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In this paper, we propose a compact structure to realize the demultiplexing operation for dense
wavelength division multiplexing communication systems using improved shell-type ring resona-
tors in a photonic crystal structure. The cross-section of the structure is 790 μm2 and is desirable
for integration based on popular planar technology. To improve power transmission coupling ef-
ficiency, we introduce the phase matching condition between ring resonators and waveguides;
the results exhibit near 100% transmission efficiency. To obtain a high quality factor, we use in-
terior lower refractive indices spheres inside the ring resonators as the mirrors; a quality factor as
high as 15497 is achieved. The average pass bands of channels are near 0.1 nm, and the channel
spacing is approximately 0.6 nm. The wavelengths of the demultiplexer are 1549, 1549.7, 1550.3
and 1550.9 nm. The crosstalk is between –14 and –29 dB, and the mean value of the crosstalk
is –18.39 dB.
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1. Introduction
Over the last several years, due to the increasing demand for bandwidth requirements,
there has been no choice but to improve the capability and efficiency of communication
systems. In 2010, the IEEE 802.3 (Ethernet) standard defined two data rate values:
40 and 100 Gb/s [1]. For 100 Gb/s applications, based on the use of a duplex single
-mode fibre, four channels, each running at 25.78125 Gb/s, were wavelength division
multiplexed and connected to the single-mode fibre through some interfaces [2]. Then,
the first generation of 100 Gb/s transceivers became commercially available [3–6]. As
the bandwidth demand quickly increased, the next addition to the IEEE 802.3 standard
just three years later resulted in the formation of the 400 Gigabit Ethernet Study Group
(400 Gb ESG); this increasing of data rate demands was unavoidable in the following
years. To form 400 Gb/s, several solutions have been proposed, all of which pertain
to using the parallel optical (wavelength) channel approach over conventional single
-mode fibres. 16×25, 8×50 and 4×100 Gb/s architectures were the best candidates for
obtaining 400 Gb Ethernet (400 GbE) [7, 8]. Channel spacing values of  200, 400 and
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800 GHz were chosen by following the development path of the current 100 GbE stand-
ard. For the 200 GHz channel spacing, the space between channels is approximately
1 nm [9]. The main goal in the dense wavelength division multiplexing (DWDM) sys-
tems was to achieve the maximum number of channel transmissions in a single-mode
fibre in the third communication window. Because in the third communication window
(wavelengths between 1500 and 1600 nm) the available bandwidth is constant, to have
more channels, the channel spacing must be as low as possible. However, when the
channel spacing becomes very low, the crosstalk between channels becomes very im-
portant. To have very low crosstalk, the passband of channels must be very low and
the channels must be as sharp as possible. In other words, the quality factor of demul-
tiplexed channels must be very high. Because of all the features mentioned, in the very
near future, the channel spacing will be much less than 1 nm.

Recently, there has been much interest in the study of the propagation of electromag-
netic waves in photonic crystals (PhCs) [10]. PhCs are periodic structures that exhibit
forbidden frequency regions, in which electromagnetic waves cannot propagate in any
polarization and in any direction. By creating defects in the periodic structure of PhCs,
local defect modes can exist. Based on these local defect modes, many applications,
such as splitters [11], add–drop filters [12–16], optical switches [17], optical data stor-
ages [18], demultiplexers [19–32], etc., can be achieved.

Optical demultiplexers based on PhCs are among the best candidates for achieving
below 1 nm channel spacing. In addition to the below 1 nm channel spacing, there are
many other important challenges that must be taken into account when designing a de-
multiplexer. These include the crosstalk between adjacent channels, the quality factor
of each channel, power transmission efficiency, etc. 

