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Abstract: We demonstrate a thermally tunable four-channel add/drop demultiplexer based
on silicon grating-assisted contra-directional couplers (contra-DCs) for 200 GHz dense wave-
length division multiplexing (DWDM) systems. In order to obtain the narrow bandwidth and
the rapid roll-off necessary for the DWDM, every wavelength channel is filtered dually by two
identical contra-DCs cascaded in parallel. In addition, the phase apodization technique is
utilized to suppress sidelobes. With these special designs, passbands of the four drop ports
exhibit 3 and 20 dB bandwidths of 0.4 and 0.8 nm, respectively, while isolation between
adjacent channels is better than 20 dB. Insertion losses at through and drop ports are 0.6
and ∼2.6 dB, respectively. The maximal wavelength-tunable range is up to 25 nm.

Index Terms: Integrated optics device, gratings, demultiplexer, waveguides, DWDM, filter.

1. Introduction
Wavelength division multiplexing (WDM) is undoubtedly the leading technology to drastically in-
crease transmission capacities of silicon photonic integrated circuits [1], [2]. If one needs to ma-
nipulate only one or a few wavelength channels in a dense WDM system rather than demultiplex
all channels simultaneously, ring resonators are usually preferred among various wavelength filters
thanks to the merits of compact footprint, easy cascadability and tunability, sharp filtering curve, etc
[3], [4]. Despite these advantages, a ring resonator is usually subjected to a limited free spectral
range (FSR) and strong nonlinear effects induced by the resonance enhancement inside the cavity
[5]. The FSR sets a cap on the maximum channel count of a WDM system. Although the FSR can
be extended significantly by cascading multi rings with different radii, this approach complicates
both design and active control of rings [6]. On the other hand, nonlinear effects constrain the high
power handing ability of the ring resonator, which is highly desired by many microwave photonics
systems [7].
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Besides ring resonators, the functionality of add/drop filtering could also be implemented by
waveguide Bragg gratings (WBG). One typical configuration is the grating assisted contra-directional
coupler (DC) which enables a wavelength-selective back-coupling between fundamental modes of
two neighboring waveguides [8], [9]. Another prevailing configuration is the multimode waveguide
with asymmetric sidewall grating which enables a wavelength-selective back-coupling between TE0

and TE1 modes of the same waveguide [10], [11]. The distributed feedback nature of WBGs makes
these filters be free of the FSR limitation, and less susceptible to nonlinear effects that could distort
filtering characteristics at high optical power levels. Thanks to these advantages, silicon WBG filters
have been successfully utilized to build four-channel coarse WDM systems with a channel spacing
of 6 nm in [12], and with a 1 dB bandwidth of 370 GHz in [13]. However, very few multi-channel
dense WDM (DWDM) systems have been demonstrated with silicon WBG filters. The challenge
originates from two factors: Firstly, the large refractive index contrast of Si/SiO2 waveguide system
implies that grating teeth induce a strong dielectric perturbation, which in turn leads to a large
coupling coefficient between the two interacting modes. According to the coupled mode theory, the
3 dB bandwidth of a Bragg grating increases with the coupling coefficient. In principle, a narrow
3 dB bandwidth can be obtained by reducing the corrugation width of the grating. However, the
demanded very shallow corrugation of less than 20 nm is very difficult to realize with the state-
of-the-art micro fabrication process. Secondly, an inherent drawback of the Bragg grating is the
existence of sidelobes, which lead to a high crosstalk between two closely-spaced wavelength
channels of a DWDM system. To address this issue, ring resonators and WBG filters are combined
in [14] to form a 1 by 4 FSR free multiplexer, whose 3 dB bandwidth is as narrow as 0.5 nm.

In this paper, a thermally tunable four-channel DWDM demultiplexer based on silicon grating
assisted contra-DCs is demonstrated. Following measures are utilized so as to obtain a sharp
channel selection ability together with a high sidelobe suppression ratio (SLSR): Firstly, by tailoring
dimensions of the two adjacent waveguides and the widths of their sidewall corrugations, we adjust
the coupling coefficient of the contra-DC to obtain a narrow bandwidth. Secondly, a pair of identical
grating assisted contra-DCs are cascaded to add/drop a single wavelength channel [15]. A repeated
filtering at the same central wavelength enables a rapid roll-off of the spectrum and thus reduces
the 3 dB bandwidth furthermore. Thirdly, the phase apodization technique we proposed in [16] is
utilized to suppress sidelobes on both sides of the central wavelength. With these special measures,
the pass band of the filter exhibits 3 dB and 20 dB bandwidths of 0.4 nm and 0.8 nm, respectively,
while the SLSR is 26 dB. The isolation between two adjacent channels with a 1.6 nm wide spacing
is larger than 20 dB. To the best of our knowledge, this is the first report of multi-channel DWDM
demultiplexer based on silicon WBG filters.

