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Abstract—Subwavelength grating (SWG) waveguides in silicon-

on-insulator are emerging as an enabling technology for 

implementing compact, high-performance photonic integrated 

devices and circuits for signal processing and sensing applications. 

We provide an overview of recent work on developing wavelength 

selective SWG waveguide filters based on Bragg gratings, ring 

resonators, and contra-directional couplers, as well as optical 

delay lines for applications in optical communications and 

microwave photonics.  These components increase the SWG 

waveguide component toolbox and can be used to realize more 

complex photonic integrated circuits with enhanced or new 

functionality. 

 
Index Terms—Subwavelength gratings, silicon photonics, 

integrated optics, Bragg gratings, ring resonators, contra-

directional couplers, optical add-drop multiplexers, optical delay 

lines 

 

I. INTRODUCTION 

NTEGRATED photonic solutions are in demand for diverse 
applications ranging from data communications to 

instrumentation to sensing.  Integrated optical devices in 
silicon, including those based on silicon-on-insulator (SOI) and 
silicon nitride (SiN), can leverage CMOS fabrication facilities.   
The use of silicon for realizing integrated optical components 
was proposed more than 30 years ago [1] and interest, research, 
and development in silicon photonics (SiP) in academia as well 
as industry started its incredible acceleration and growth about 
15 years ago [2-4].  This interest continues today and over the 
years, there have been a number of impressive realizations and 
demonstrations of passive and active devices, as well as 
integrated subsystems, and deployment of commercial products 
from communications to biosensing (e.g., from Acacia 
Communications, Luxtera, and Genalyte, to name a few).  SiP 
has led to transformative technologies for coherent optical 
communications and is a driving force behind the rapidly 
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emerging field of integrated microwave photonics (MWP).   
Among the various developments in SiP, one area that has 

started to attract increased interest is the use of subwavelength 
grating (SWG) structures, such as an SWG waveguide as shown 
in Fig. 1, for designing and implementing integrated optical 
components [5-7].  An SWG is based on a periodic arrangement 
of two different materials having a period that is much smaller 
than the wavelength of the light [8,9].  Light can propagate in 
the direction perpendicular to the subwavelength 
structurereferred to as crosswise operationor parallel to the 
axis of the structurereferred to as lengthwise operation. The 
interest in SWG structures is the ability to perform refractive 
index engineering.  A number of SWG components in SOI that 
use crosswise operation have been reported, especially high-
efficiency fiber-to-chip surface grating couplers [10-12].   

 

 
Fig. 1.  (a) Schematic of SWG waveguide in SOI, (b) waveguide cross-

section, and (c) SWG taper used to couple light from a conventional strip 
waveguide (or nanowire waveguide) to the SWG waveguide. 
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Since the first demonstration of an optical waveguide with an 
SWG metamaterial core by Bock et al. [13], metamaterial SWG 
waveguides have attracted a strong research interest because of 
their unique potential to control light propagation.  In particular, 
researchers have exploited lengthwise operation to implement 
�simple� passive SWG waveguide-based devices such as 
couplers and beam splitters, both directional couplers (DCs), 
and multimode interference couplers [14,15]; mode 
transformers [16]; and polarization converters [17]. A key 
operating characteristic of these SWG waveguide-based 
devices compared to their traditional counterparts is the 
ultrabroadband operation (e.g., [15]). Low loss bends [18] and 
waveguide crossings [19] have also been demonstrated.  These 
�building blocks� are compatible and can be used to develop 
more complex integrated structures, photonic integrated circuits 
(PICs), and (sub-)systems.  From a practical perspective, the 
majority of these devices can be obtained using a single etch, 
which simplifies fabrication and processing.   

In this paper, we review recent progress on developing 
additional basic building blocks based on SWG waveguides in 
SOI for applications in optical communications and MWP, 
particularly optical filters and optical delay lines (ODLs).  We 
describe how Bragg gratings (BGs) [20-23], microring 
resonators (MRRs) [20,21,24,25], contra-DCs [26-28], and 
optical add-drop multiplexers (OADMs) [29] can be 
implemented using SWG waveguide components, as well as 
how SWG waveguides enable index variable optical true time 
delay lines (OTTDLs) [30].  

II. BASIC BUILDING BLOCKS 

Fig. 1 illustrates the schematic of an SWG waveguide in SOI.  
The SWG is formed by a periodic arrangement of high 
refractive index material (i.e., Si) with a thickness a that is 
embedded within a medium of lower refractive index (e.g., 
SiO2).  SWGs are characterized by having a period 】 that is 
sufficiently small compared to the wavelength of light.  The 
duty cycle of the SWG is defined as D = a/】.  An SWG 
waveguide is formed by defining finite transverse dimensions, 
e.g., a cross-section defined by a height h and a width w, to the 
high refractive index material.     

