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Optimization of Resonant Channel-Dropping Filter in WDM System
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ABSTRACT

The several parameters are optimized to improve the performance of channel-dropping filter(CDF) using quater-

wave shifted DFB resonators combined with waveguide couplers. The ratio of the grating strength to the coupling

coefficient and the mirror grating length of the CDF are optimized to achieve the improved transfer characteristics

and to support high Q to be utilized in WDM system.

1. Introduction

The wavelength division multiplexing{WDM) is a
promising approach to high bit rate optical communic-
ation and would be used to increase the bit rate by
utilizing the very large bandwidth of optical fibers.
The bit rates accessible to electronic switching are of
the order 100 Gbps. If the communication is at a wave-
length around 1.53 um and each channel is to be fil-
tered efficiently, one needs optical filters of the order
0.5A bandwidth. The optical filters should transfer
the radiation within the band to the receiver without
perturbing the radiation outside the band.

Quarter-wave shifted distributed feedback resonat-
ors are useful as laser diode resonators because they
provide a resonance at the center of the grating stop-
band that is of higher Q than the resonances to either
side of the stop band{1]{2]. Alferness and Cross’s filter
is tunable but is not sufficiently narrow band to be
used for the WDM system[3]. Kazarinov described
and analyzed a narrow-band reflector that uses a DFB
resonator(4]. His reflector has narrow band and cav-

ity coupled to a waveguide by its fringing fields. When

*Dept. Telecommunication Eng. Soongsil Univ.
R E/YW97241-0721
HBRHF 9974 TH 21H

the cavity is off resonance, it does not affect the trans-
mission in the waveguide, allowing full transmission
having limit in fabrication. Haus and Lai invented a
narrow-band reflector which uses quarter-wave shifted
distributed feedback resonator that is excited by light
at the Bragg wavelength from an evanescently side-
coupled bus waveguide[5][6]. For a single side-coupled
resonator, a maximum of 50% of the light can be
shifted from the bus waveguide to the tap-off wave-
guide. They showed a channel dropping filter with the
proper placement of a second side-coupled resonator,
up to 100% of the on-resonant light that travels along
the bus can be shifted to the tap-off waveguide[7]. Da-
mask applied the channel-dropping filter to the WDM
system and made practical design of side-coupled
quarter-wave shifted distributed-Bragg resonant filter
from Haus and Lai’s theoretical analysis[8][9]. The
narrow bandwidth and performance of channel drop-
ping filter is dependent upon filter parameters.

In this paper, channel dropping filter has been opt-
imized to support high Q and improve the transfer
characteristics. The field profiles are derived from the
coupled-mode equations and analogies to lumped
resonators placed along transmission lines. A global
design space, parametrized by the grating strength, «,

the grating length L;;, and the wavelength coupling
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coefficient y is used to show the range of filter reson-
ance line width and the transmission coefficient can
be obtained.

II. Side Coupled Reflector

Four basic coupled equations are required to de-
scribe the side-coupled resonator operation. There are
two waveguides, each of which guide forward and back-
ward traveling waves. the wave envelopes are 4; and
B; for the forward and backward waves, respectively
in Fig. 1. The index 7 refers to the waveguide. The

basic envelope equations [5] are
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where the detuning parameter is 8 = (w —wo)/vg. The
sign of «, the grating strength, is arbitrary, but it must
be consistent across the discontinuity at z=0. That is,
« has reversed sign across the boundary. « is positive

for z<0. The coupling strength parameter is p.

Al4
s,

[ —

2)

—

Fig. 1 Schematic of the resonant reflector.

Approximate solutions along waveguide | are con-
structed by ignoring the coupling to waveguide 2 and
the power leakage at the end of the gratings. The
source-free “ring-down” of the resonator is then con-
sidered. The out-going fields along waveguide 2 are
calculated by including the waveguide coupling. Then

the solutions are time reversed. The set of equations
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that result is an elegant way to correctly construct the
effect of a symmetric excitation of the resonator. In
this context, symmetric means to the simultaneous ex-
citation of the resonator from both sides. The for-
ward and time-reversed solutions are then added to
generate a steady-state standing wave solution along
the bus. This solution describes the steady-state inter-
action of the bus and the resonator. It will be found
that only the symmetric field along waveguide 2, as
referred to the symmetry of the resonator about the
quarter-wave shift, couples to the antisymmetric field
along waveguide 1. The antisymmetric field along
waveguide 2 does not couple. It can be free to add
the symmetric and antisymmetric solutions along
waveguide 2 as necessary to demonstrate reflection.
The near-resonance spectrum can be calculated with
the quality factor Q. The loss in the resonator is attri-
buted to the energy thatl escapes the cavity by coup-

ling to the lower waveguide. The power that escapes is
P,=2X4u/xl1? 45 (5

The quantity 4 |u/X|? A} is the power that escapes
through one end. Taking into account the forward
and backward waves on each side of the quarter-wave
shift, the total energy in an isolated resonator with
semi-infinite gratings is