2. Operation Principle and Design
A schematic diagram of the four-channel demultiplexer is shown in Fig. 1. The device consists of four
pairs of identical grating assisted contra-DCs which are connected in series by a bus waveguide.
It is well known that under the phase matching condition, a grating assisted contra-DC reflects the
input mode from one waveguide to the other waveguide as indicated by the red arrows in Fig. 1(a)
[17]. In order to reduce the bandwidth, we connect two identical contra-DCs in the manner shown
in Fig. 1(a). Specifically, the drop and the add ports of the first contra-DC are connected to the input
and the through ports of the second contra-DC, respectively. If signals at the central wavelength of
the grating are incident on the input and the add ports, they will be routed to the drop port and the
bus waveguide, respectively, after being reflected twice. Compared with one single grating assisted
contra-DC, the grating assisted contra-DC pair provides much steeper passband edges. Although
the two WBGs of each channel form a loop in Fig. 1(a), the ring resonance effect inside this loop
is actually negligible as long as back coupling coefficients at the two contra-directional coupling
regions are strong. All eight grating assisted contra-DCs have independent metallic heaters on top
as shown in Fig. 1(b). Each electrode heats up both waveguides of a grating assisted contra-DC
together so as to adjust its central wavelength [18], [19]. Fiber grating couplers are used to interface
the device with input and output single mode fibers [20].
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Fig. 1. (a) Schematic diagram of the four-channel DWDM demultiplexer. (b) Cross-section of the silicon
grating-assisted contra-DC with the heater. (c) Top view SEM image of the fabricated grating-assisted
contra-DC.

The grating assisted contra-DCs are designed with special attention to reduce their bandwidths.
As shown in Fig. 1(b), the widths of the two coupled strip waveguides are 400 nm and 600 nm,
respectively, to avoid excitation of high-order modes. The 200 nm difference in waveguide width is
beneficial to eliminate the co-directional coupling between the two waveguides. The gap between
two waveguides is 300 nm. Sidewall corrugations etched along the two strip waveguides have a
pitch of � = 318 nm which meets the phase matching condition. The total length of the sidewall
grating is L = 900 μm. Theoretically, increasing the grating length helps to enhance the back
coupling coefficient of a grating assisted contra-DC and thus reduce the insertion loss of the
drop port. However, performances of long waveguide gratings are very susceptible to fabrication
imperfections such as variances of waveguide dimensions along the grating, uneven thicknesses
of Si and SiO2 layers, and so on. Resultant spectral responses are distorted and hence present
reduced extinction ratios and strong ripples. Taking these factors into account, we set a grating
length of 900 μm according to the quality of the microfabrication process used. The bending radius
of the waveguide is 20 μm and 80 μm as shown in Fig. 1(a). The distance between two adjacent
electrodes is set further than 20 μm to avoid thermal crosstalk. The electrode width is 4 μm, which
is wide enough to cover the two coupled waveguides.

We utilize the phase apodization technique to suppress sidelobes. Conventional apodization
methods which modulate recessing amplitude or duty cycle of the corrugation could only suppress
sidelobes on the long-wavelength side of the center wavelength [21]. To address this issue, we
have developed a phase apodization technique which is able to suppress sidelobes on both sides
of the center wavelength in [16]. As shown in Fig. 2(a), this technique utilizes a uniform grating of
50% duty cycle for waveguide A, while each tooth of waveguide B is offset by �L with respect to
the tooth of waveguide A that locates in the same longitudinal period.

The value of �L is modulated along the z direction by a Gaussian function, and can be written
as

�L = �

2

(
1 − e−a (z−0.5L )2

L 2

)
(1)
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Fig. 2. (a) Schematic diagram of the phase apodization technique. (b) Calculated lateral misalignments
of the apodized grating-assisted contra-DC. (c) coupling coefficients of the apodized grating-assisted
contra-DC. The values of apodization coefficients are a = 1, 15, and 100 in the calculation.

where a is the apodization coefficient which influences the coupling coefficient. With this arrange-
ment, the coupling coefficient κ of a grating assisted contra-DC can be calculated as [20]

κ = |κA + κB exp (i ∗ 2π�L /�)| (2)

where 2π�L/� denotes the local phase difference between dielectric perturbations of the two
waveguide gratings. κA and κB are the coupling coefficients calculated by replacing the grating B
and the grating A with a straight waveguide, respectively, which can be written as