Light propagating in an SWG waveguide excites a 
combination of the Bloch modes of the periodic structure. 
Bloch waves are the natural modes of periodic media in the 
same way that plane waves are the natural modes of free space. 
The propagation of a Bloch mode through the SWG waveguide 
can be described by the following expression: 

 継岫捲┸ 検┸ 権 髪 岻 噺 継喋岫捲┸ 検┸ 権岻結貸廷遁 
 

where 継喋岫捲┸ 検┸ 権岻 is the Bloch mode field distribution within a 
single period and 紘喋 is its corresponding complex propagation 
constant that determines how the field repeats itself after 
propagating one period. In general, 紘喋 噺 糠喋 髪 倹倦喋 噺 糠喋 髪倹岫に講 エ 岻券喋 where 糠喋 and 倦喋 are the attenuation and 
propagations constants (wave number), respectively, and 券喋 is 
the effective index of the Bloch mode.  

The carrier frequency of the light signal propagating in the 
SWG waveguide determines the operating regime and 

operation can be divided generally into the following three 
regimes [5-7].   

Diffraction regime.  This regime is a consequence of phase-
matched coupling between the radiation modes of the structure 
and its index guided modes. The gratings provide a phase factor 
of 圏 抜 計 along the propagation axis, here 権, where 計 噺 に講 エ  
and 圏 is the diffraction order, and if the phase-matching 
condition  倦沈嫌件券岫沈圏岻 髪 圏計 噺 	 倦喋 is satisfied (where 沈 is the 
diffraction angle), the Bloch mode is leaky and the power of the 
launched light diffracts out of the waveguide core.  

Reflection regime. Carrier frequencies below those 
associated with the diffraction regime may fall within the 
photonic bandgap, where the propagating light cannot be 
efficiently phase-matched to the radiation modes but rather 
successive reflections from the grating structure are able to add 
constructively giving rise to strong Bragg reflection.  Thus, the 
incoming light is gradually attenuated and is reflected back to 
the input.  In this regime, 倦喋 is a constant, 倦喋 噺 倦喋┸喋追銚直直 噺講 エ  and the corresponding Bragg wavelength is  噺に券喋┸喋追銚直直.  

Subwavelength regime: At even lower frequencies, i.e., 
below the first photonic bandgap, diffraction orders at an angle 肯 will not be phase-matched with the guided mode and are not 
able to receive power. Similarly, successive back reflections 
cannot add constructively. Thus, both diffraction and reflection 
effects are suppressed. In this regime, the propagation constant 倦喋 increases monotonically with frequency, in a manner similar 
to a conventional optical waveguide.   Interestingly, light is able 
to propagate through thousands of SWG discontinuities with no 
loss (theoretically speaking). The subwavelength regime is 
obtained when the period of the SWG is small enough so that 
the effective index of the Bloch mode falls below the condition 
for Bragg reflection, i.e.,  券喋 隼 券喋┸喋追銚直直 or   伴 に券喋┸喋追銚直直.   

We are particularly interested in the subwavelength regime 
where the grating can be modeled as a conventional waveguide 
having the same transverse dimensions but a uniform core 
material with an equivalent effective refractive index, 券勅捗捗.  
This effective index depends on the duty cycle D [5-9]. 

 

 
Fig. 2.  Simulated E-field for a TE-like mode propagating in a strip 

waveguide and a Bloch mode propagating in an SWG waveguide in SOI.  The 
waveguides have the same cross-section. 
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A. Waveguides and crossings 

We begin by examining propagation in a conventional strip 
waveguide and an SWG waveguide in SOI.  The waveguides 
have the same transverse dimensions of h = 220 nm  w = 500 
nm; the SWG waveguide has a period  = 300 nm and D = 50%. 
The waveguides �sit� on a buried oxide (BOX) layer and are 
covered by a cladding that is index-matched to the BOX layer.  
Fig. 2 shows the E-field centered at a carrier wavelength of 
1550 nm propagating in a strip waveguide and an SWG 
waveguide in SOI calculated using a 2.5D FDTD simulator 
(LumericalTM); the Sellmeier relations are used to account for 
the frequency dependence of the refractive indices.  We can 
clearly observe the difference between the TE-like mode 
propagating in the strip waveguide and the Bloch mode 
propagating in the SWG waveguide.  Note in the latter the 
absence of coupling to radiation modes or to Bragg reflection.   

