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Design and Demonstration of Compact and
Broadband Wavelength Demultiplexer Based on

Subwavelength Grating (SWG)
Fuling Wang , Xiao Xu , Chen Zhang, Chonglei Sun, and Jia Zhao

Abstract—An ultracompact and broadband silicon wavelength
demultiplexer based on SWG-assisted directional coupler is de-
signed and experimentally demonstrated for wavelength splitting
of 1310 and 1550 nm. The embedded SWG enables significantly
reduced footprint, due to the precise phase matching at 1550 nm
and large phase mismatch at 1310 nm. As a result, the fabricated
device has a length of only 9µm, and provides high extinction ratios
(ERs) of 23 dB and 19 dB at 1310 and 1550 nm, respectively. Its
3-dB bandwidths are 85 nm for O-band (ER > 15 dB) and 140 nm
for C-band (ER > 10 dB).

Index Terms—Directional coupler (DC), subwavelength grating
(SWG), wavelength demultiplexer.

I. INTRODUCTION

WAVELENGTH division multiplexing (WDM) is quite
important to satisfy the continuously increasing demand

of ultrahigh link capacity in optical communications [1]. Tech-
nology for separating and combining different wavelengths is
fundamental to WDM system [2]. Integrated wavelength divi-
sion demultiplexer is an essential block for building broad band
services for Big data, large capacity communication and cloud
computing applications, due to its advantages in device size and
performances [3].

Much attentions have been given to demultiplexing wave-
lengths of 1310/1550 nm [4]–[6]. Conventional wavelength de-
multiplexers, such as diffraction grating couplers and micro-ring
resonators exhibit small footprints and high extinction ratios,
but their bandwidths are much narrow [7]–[9]. By comparison,
the multimode interference (MMI) devices provide a relatively
broad optical bandwidth and relax fabrication tolerance [10]–
[12]. But, they usually have a relatively large length. In our
previous work [13], subwavelength gratings are embedded in
MMI to shrink the device footprint, yet the device length still
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exceeds thirty microns. Also, wavelength demultiplexer has
been demonstrated using inverse design algorithm and the device
footprint is 2.8×2.8 μm2 [14]. Currently, most demultiplex-
ers are assembled with the directional coupler (DC) thanks
to its high extinction ratio and easy design process [15]–[18].
However, for wavelength demultiplexing, the device length is
relatively long, because the coupling region length must be
even multiples or odd multiples of the beat lengths for two
wavelengths. Even though subwavelength grating structure is
inserted in the coupling region of DC to adjust beat lengths, the
total length of the wavelength demultiplexer is still up to tens of
microns [19]. Moreover, the bandwidth of DC depends on the
precise phase matching condition. Typically, the bandwidth is
less than 40 nm [20]. Therefore, the demonstration of a compact
wavelength demultiplexer with excellent performances is fairly
desirable.

Recently, subwavelength gratings (SWGs) have been widely
used to reduce the feature size, increase the bandwidth and
relax the tolerance to fabrication imperfections [21]–[23]. SWGs
are periodic structures that composed by interlaced segments
of a high-refractive-index core material (e.g., Si) and a low-
refractive-index cladding material (e.g., air or SiO2), where
the reflection and diffraction effects are suppressed by using
a grating pitch that much smaller than the operating wavelength
[24]–[26]. As a result, the SWG is denoted as a homogeneous
medium with an equivalent refractive index, which presents the
potential of providing a new degree of freedom for device design
by manipulating structural parameters [27], [28]. Thus, it is a
promising candidate for wavelength demultiplexer.