κA/B = ωε0

4

∫∫
E A(x, y) · �n2

A/BE ∗
B(x, y)dxdy (3)

where EA/B and �nA/B denote electric filed distributions and refractive index perturbations in the
two waveguides, respectively. If κA and κB are properly designed to be equal, i.e., κA = κB = κ0, the
coupling coefficient κ then can be written as

κ = 2κ0
∣∣cos (π�L /�)

∣∣ (4)

At the middle of the device, the dielectric perturbations in the two waveguides are in phase, i.e.,
�L = 0, so the coupling coefficient κ reaches the maximum, while its value reaches the minimum
at the two ends of the grating. Therefore, the coupling coefficient can be apodized by tuning the
local misalignment between teeth of the two gratings.

The coupling coefficient is determined by the overlap between the two guided modes and sidewall
gratings. Since waveguide B is 200 nm wider than waveguide A, the TE0 mode in waveguide B
is less susceptible to the sidewall corrugation. In order to fulfill the condition κA = κB, corrugation
in waveguide B should be wider than that in waveguide A. According to the coupled mode theory,
a narrow bandwidth can be achieved by reducing the corrugation width. However, the minimal
width is constrained by the practical fabrication resolution. Taking all these factors into account, the
corrugation widths we choose for the narrow and the wide waveguides are �WA = 25 nm and �WB =
40 nm, respectively. Based on these parameters, we calculate variations of �L and κ along the
longitudinal position with the apodization coefficient a as a variable. The results are plotted in
Figs. 2(b) and 2(c). If the value of a is small, e.g., a = 1, the apodization effect of κ is very weak as
shown in Fig. 2(c). On the other hand, if a large value is chosen for a, e.g., a = 100, the apodization
occurs mainly in the central part of the grating. Neither case can effectively suppress sidelobes.
In order to match the attenuation length of the coupling coefficient κ to L/2, we set an apodization
coefficient of a = 15. The resultant apodization profile is displayed in Fig. 2(c).

3. Fabrication and Measurement Results
The devices are fabricated on a silicon-on-insulator (SOI) substrate with a 3-μm-thick SiO2 layer and
a 220-nm-thick Si layer. At first, Si waveguides are defined by the electron-beam lithography and the
inductively coupled plasma dry-etching (ICP). After that, a 2-μm-thick SiO2 layer is deposited by the
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Fig. 3. Measured and simulated spectral responses of the gratings. (a) A standalone contra-DC. (b) A
pair of contra-DCs connected in the way shown in Fig. 1(a).

plasma-enhanced chemical vapor deposition (PECVD), then 100-nm-thick Ti/W heaters are formed
by the lift-off technique. Subsequently, a 300-nm-thick protective SiO2 layer is deposited to cover
the device. Finally, the SiO2 layer above the pad is removed to enable the contact with the probe.

At first, we measure the waveguide propagation loss and the coupling loss of the fiber grating
coupler, which are ∼2 dB/cm and ∼6 dB at 1550 nm, respectively. Transmission spectra of a
standalone contra-DC and a contra-DC pair connected in the manner shown in Fig. 1(a) then are
characterized with a tunable laser (Santec TSL-510) and an optical power monitor (HP 8153A).
Results are displayed in Fig. 3, where the coupling loss of the two fiber grating couplers has been
normalized. The simulation result utilizing the finite difference time domain (FDTD) method is also
plotted in Fig. 3(b). The drop port of the single contra-DC in Fig. 3(a) exhibits a SLSR of 19 dB
and an insertion loss of ∼1.3 dB at the central wavelength. Its 3 dB and the 20 dB bandwidths
are 0.9 nm and 2.4 nm, respectively, which hardly meet the requirement of the 200 GHz DWDM
system. In contrast, the drop port of the contra-DC pair in Fig. 3(b) exhibits substantially reduced
3 dB and 20 dB bandwidths of 0.4 nm and 1.1 nm, respectively. Furthermore, a desirable box-like
filtering response is obtained. The measured SLSR is enhanced to 26 dB. The penalty is that the
insertion loss at the drop port rises to 2.6 dB. It is also observed that the extinction ratios of the
through port spectra in both Figs. 3(a) and 3(b) are relatively low. As already analyzed in Section 2,
if a better quality control of the SOI material and the processing is available, we can reduce the
insertion loss of the drop port and improve the extinction ratio of the through port by increasing the
grating length.