ROSTAMI and MANSOURI-BIRJANDI proposed a demultiplexer that had a channel spac-
ing of approximately 3.5 nm and power transmission efficiency of more than 80%.
However, the passband of the channels and, as a result, the quality factor of their struc-
ture was not fine [21]. To obtain better channel spacing, they proposed a so-called
improved T-type PhC demultiplexer, in which the channel spacing and passband were
1 and 0.45 nm, respectively. The penalty of improving channel spacing was that the
power transmission efficiency of their new scheme was, in some channels, even below
50% [22]. RAKHSHANI et al. proposed a heterostructure demultiplexer by using a pho-
tonic crystal ring resonator (PhCRR), in which every ring had an individual dielectric
constant. Their proposed structure was fine with respect to transmission efficiency but
suffered from some aspects, especially the channel spacing between channels, which
was 6.1 nm [23]. ALIPOUR-BANAEI et al. proposed a demultiplexer with X-shaped res-
onators, which showed fine characteristics. A space between the channels and the qual-
ity factor of 3 nm and more than 1700, respectively, were reported. The main problem
of their structure was the very low power transmission efficiency [24]. Another inter-
esting work was published by BOUAMAMI and NAOUM. The power transmission efficiency
of their proposed structure was very fine but channel spacing was approximately 40 nm
which was too high [25]. A plasmonic waveguide, which consisted of a metal–insula-
tor–metal waveguide coupled with a stab resonator and a baffle, which might be appli-
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cable to wavelength demultiplexing, was proposed [26]. By using silicon on an insulator
substrate in a Y-type PhC structure, a demultiplexer for two optical communication
windows for λ1 = 1310 nm and λ2 = 1550 nm was proposed by RAWAL and SINHA

power transmission efficiencies of 89% and 69% for the mentioned wavelengths were
reported, respectively [27]. Implementing four different refractive indices for rings by
using a heterostructure demultiplexer caused four different wavelengths to be demul-
tiplexed within the third communication window. Normalized power transmission ef-
ficiency over 85% was reported, but the channel spacing was more than 30 nm, which
is too high [28]. Applying two different types of lattices in a modified Y-waveguide
air hole in a GaAs slab caused separation of λ1 = 1310 nm and λ2 = 1490 nm in the
output. It was claimed that their proposed structure also has the ability to separate
wavelengths for λ1 = 1310 nm and λ2 = 1550 nm by changing lattice parameters. Al-
though a fine power transmission efficiency of above 97% was reported, the channel
spacing was not acceptable [29]. Based on the directional coupling of one-dimensional
PhC waveguides, a dual channel DWDM was proposed by BING CHEN et al. In this
structure, a power transmission efficiency of above 95% was reported, but because
the demultiplexed wavelengths were λ1 = 1490 nm, λ2 = 1630 nm, λ3 = 1670 nm and
λ4 = 1760 nm, the channel separation between channels was not suitable [30]. LIAO

QING-HUA et al. proposed a T-shape demultiplexer, which could separate two wave-
lengths, with a separation channelling of 8 nm. The transmission they reported was be-
low 60% [31].

In our last work, we proposed a demultiplexer using ring resonators in a two-dimen-
sional PhC, which although showed a high quality factor, average quality factor equals
4860, and fine coupling efficiency, possessed a channel spacing that was not fine
enough to utilize the maximum efficiency of a fibre [32].

All of the works performed in this area clearly reveal one point: a demultiplexer
that can separate channels from input light and is compatible with the high demand
for bandwidth increasing is essential. Near 100% power transmission efficiency, below
1 nm channel spacing, a high quality factor of channels and low crosstalk are the key
parameters in designing this demultiplexer, which have not been achieved simultane-
ously so far to our knowledge.

In this paper, we propose an improved four-channel demultiplexer that uses ring
resonators in PhCs, yielding a very high quality factor, low crosstalk, near 100% power
transmission efficiency and channel spacing below 0.6 nm. The rest of the paper is or-
ganized as follows: in Section 2, the photonic band gap will be calculated and then the
demultiplexer structure will be introduced. In Section 3, the results will be investigated
and compared with those of previous literatures; finally, the conclusion of this work
and the simulation results will be presented in Section 4.