In this work, we design and experimentally demonstrate a
wavelength demultiplexer that splits the wavelengths of 1310
nm and 1550 nm on a silicon-on-insulator (SOI) platform. In
our design, one strip waveguide of the DC is replaced by a SWG
waveguide. By optimally choosing the structural parameters
of the SWG, its effective index is tuned carefully to satisfy
the phase-matching condition at 1550 nm. Meanwhile, a large
phase mismatch is maintained at 1310 nm. Therefore, the input
light at 1310 nm propagates to the through port with negligible
cross-coupling, while the light at 1550 nm is coupled to the
adjacent SWG waveguide within one coupling length. Moreover,
by employing the SWG configuration, the beat lengths are short-
ened substantially, resulting in the further reducing in device
length. The fabricated device displays low insertion losses of
less than 1.7 dB for both 1310 and 1550 nm, and provides high
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Fig. 1. (a) 3D schematic configuration of the designed wavelength demutiplexer. (b) Top view of the device. (c) Enlarged view of the coupling region.

extinction ratios (ERs) of 23 dB and 19 dB at 1310 and 1550 nm,
respectively. Its 3-dB bandwidths are 85 nm for 1310 nm (ER >
15 dB) and 140 nm for 1550 nm (ER > 10 dB), which showing
a broadband property that can cover almost the whole O-band
and C-band. The total length of the present device is as short as
9 μm, which is about 10% of the traditional devices based on
directional couplers, making this an ultracompact wavelength
demultiplexer.

II. STRUCTURE AND OPERATION PRINCIPLE

The three-dimensional (3D) schematic of the proposed wave-
length demultiplexer is illustrated in Fig. 1(a). The SOI platform
with a 220 nm-thick top Si is implemented for our design which
is buried in the SiO2 cladding layer. The top view in Fig. 1(b) in-
dicates the proposed wavelength demultiplexer mainly consisted
by three parts: an input Si wire, a SWG-assisted asymmetrical
directional coupler and two output wires. The asymmetrical DC
section comprises a strip waveguide A, an evanescently coupled
SWG waveguide B, and separated by a gap (g) of 100 nm.
Within a consideration of the single-mode condition, width of
strip waveguide A (wA) is chosen to be 400 nm. A S-bend (R =
15 μm) is attached to the strip waveguide A to decouple the two
waveguides. As shown in Fig. 1(c), the periodic structure with
Si and SiO2 of SWG waveguide arranges along the direction of
propagation with period of Λ. a and Λ-a represent the segment
length of Si and SiO2 in a period. To reduce the insertion
loss, a SWG-strip transition is incorporated between the SWG
waveguide B and output strip waveguide. The transition and the
SWG waveguide B have the same period Λ and duty ratio a/Λ.
In the subwavelength regime, the SWG waveguide period Λ is
limited by the Bragg condition (ΛBragg). That is, the relation of
Λ<ΛBragg = λ/(2nB) must be fulfilled, where nB, the effective
index of the SWG waveguide, can be deduced with certain wB

and nSWG. Here, nSWG represents the equivalent index of the
SWG, which can be roughly estimated by the Rytov’s formula
[25]:

n2
SWG=

a

Λ
n2
Si +

Λ− a

Λ
n2
SiO2

(1)

Fig. 2. (a) The equivalent index of SWG (nSWG) with respect to duty ratio
(a/Λ). (b) Bragg period length ΛBragg as a function of the duty ratio (a/Λ) for
different waveguide width wB.

where nSi and nSiO2 are the indices of Si and SiO2, respectively.
The relationship between nSWG and duty ratio is plotted in
Fig. 2(a). For the wavelength of λmin = 1400 nm, the Bragg
period ΛBragg as a function of the duty ratio for different
waveguide width wB are depicted in Fig. 2(b). It reveals that,
within the given ranges of waveguide width wB and duty ratio,
all the calculated Bragg period lengths are larger than 270 nm.
Thus, the grating pitch Λ is fixed as 250 nm, which can be
accepted in practical fabrication process.