2

Ao
6
2Xvg ©

W=2X2X

The width of the resonance with respect to the grat-

ing stopband is

Aw=2 Aw; |ufX1? (7)

where Aw;s =2y, X. Taking a reported value of grating
X=200 c¢m™', and a coupling constant of u=5 cm™',
the FWHM of the resonance fills 0.125% of the stop-
band. This small filling factor makes reccivers based

on optical resonance very attractive.
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. Single Side-Coupled Receiver

This section covers the single side-coupled (SSC) re-
ceiver, which can detect up to 50% of the on-resonant
signal. Only small modification to the resonant reflec-
tor is required to convert it into a receiver. Consider
the energy within the side-coupled resonator. That power
is spectrally pure to within the resonance FWHM,
which is dictated by Q. A fraction of the resonant en-
ergy can be tapped off by shortening one side of the
resonator grating. The Q factor of the receiver is not
broadened until the power that escapes from the side
of the grating is on the same order as that which
escapes by side coupling to the bus. The tapped-off
energy is spatially separated from the bus and can be
guided to a detector.

Like the side-coupled resonant reflector, the SSC
receiver is constructed with two waveguides, one of
which supports the grating resonator. Unlike the side-
coupled reflector, one end of the grating is shortened
to tap off power in the resonator. A waveguide on
which the resonator grating is etched continues be-
yond the grating to guide the received power to its
destination.

Fig. 2 is a schematic of the SSC receiver and its
associated transmission line analogy. The lengths of
the gratings on either side of the quarter-wave shift
are L, and Ly, with L.>Ls. The energy that leaks
out from ihe length Ls is “dissipated” by the load.
This dissipation is included in the transmission line
model by adding a resistor to the LC parallel combi-
nation. Clearly, to maximize the power dissipated in

the load resistor, the load resistance must be
R=2Z, (8)

With this value of R, 50% is the resonant power is dis-
sipated by the load, while 25% of the resonant power
is transmitted and 25% is reflected. The internal and
external Q’s of the system can be used to determine

the length L, that meets the condition of (8).
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Fig. 2 Top:Schematic of the single side-coupled receiver.
Bottom : Transmission line model of the receiver.

The power that escapes from the resonant system
to the bus is determined by the external Q. of the sys-
tem. The energy dissipated by the load[7] is

— el 2R 2 9

Using (7) and (9) to satisfy condition (8) determines

the fength /[ »:

Ly=— In(—7=—) (10)

We have used equations that define the quality fac-
tor Q 1o arrive at the optimal length of the receiving
arm L, . Physically, there is a crossover in dominance
between the two loss mechanisms of the resonant re-
flector. With very long gratings, the loss is dominated
by the power thal escapes to the bus. For short grat-
ings, the loss is dominated by the power that escapes
the ends of the resonator. The optimum value of Ls is
determined when the two loss mechanisms balance
one another.

The Qiaa 0f the system is reduced by a factor of
two when the receiving arm is taken as length Ls, as

governed by (10). Therefore the receiver bandwidth is
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twice that of the resonant reflector. Nonetheless,
state-of-the-art values of X can allow upwards of one

hundred channels to be placed within the stopband.
IV. Channel Dropping Filter

The narrow resonance width of the single side-
coupled receiver, with respect to the grating stopband
width, makes that receiver very attractive for wave-
length-division multiplexing and demultiplexing. The
drawback is that only 50% of the power is directed to
a detector, while the difference remains on the bus.
The channel-dropping filter (CDF) overcomes this im-
itation by adding a second side-coupled resonator.

Fig. 3 depicts a planar implementation of the CDF.
A second side-coupled resonator is added on a third
waveguide and is weakly coupled to the bus. Fig. 3
illustrates the CDF schematic and its corresponding
transmission line circuit. All of the grating lengths
other than L, are large. The second grating, called
the “mirror” grating, is simply an additional resonant
reflector that was considered in Section II. The phase
plane of the mirror grating is shifted forward by one
quarter wavelength with respect to the plane of the
receiver grating. The transmission line circuit is used to

demonstrate the behavior of this grating configuration.

Grating

Quarter-wave shift /_
- Receiver

Quarter-wave shift

idine L
Guiding Layers Mrrror®
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Fig. 3 Schematic of the resonant channel-dropping filter.