2. Proposed demultiplexer

The first step of design is to investigate the photonic band gap (PBG) of the structure.
The calculation of the PBG for a demultiplexer is performed using the plane wave ex-
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pansion (PWE) method [33]. We employed the BandSOLVE simulation tool to per-
form PWE calculations. The structure we used for design was a 67×26 cubic lattice
of dielectric rods immersed in air. For accurate modelling of the proposed device, we
need a 3D simulation, which requires a great amount of run time and very powerful
computer. Thus, we used the effective index approximation method of PhCs to satisfy
this requirement; with this approximation, we reduced the 3D simulations to 2D sim-
ulations [34]. The effective refractive index of fundamental dielectric rods was
n = 3.58, the radius of rods was 175 nm and the lattice constant was a = 730 nm.
The band structure diagram of the demultiplexer is shown in Fig. 1.

Figure 1 shows that there are four PBG regions in the structure. We designed the
device to work in the second PBG region, which has 0.46512 < a /λ < 0.5290 and is
equal to 1380 nm < λ < 1570 nm. The results show that the proposed demultiplexer
can work in the third communication window and is suitable for all optical communi-
cations.

The structure we designed is shown in Fig. 2a and consists of an input waveguide,
which was created by removing complete rods of a row and four output waveguides,
depicted as ports A, B, C and D. In addition to these waveguides, four ring resonators
act as the couplers of the light. The macroscopic view of the first ring is shown in Fig. 2b.
We used shell-type resonators in the proposed demultiplexer, in which the interior
spheres had refractive indices lower than the refractive index of the rings (n1 = 1.6).

The rods of each ring and the coupling rods, i.e., the rods in the waveguides in which
coupling occurs between the waveguides and the ring resonator, have exactly the same
refractive index and radius. The rods of all four rings, which are shown using dark
green, yellow, dark blue and light green for the output ports of A, B, C and D, respec-
tively, have effective refractive indices exactly equal to the refractive index of the basis
lattice rods (n = 3.58) but different radii. By changing these radii, which are shown in
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Fig. 1. The band structure diagram of the proposed PhC. 
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Fig. 2b for the first ring by R21, we could change the resonant frequency of the rings
and achieve the demultiplexing of channels. The radii of the first, second, third and
fourth ring are denoted as R21, R22, R23 and R24, respectively, and are R21 = 95 nm,
R22 = 100 nm, R23 = 105 nm and R24 = 110 nm.

To design the proposed demultiplexer, we emphasize three concepts. First, where
the coupling occurs, i.e., the coupling between the waveguides and the ring resonator,
the rods of the rings and waveguides are chosen to be exactly equal to obtain efficient
coupling. The results of the power transmission coupling efficiency verify the validity
of this assumption. Second, the refractive indices of the interior spheres (n1 in Fig. 2b)
are chosen to be lower than the effective refractive indices of the rings so that they
will not let the light go into the centre of the rings. Based on the classic whispering
gallery mode (WGM) theory and our last work [35, 36], it is known that if the light
propagates more near to the surface of a resonator, a higher quality factor can be
achieved. By taking this into account, we could achieve a quality factor of as high as
Q = 15497 in the structure, which again verifies the accuracy of this assumption. Third,
the interior spheres inside the rings are employed instead of the rings. In all the reports
in the literature, multilayer ring resonators have been proposed. Because the goal of
the interior layers in multilayer ring resonators is to avoid light propagating inside a ring,
we employed spheres in the cores of the rings; the simulation results show that the qual-
ity factor has improved significantly. From another point of view, because the interior
microsphere inside the main ring resonator in the proposed structure has a very large
radius value, the fabrication of the proposed demultiplexer can be much easier com-
pared to demultiplexers that consist of a main ring resonator and two ring resonators
inside them, with much smaller radii.