For the wavelength demultiplexer based on conventional DC,
two input wavelengths can be separated when the total length L
is even multiples or odd multiples of the beat lengths for both
wavelengths. Unfortunately, the beat lengths of 1310 and 1550
nm are much close, causing the lowest common multiple is large.
Consequently, the total length of the wavelength demultiplexer
based on conventional DC is too large. Instead, in our design,
there is no need to fulfill the length relation in conventional DC.
The operating principle can be explained as follows. By fine-
tuning parameters of the SWG, the phase-matching condition is
satisfied at 1550 nm, and a large phase mismatch is maintained
at 1310 nm. Therefore, light at 1550 nm can be coupled to wave-
guide B effectively, while the coupling efficiency between these
two waveguides at 1310 nm is dramatically frustrated because of
the large phase mismatch. That is, n1550

A = n1550
B, at the same
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Fig. 3. (a) Variation of effective indices of the fundamental modes of strip waveguide A and SWG waveguide B with SWG refractive index nSWG and waveguide
width wB at 1550 nm. (b) The phase mismatch at 1310 nm. (c) The coupling coefficient κ, the difference of the propagation constants � and the maximum
power-coupling efficiency F as functions of waveguide width wB at 1310 nm.

time, n1310
A» n1310

B. Consequently, when the total length is
set to the coupling length of 1550 nm, 1550-nm light from port
1 can be coupled completely and transferred to the cross port
3, but light at 1310 nm can hardly couple and outputs from the
through port 2. Unlike the conventional DC, the embedded SWG
destroys the phase-matching condition at 1310 nm selectively,
resulting in a short device length.

In designing the wavelength demultiplexer, the fundamental
transverse electric (TE) modes are used as the input mode and
output mode. According to the effective medium theory, the ef-
fective index can be deduced by 2D mode analysis. Accordingly,
the SWG waveguide dimensions are determined. Specifically,
we first calculated the refractive indices for waveguide A with
wA = 400 nm. The obtained refractive indices are 2.525 for
1310 nm (n1310

A) and 2.221 for 1550 nm (n1550
A). Here, the

SWG waveguide B is treated as a homogenous medium with an
equivalent index of nSWG. The calculated effective indices of
SWG waveguide B (n1550

B) as functions of waveguide width
wB and equivalent refractive index nSWG at 1550 nm are shown
in Fig. 3(a). One can see that, for each width of wB, there is a
uniquely determined nSWG to satisfy the precise phase matching
condition. The corresponding results are illustrated as the black
circle. For these specific wB and nSWG, the corresponding
refractive indices at 1310 nm are calculated and illustrated in
Fig. 3(b). It can be observed that the phase mismatch shows an
upward trend as wB increases. Meanwhile, the power-coupling
efficiency at 1310 nm is also analyzed from a quantitative per-
spective. According to the coupled mode theory [29]–[31], the
coupling coefficient between the two waveguides is related to the
overlap integral of electromagnetic fields and can be calculated
by the expression:

κ= iωε0

∫∫
(n2

B − n2
SiO2)

−−→
E10 · −−→E20dxdy

∫∫
2(
−−→
E10 ×−−→

H10) · −→z dxdy
(2)

where ω represents an angular frequency of the electromagnetic
fields, and ε0 is the permittivity of material. E10 and H10 rep-
resent the electric and magnetic field of the fundamental mode
in homogeneous SWG waveguide B. E20 represents the electric
field of fundamental mode in strip waveguide A. F denotes the

maximum power-coupling efficiency and is defined by:

F =
κ2

κ2 +Δ2
(3)

Here we express the difference of the propagation constants
between waveguides A and B as

Δ =
(β1 − β2)

2
(4)

whereβ1 andβ2 are the propagation constants for the two lowest
order modes. To ensure the phase mismatch condition at 1310
nm, � » κ should be satisfied.

The coupling coefficient κ, maximum power-coupling effi-
ciency F and the difference of the propagation constants � as
functions of waveguide width wB are shown in Fig. 3(c). It can be
observed that κ decreases and � increases with wB. As a result,
the difference between � and κ is increasing. When wB = 900
nm, � is 0.475 ×106/m, which is an order of magnitude larger
than κ (κ = 0.0223×106/m). Namely, only 1.2% of the total
power at most can be coupled to the neighboring waveguide,
which can be ignored reasonably.