On resonance, both parallel LC combinations are
open circuits. However, the mirror LC pair is quarter-

wave shifted forward with respect to the receiver RLC
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combination. Therefore, the mirror appears to the re-
ceiver as a short, thereby terminating the transmis-
sion line. Now one can choose G =Y, to maximize the
power dissipated by the load. In this case, 100% of
the on-resonant power is transferred to the load while
no power remains on the bus.

The length of truncated grating, L, is given by
equating G =Y.

1 X
Lip=—7 In(——
=" n( E» ) (1)
The resonance width of the channel-dropping filter

with respect to the stopband (7] is
Awear =4 Aws | ufX]>. (12)

We arrive at (12) by noting that a second side-coupled
resonator has been added and the load of the trunc-
ated resonator has been doubled.

One-hundred percent of the on-resonance power is
transferred to the receiver waveguide, at the expense
of the signal on the bus. Off-resonance signals are trans-
mitted without distortion. Outside of the stopband

there is little interaction of the bus with the resonators.
V. Discussion

The channel-dropping filter design uses a grating
strength of X =200 cm™!, a coupling coefficient of u=
10 em™!, Lia=250 um, Lip =140 pm, L,=250 um, opt-
ical index of n=3.5, and zero loss. These numbers are
all reasonable for group II1-V compound structures
when the loss is compensated by sain. The wavelength
considered is Ao =1.53 .

Fig. 4 shows that the signal spectrum of the chan-
nel dropping filter is dependent on the ratio of the
grating strength « to the coupling coefficient p. As «/u
increases, the narrow bandwidth is obtained. It is im-
portant to find optimum value of «/u with consider-
ing fabrication. The grating strength « is evaluated

from a field-theoretical approach. While many authors
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substitute simple waveguide field distributions to find
an analytical solution, here a general computational
expression for an arbitrary two-dimensional structure
is used. The coupling coefficient u is obtained by a
field theoretical approach. That is local in that the
overlap integral that defines u requires point-for point
information of two mode profiles. The coupling coef-
ficient u is a measure of the strength of overlap be-
tween the two spatially separated, weighted by the in-
dex difference between the core and cladding. A wave-
guide does not effect the mode pattern of its neighbor
in the weak coupling region. When the waveguide se-
paration decrease, the strong-coupling region. The ad-
mixture between the coupled systems is a measure of
the loss of distinction between the modes. This mode

admixture degrades the response of the filter [10}-{12].

.14 H M- H H H
~8.06 -0.04 8602 . O 002 004 006
deltafkappa
txlp=10, txfu=2, - x[u=50

Fig. 4 Signal Spectrum of the Channel Dropping Filter (CDF)

The bandwidth of CDF also varies with receiver
length Ls with fixing (10 cm™') in Fig. 5 to Fig. 8.
The range is between 50 GHz and 4 GHz in which «
varies from 100 cm ™' to 500 cm™' in Fig. 5 through
Fig. 7. It is shown that the narrow bandwidth needs
the large length L. but we should consider the device
size. Also Fig. 6 show that the desirable bandwidth is
obtained at the large length L,. Fig. 7 and Fig. 8

show the output transmittances on bus versus L and

L, respectively.
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Fig. 5 Bandwidth of CDF depending Mirror Grating Length
Ly (u:10 em™', x:100 cm™' ~500 cm ™)

Banawidth(GHz)

0 ; H : i : ; ! H
100 150 200 250 300 350 400 450 500
kappa

Ly A—149 pm, -~ -1127 pm, --~-115 um)

Fig. 6 Bandwidth of CDF depending Receiver Grating
Length Ly (210 cm™, %1100 cm™'~500 cm ™)

The stopband is of the order of 4000 GHz and the
optimum filter bandwidth is about 9 GHz. To avoid
the spurious response outside the stopband, only the
central half portion of the stopband can be used. The
bandwidth can be accommodate 45 channels spaced 5
times the channel width apart. These results show

that the design of such a filter bank is realistic.
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Transmission Spectrum

Transmittance coefficient

801 -0.005 0 0005 001
detta/kappa
Ly(— 1 250 gm, —--— 190 pom )

Fig. 7 Relation of Transmittance Coefficient on the Bus to
Mirror Grating Length L.
(u:10 cm™', x:100 cm™'~400 cm™")

Transmission Spectrum
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Fig. 8 Relation of Transmittance Coefficient on the Bus to
Receiver Grating Length L
(p:10 cm™", «: 100 cm™'~400 cm ™).

VI. Conclusions

The several parameters are optimized to improve
the performance of channel-dropping filter(CDF).
The bandwidth of CDF has been made narrower than

the stopband of the grating and improved in transfer
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characteries after optimizing. It is very important to
optimize the grating strength «, the coupling coef-
ficient p, receiver length Lj, the length L, of the sec-
ond side-coupled resonator to arrive at a narrow

band channel-dropping filter.
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