3. Simulation results
This paper focuses on the design of a low channel spacing demultiplexer that has a very
high quality factor, complete coupling and very fine crosstalk. As shown in Fig. 3, the
structure can separate four channels, with central wavelengths equal to λ1 = 1549 nm,
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Fig. 2. The schematic diagram of the proposed demultiplexer (a); a macroscopic view of the first resonant
ring (b).
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λ2 = 1549.7 nm, λ3 = 1550.3 nm and λ4 = 1550.9 nm. Figure 3 shows that all ports
show near-complete transmission efficiency. One of the most important results that
can be noticed is that complete power transmission coupling efficiency is achieved in
a situation where the quality factor is high too. As mentioned earlier, in the attempts
to increase the transmission efficiency, the quality factor was lost. However, using this
demultiplexer, both a complete coupling and high quality factor are obtained. The com-
plete details of the channels are given in Table 1. The quality factor (Q = λ /Δλ) varies
from 11930 to 15497. The space between output channel ports is 0.7 nm for port A
and port B and 0.6 nm for others. This very low channel spacing makes the proposed
demultiplexer suitable for DWDM systems. Furthermore, the very high quality factor
of the channels (very low passband of every channel) allows more channels to be placed
near each other without considerable crosstalking. 

The distribution of optical waves inside the demultiplexer for four wavelengths,
i.e., λ1 = 1549 nm, λ2 = 1549.7 nm, λ3 = 1550.3 nm and λ4 = 1550.9 nm, are shown in
Fig. 4. Because all the wavelengths are located in the PBG region, they cannot scatter
in the structure and propagate in the waveguides. Figure 4a demonstrates that the first
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Fig. 3. Output spectrums in ports A, B, C and D. 

T a b l e 1. The output characteristics of the demultiplexer. 

Channel
Central 
wavelength [nm]

Quality 
factor

Passband 
[nm]

Transmission 
efficiency [%]

Port A 1549 12908 0.12 98

Port B 1549.7 15497 0.1 99

Port C 1550.3 14093 0.11 96

Port D 1550.9 11930 0.13 98
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ring resonator can drop the incoming light, at a wavelength λ1 = 1549 nm, to port A,
while others cannot couple this wavelength. A similar result can be observed in
Figs. 4b–4d, in which the rings can only couple their resonant wavelengths. 

To show the low crosstalking of adjacent channels and compare the crosstalk values
of the proposed demultiplexer with other previous works, the output of the proposed
device in decibel scale is shown in Fig. 5.

a b

c d

Fig. 4. The calculated field distribution inside the structure at four wavelengths: 1549 (a), 1549.7 (b),
1550.3 (c) and 1550.9 nm (d).
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Fig. 5. Output spectrums in ports A, B, C and D in decibel scale.
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The crosstalk values between the channels are shown in more detail in Table 2.
Table 2 shows that the minimum and maximum crosstalks are –14 and –29 dB, respec-
tively, which are low. The mean value of crosstalks is –18.39 dB. 

Although when the channel spacing becomes very low, the crosstalks of adjacent
channels become challenging, all the values of crosstalks reveal that the proposed
structure is suitable even for very low channel spacing. A comparison between the min-
imum value, maximum value and mean value of crosstalks is given in Table 3.

Average channel separation, average quality factor, average passband and power
transmission efficiency of other works and of the proposed demultiplexer are shown
in Table 4.

As discussed in Table 4, the proposed demultiplexer has much better performance
compared with those of recently proposed works [22–25, 32]. As known, channel spac-
ing, quality factor and transmission efficiency are very vital parameters in demulti-
plexer performance. To realize all optical communication networks based on DWDM
standards, we need a channel spacing of as low as 0.8 nm [37]. Reducing channel spac-
ing requires very narrow band channels. To avoid high crosstalk, in this paper, we suc-
ceeded in realizing optical channels with very narrow bands and a quality factor of as
high as 13000. As a result, we obtained a channel spacing of approximately 0.6 nm

T a b l e 2. The crosstalk values between the channels.