Although κ decreases and Δ increases with the increment of
wB, the corresponding nSWG and duty ratio are also increasing.
Namely, the segment length of SiO2 decreases, which puts
higher requirement on the fabrication process. As the tradeoff
between higher ER and ease fabrication, wB is set to 900 nm
finally. Therefore, nSWG is 2.975 to satisfy the phase match
condition for the 1550 nm according to results in Fig. 3(a).
From Eq. 1, the theoretical value of a is 169 nm, namely, SiO2

segment length Λ-a is 81 nm. The coupling length should be
equal to the beat length of 1550 nm, which can be estimated
with the following formula by calculating the eigen modes in
the coupling region [32]:

Lπ =
λ0

2(n0 − n1)
(5)

where n0 and n1 are effective indices of the first and second mode
in the coupling region at wavelength λ0. To obtain accurate pa-
rameters and optimal performances, calculations are performed
with 3D FDTD simulations. It should be noted that the optimized
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Fig. 4. (a) Field evolution for the central wavelengths of 1310 nm and 1550 nm through the demultiplexer. (b) Wavelength dependence of the demultiplexer.

TABLE I
DESIGN PARAMETERS OF THE WAVELENGTH DEMULTIPLEXER

silicon segment length is 174 nm and the corresponding duty
cycle is 0.7. The beat length at 1550 nm determines the coupling
length, which is only 9μm. The detailed parameters of the device
are summarized in Table I.

The transmission behaviors of the proposed demultiplexer, in-
cluding the field evolution for wavelengths of 1310 nm and 1550
nm along the transmission direction are depicted in Fig. 4(a). The
launched light at 1550 nm experiences a strong coupling along
transmission direction and outputs from Port 3, while light at
1310 nm efficiently passes through the coupling region due to
the large phase mismatch, and outputs from Port 2. As a result,
the demultiplexing function for different wavelengths is well
implemented. The performances of the proposed wavelength
demultiplexer are assessed by the insertion loss (IL) and the
extinction ratio (ER), which are defined as follows [5]:

IL = 10 log(Pd/Pin) (6)

ER = 10 log(Pd/Pu) (7)

Where Pin is the power in the input waveguide, Pd and Pu are the
output powers from the desirable and undesirable output waveg-
uides, respectively. Fig. 4(b) shows the wavelength response of
Port 2 and Port 3, and calculated ILs and ERs are as follows: IL
= 0.1dB and ER = 23.15 dB at 1310 nm; IL = 0.05 dB and ER

= 32.94 dB at 1550 nm. For 1310 nm, the 3-dB bandwidth is
broader than 135 nm (from 1200 nm to 1335 nm), in which the
ERs are higher than 19 dB. For 1550 nm, in the range of C-band
(from 1530 to 1565 nm), the ERs are also higher than 19 dB.

Furthermore, fabrication tolerances of structural dimensions
are analyzed, and the results are shown in Fig. 5. The ER and
IL as functions of width variation of strip waveguide A (�wA),
SWG waveguide B (�wB), Si segment length (�a), coupling
region length (�Lc), the thickness of top Si layer (�h) and the
gap (�g) are demonstrated in Fig. 5(a)–(f), respectively. Here,
the tolerances are characterized by the IL of lower than 0.5 dB
and ER of higher than 10 dB. We can see that the tolerances
on �wA and �wB are ± 8 nm and ± 40 nm, respectively. The
performance of the designed device is less sensitive to �wB

for wider SWG waveguide is used. The tolerance on �a is ±
4 nm and the tolerance on �Lc is much larger with the range
from −2 to 2 μm. Compared with �Lc, the device is much
vulnerable to �a, and this happens because it manipulates the
equivalent index greatly. The variation of �h is from −25 nm
to 55 nm thanks to the less effect on TE mode. As for gap
variation, �g can varies from −20 to 20 nm, mainly because the
operating mechanism of the device is well kept within the gap
range.