By cascading four pairs of grating assisted contra-DCs in series, we build a four channel tunable
DWDM demultiplexer in another batch. The idea is to demonstrate a reconfigurable demultiplexer,
so all four contra-DC pairs are identical. The channel selection is implemented by tuning the heating
power. However, if the reconfigurability is not required, the four contra-DC pairs can be designed to
have different central wavelengths that match the wavelength grid of the DWDM system. Measured
spectral responses of all four drop ports as well as the through port are displayed in Fig. 4 with
the coupling loss of fiber grating couplers being normalized. The central wavelengths of the four
channels are separated with a uniform spacing of ∼1.6 nm by tuning heating powers. Thanks to the
steep filtering characteristics and the strong sidelobe suppression, isolations between all adjacent
channels are better than 20 dB. The insertion loss of the through port at off-resonance wavelengths
is 0.6 dB, whereas those of the four drop ports at their respective central wavelengths are <3 dB.
More information is given in Table 1. Compared with Fig. 3(b), spectra of drop and through ports in
Fig. 4 present much stronger intra band ripples. It has been analyzed in [22] that these intra band
ripples are mainly caused by the waveguide sidewall roughness induced phase noise. Therefore,
we attribute intra band nonuniformities in Fig. 4 to the poor fabrication quality of this batch.

Without the FSR limitation, central wavelengths of the four-channel demultiplexer can be tuned
through the whole C band in principle. In Fig. 5, thermal tunabilities of all four channels are charac-
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Fig. 4. Measured spectral responses of the four-channel DWDM demultiplexer.

TABLE 1

Measurement Results of Each Channel of the Four-Channel DWDM Multiplexer

Fig. 5. (a)–(d) Measured spectral responses at four drop ports of the four-channel tunable DWDM
demultiplexer upon different heater powers. The resistance of heaters is 800 � for this device.
(e) Measured spectral responses of a single channel filter which consists of a grating assisted contra-
DC pair. The resistance of heaters is 400 �. (f) Relationships between heater powers and wavelength
shifts extracted from (a)–(e).
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terized. As a result of the fabrication imperfection, the two contra-DCs of each channel have slightly
different center wavelengths. In order to eliminate the disalignment of their center wavelengths, the
thermal tuning powers on the two contra-DCs are slightly different as well. Values marked inside
Fig. 5 denote the combined power of the two heaters. Resistances of all heaters are measured
to be ∼800 �. As center wavelengths shift, insertion losses of all four channels remain at ∼3 dB.
However, deteriorations of filtering curves are manifested by reduced SLSRs. The reason is that the
thermal fields are not exactly uniform along 0.9-mm-long waveguide gratings. As the heater power
increases, the longitudinal fluctuation of thermal field adds a phase noise to the grating apodization
profile, and hence distorts spectral responses in Fig. 5. Wavelength tuning ranges in Figs. 5(a)–5(d)
are ∼12 nm, which are constrained by the 32 V maximum output of our voltage source. The average
thermal tuning efficiency of four channels is 0.006 nm/mW as shown in Fig. 5(f), where shifts of
center wavelengths are plotted as a function of the heater power. In Fig. 5(e), we measure another
contra-DC pair whose heater width is doubled from 4 μm to 8 μm. Thanks to the halved resistance
of 400 �, a tuning range of 25 nm is achieved with the same voltage source. It is noteworthy that
filtering curves are subjected to less deterioration in Fig. 5(e) than those in Figs. 5(a)–5(d) while
devices are heated. It implies that the longitudinal uniformity of the thermal field can be improved
by widening the electrode.

4. Conclusion
In conclusion, we demonstrate a four-channel tunable demultiplexer based on silicon grating-
assisted contra-DCs. The device possesses merits of narrow bandwidth, box-like filtering response,
and FSR free operation, which are strongly desired by DWDM systems. Despite these advantages,
there are two issues need to be addressed in future. At first, compared with ring based demul-
tiplexers, power consumptions for thermal tuning are high as a result of large volumes of silicon
WBGs. Secondly, the filtering responses present discernible deteriorations as central wavelengths
are shifted by heaters. In view of these issues, following works are suggested for future: globally
optimizing the layout so as to improve the uniformity of the thermal field along the grating, utilizing
techniques such as the BOX layer undercutting to enhance the heating efficiency [23], reducing the
insertion loss by increasing the grating length. In addition, if the wavelength reconfigurability is not
necessary, the four-channels can be designed with different central wavelengths by adjusting their
grating periods. By this way, the central wavelength of each channel only needs to be tuned slightly
so as to compensate the disalignment caused by fabrication errors, the total power consumption
therefore can be reduced substantially.
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