Channel 1, 
λ1 = 1549 nm

Channel 2, 
λ2 = 1549.7 nm

Channel 3, 
λ3 = 1550.3 nm

Channel 4, 
λ4 = 1550.9 nm

Channel 1, 
λ1 = 1549 nm

— –29 –22.3 –15.3

Channel 2, 
λ2 = 1549.7 nm

–15.8 — –18.7 –15.1

Channel 3, 
λ3 = 1550.3 nm

–16.7 –18 — –14

Channel 4, 
λ4 = 1550.9 nm

–17.6 –20.1 –17.6 —

T a b l e 3. Comparison between the minimum, maximum and mean value of crosstalks of other works
with those of the proposed demultiplexer.

Reference
Minimum 
of crosstalk [dB]

Maximum 
of crosstalk [dB]

Mean value 
of crosstalk [dB]

[22] –14.2 –28.86 –21.1 

[24] –7.5 –23.7 –15.42 

[25] –10.49 –33.18 –22.45 

[32] –20.5 –42 –28.66 

This work –14 –29 –18.39 
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with acceptable levels of crosstalk. Specially, when the channel spacing is very low,
the crosstalk between channels will be a vital parameter. For interference filter-based
demultiplexers, their high crosstalk has restricted their application [38, 39].

For the demultiplexers that have been studied based on ring resonators, shell type
(multilayer ring resonators) was utilized. Based on conventional WGMs theory, when
much light is confined near the surface of a ring, the quality factor of a structure will be
improved, and when light penetrates into the centre of a ring resonator, the quality factor
will drop significantly [35, 36]. To prohibit light from entering the centre of ring res-
onators, we used a core with a very large radius. The result of this novelty was an im-
provement of the quality factor of the device to as high as 13000. Because we only used
one large rod (instead of the 12 rods that form the interior ring resonator), fabrication
of the proposed structure is much easier compared to previous works. Another param-
eter that we emphasized was where the coupling occurs between resonators and wave-
guides. By using the same rods for each ring, we could couple light to a ring and from
a ring to the output waveguides more efficiently. The result of this concept was near-
complete transmission efficiency of each channel. As the quality factor of channels
became more than 13000, the sharpness of channels was improved and also the space
between output channels became as low as 0.6 nm. However, by improving the channel
spacing and quality factor of the device, the crosstalk of the demultiplexer was accept-
able compared with other works [22–24, 32]. 

4. Conclusions
In this work, a very low channel spacing and high quality factor 4-channel wavelength
division demultiplexer based on the PhC was proposed. In the proposed structure, four
shell-type resonators with different exterior radii were suggested, in which all the rings
had an interior sphere with a lower refractive index compared to the refractive indices
of the main resonators and the lattice, thus, being able to act as a reflector; as a result,
the demultiplexer could separate the wavelengths. The proposed structure showed very
attractive properties, which are excellent bases for demultiplexers. An output power
efficiency very near to 100% was obtained using the proposed demultiplexer. Low
crosstalk, high quality factor, low bandwidth and very low channel spacing are the

T a b l e 4. Comparison of obtained results with those of other works. 

Reference
Channel 
separation [nm]

Average
quality factor

Average
passband [nm]

Average transmission 
efficiency

[24] 3 1234 1.7 50

[22] 1 3488 0.45 55

[23] 6.1 842 2.75 95

[32] 2 3600 0.3975 99.25

This work 0.6 13607 0.115 98
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significant properties that were achieved. Four channels with a channel spacing of
approximately 0.6 nm, average bandwidth of 0.11 nm and mean crosstalk value of
–18.39 dB were obtained. The quality factor in port D of the demultiplexer could
reach 15497, and the overall size of the demultiplexer was approximately 790 μm2.
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