therefore, the CDF does
not behave simply as a feedback system as claimed in
Refs. [7,8,17], because the side-coupled PCNC b in the
two-cavities-involved coupled system does not act as
an independent mirror. Fortunately, under the condi-
tion described by Eqgs. (8)—(10), one can observe that
the mode splitting is eliminated (Aw = 0, assuming
wy = wp and 1/7) = 1/79). Therefore, to construct an
ideal nonreflective Lorentz-lineshape CDF, Egs. (8)-
(10) must be satisfied at the same time.

Figure 2 shows the configurations of the proposed
CDFs, which include two high-intrinsic-¢Q PCNCs.
The devices are envisioned to be implemented on 220-
nm-thick silicon with air cladding. The width of
the bus waveguide is chosen to be 450nm for sin-
gle mode operation in the communication band. The
bent sections in the bus waveguides are designed to
control the coupling between the bus and the cavi-
ties without significantly decreasing the intrinsic @ of
the cavities. Due to the linearly tapered lattice con-
stants (the lattice constant a=430nm is linearly ta-
pered over a five hole section to a=330nm and the
radii of these holes are r; = 0.28a;) near the cavity
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center, the separate PCNC supports a fundamental
quasi-TE mode (electric field in the plane, we will
only focus on the TE mode in this study) with an
unloaded intrinsic Qg of 107 and an ultrasmall mode
volume of V' = 0.39(\/n)>.) The number of holes
and lattice constants adjacent to the drop waveguide
in the PCNC a are carefully engineered to obtain a
desired 75 (Q2 ~ 1800). It should be noted that in
Fig. 3, the PCNC b can be put to the other side of the
bus [Fig. 3(a)] or separated far enough with respect to
the PCNC q [Fig. 3(b)]. The drop waveguides can also
be coupled to the right-hand side of the drop cavity,
which makes the path steering more flexible. How-
ever, here we investigate a typical configuration which
is more neat and compact [Fig.3(b)]. Although the
two cavities are designed to be fabricated in the same
nanobeam, it can be regarded as having no direct cou-
pling if there is enough distance between them (that
is the case a long nanobeam cavity we consider here).
In the numerical calculation, 7; is obtained using the
relation @Q; = wo;/2 and Q; is calculated by
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Fig. 2. Configurations of the PCNC based CDF.

In order to meet Eq. (8), we calculate Q; as a func-
tion of pg, the bus-drop-cavity pitch. As shown in
Fig. 3(a), Q1 increases gradually while Q2 keeps nearly
invariant around 1800 with the increasing py. Qo
also keeps well above 10%, which ensures the premise
of 1/79 <« 1/7; reasonably. The optimal p, satisfy-
ing Eq.(8) is derived from the data in this figure.
A numerical transmission experiment confirms that
the corresponding drop and the through efficiency
are 44.35% and 44.64% in the case without the re-
flection cavity, respectively [Fig.3(b)]. It is also ob-
served that there are some reflections at resonance
which can not be removed in the single-PCNC situ-
ation. To verify Eq. (9), we investigate the peak drop
and reflection efficiency versus d, and the numerical
results are shown in Fig.3(c). However, as for the
CDF in Fig. 3(c) where the 7; is intentionally set to
deviate from Eq. (10) (71 # 73), the response spectra
show some jitters and split double peaks (A and \'),
which corresponds to the mode splitting predicted by

Eq. (11). It is obvious that the reflection always exists
over the d investigated.
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Fig.3. Q; (Q2: blue, Q1: green, Qo: red) and trans-
mission (drop: blue, reflection: green, through: red) of
the CDF operating in TE-polarized mode. (a) Q; and (b)
transmission of the bus coupled drop cavity without reflec-
tion cavity, (c¢) peak transmission efficiency as a function
of d, and (d) transmission of the optimized CDF.
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Fig. 4. Mode profiles (H. of TE-polarized mode) of (a)
drop and (b) through steady states of the CDF shown in
Fig. 2(b).

In the presented configurations, the design is more
flexible than that in the 2D photonic crystal regime.!"]
Here d can be tuned continuously by changing the ra-
dius and range of the bends in the bus. Therefore,
the design is not constrained by the discrete num-
ber of holes and lattice constants even in the case
that the drop cavity and reflection cavity are adjacent
(Fig.2(b)). Figure 3(d) shows the transmission of the
optimized CDF, in which all conditions in Egs. (8)—
(10) are satisfied. From Fig.3(d), one can find that
the reflection is thoroughly eliminated all over the
studied frequency range and the maximum drop effi-
ciency is larger than 99%. The steady-state TE-mode
profiles of the optimized CDF are shown in Figs. 4(a)
and 4(b), respectively. At the drop state, the modes
are confined tightly around the cavity center and the
fields in the PCNCs are enhanced significantly rela-
tive to that in the waveguides. These characteristics
of the mode profiles account for the ultrasmall-V and
ultrahigh-intrinsic-@ of the two PCNCs. Therefore,

034210-3


http://cpl.iphy.ac.cn

CHIN.PHYS.LETT. Vol. 30, No.3(2013) 034210

it is beneficial to implement low-power active control
using thermo-optics or the carrier dispersion effect of
silicon.

In conclusion, we have proposed and investigated
channel drop filters which are composed of conven-
tional waveguides and photonic crystal nanobeam
Temporal coupled mode theory analysis
shows that it is possible to construct a nonreflec-

cavities.

tive CDF based on high-@Q) photonic crystal nanobeam
cavities by choosing appropriate parameters. The
finite-difference-time-domain method confirms that
the dropping efficiency of the proposed channel drop
filters can approach 100% without obvious reflection.
The effective length of a typical CDF implemented on
SOI is only 15 pm, and so it is very promising for fu-
ture on-chip large-scale integration. Due to the ultra-
small V' of the involved cavities, the proposed CDFs
can also be applied in low-power /high-sensitive tun-
able devices and would benefit an abundance of appli-
cations.
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