III. DEVICE FABRICATION AND CHARACTERIZATION

According to the theoretical analysis and design, we fabri-
cated the wavelength demultiplexer using electron-beam lithog-
raphy followed by plasma etching. The whole device was then
covered with a SiO2 layer as the top cladding. Scanning electron
microscope (SEM) image is shown in Fig. 6. The fabricated
device was measured using tunable O-band and C-band contin-
uous wave lasers and power-meters. The measured scattering
parameters for the compact WDM device are plotted in Fig. 7.
The plotted wavelength range is limited by the tuning range of
the tunable lasers in O-band and C-band.

The performance of the fabricated 1310/1550 nm wavelength
demultiplexer was characterized of the wavelength from 1240
to 1380 nm, and from 1490 to 1630 nm, respectively. The
measured transmission of the cross Port 3 and through Port 2 are
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TABLE II
COMPARISON OF PERFORMANCES OF O-BAND/C-BAND WAVELENGTH DEMULTIPLEXERS REPORTED. (RESULT TYPE: EXPERIMENT)

a.ER shown here are the ERs at central wavelengths of O-band and C-band, respectively.
b. IL shown here are the ILs at central wavelengths of O-band and C-band, respectively.

Fig. 5. ERs and ILs of the demultiplexer as functions of (a) the strip waveguide width (�wA), (b) SWG waveguide width (�wB), (c) the Si segment length
(�a), (d) coupling region length (�Lc), (e) the thickness of top Si layer (�h) and (f) the gap (�g).

Fig. 6. SEM image of a fabricated wavelength demultiplexer.

normalized to a strip waveguide with an input and an output grat-
ing coupler. Although somewhat degraded in performances with
respect to the simulated results, the fabricated device exhibits a
relatively low IL and high ER at the peak wavelength of 1310
nm and 1550 nm. At 1310 nm, the measured insertion loss is

Fig. 7. The measured transmission spectra for the demultiplexer in the wave-
length span of 1240-1380 nm and 1490-1630 nm. .

1.7 dB, and the ER is 23 dB. The 3-dB bandwidth is as broad
as 85 nm, and the ER is higher than 15 dB. As for 1550 nm, the
measured IL and ER are 1.4 dB and 19 dB, respectively. The
3-dB bandwidth is 140 nm, which is limited by the source band,
and the ER is higher than 10 dB within the whole test band.
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Moreover, in the range of C-band (1530-1565 nm), the ER is
higher than 16 dB. We attribute the performance deterioration
of the fabricated device compared with the simulation results to
fabrication imperfections.

The comparison of performances between the previously
reported O-band/C-band wavelength demultiplexers and our
work is summarized in Table II. By comparison, the proposed
device shows competitive performances in easy design, compact
footprint, broad bandwidth and high ER.

IV. CONCLUSION

In conclusion, we designed and experimentally demonstrated
an ultracompact and broadband 1310/1550 nm wavelength de-
multiplexer by utilizing SWG-assisted asymmetrical directional
coupler. The embedded SWG enables significantly reduced
footprint, due to the precise phase matching at 1550 nm and
large phase mismatch at 1310 nm. Therefore, the input light
at 1310 nm propagates to the through port with negligible
cross-coupling, while the light at 1550 nm is coupled to the
adjacent SWG waveguide within one coupling length and an
ultracompact footprint with the total length of 9 μm is ob-
tained. The fabricated device displays low insertion losses of
less than 1.7 dB for both 1310 and 1550 nm, and provides high
extinction ratios (ERs) of 23 dB and 19 dB at 1310 and 1550
nm, respectively. Its 3-dB bandwidths are 85 nm for 1310 nm
(ER > 15 dB) and 140 nm for 1550 nm (ER > 10 dB), which
showing a broadband property that can cover almost the whole
O-band and C-band. Our results imply that the proposed device
is promising for high-efficiency wavelength demultiplexing with
compact footprint and broad bandwidth.
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