In the first report of index guiding in an SWG waveguide in 
SOI, Bock et al. used a cross-section of h = 260 nm  w = 300 
nm,  = 300 nm, and D = 33% [13].  Although theoretical 
predictions call for no propagation loss in SWG waveguides, 
the measured propagation loss in the C-band for TE modes was 
found to be ~ 2.1 � 2.6 dB/cm with a polarization dependent 
loss (PDL) of 0.5 dB.  As mentioned in [13], this loss is 
�remarkable that such low loss is achieved for light propagating 
over a 1 cm distance through more than 33,000 boundaries 
between highand low-refractive-index segments having an 
index contrast of ∆n ~1.9.�   

Recently, Gao et al. investigated the transmission of data 
signals in an SWG waveguide in SOI [31]. Their 2 mm long 
SWG waveguide was based on a cross-section of h = 220 nm  
w = 300 nm,  = 300 nm, and D = 50%.  The propagation loss 
of 4.2 dB/cm was higher than that in [13] which the authors 
attributed to imperfections arising during fabrication, 
particularly surface roughness and variability in the size of the 
silicon segments.  They transmitted 38.12 Gbaud OFDM 16-
QAM signals on 75 WDM channels with a BER < 410-5 on 
each channel (below the FEC threshold).  While similar 
performance was obtained for transmission through a 
conventional strip in SOI (with h = 220 nm  w = 400 nm), the 
SWG waveguide provided an 8 dB improvement in launch 
power due to reduced nonlinear effects. 

The suppression of diffraction effects in SWG waveguides 
make them suitable for implementing waveguide crossings.  
Bock et al. demonstrated crossings based on SWG waveguides 
with h = 260 nm  w = 300 nm and h = 220 nm  w = 400 nm, 
both with D = 50% [18].  For TE modes, losses of 0.023 
dB/crossing and 0.07 dB/crossing were obtained for w = 300 
nm and 400 nm, respectively.  While smaller values of w 
resulted in lower loss/crossing, they induced greater PDL (< 
0.02 dB compared with < 0.005 dB).  Crosstalk for both SWG 
waveguide designs was < 40 dB.  In contrast, losses of 0.98 
dB/crossing and a crosstalk of 15 dB were obtained with strip 
waveguides.   

B. Tapers and bends 

As shown in Fig. 2, the modes propagating in strip and SWG 

waveguides are substantially different.  If a PIC comprises both 
strip and SWG waveguides, then some form of transition 
between the modes will be necessary to reduce excess loss 
whenever the two different types of waveguides are interfaced.   
An SWG taper converts a conventional mode propagating in a 
strip waveguide into a Bloch mode that propagates in an SWG 
waveguide [18,19].  SWG tapers are designed for adiabatic 
adjustment of one mode to the other and transitioning gradually 
from the SWG core refractive index to that of the strip 
waveguide.  The SWG taper structure is shown in Fig. 1(c). It 
is based on a periodic grating-like structure with period P and 
where the waveguide width is varied linearly from W1 to W2 
over a length Ltaper.  

Donzella et al. investigated the input and output mode 
mismatch loss as well as the total taper loss for SWG 
waveguides as a function of D [19].  Taper losses were lower 
for larger values of D as well as for TM modes.  Generally 
speaking, it is possible to tailor the design of the taper to 
minimize the loss due to mode mismatch between a strip and 
SWG waveguide and a taper loss of 0.8 dB can be achieved.  It 
should be mentioned that tapers were used in the SWG 
waveguides described in Section 2A; note that the losses 
reported exclude the taper/mode mismatch losses. 

In addition to crossings, waveguide bends are essential for 
designing more complex PICs, e.g., for routing, as well as for 
developing ring-based structures (to be discussed in Section 
3B).  Donzella et al. also performed a detailed analysis of SWG 
waveguide bends [19]. A 90 bending loss of ~1.5 dB was 
demonstrated for a bend radius of 10 m; this loss was reduced 
to ~ 1 dB when the bend radius was increased to 30 m. 
Moreover, lower losses can be supported using higher values of 
D. As demonstrated by Wang et al., using trapezoidal, rather 
than rectangular, silicon segments in the SWG waveguide 
bends should reduce losses even further [32]. 

III. SWG WAVEGUIDE-BASED FILTERS 

In this section, we discuss the design and characteristics of 
optical filters based on SWG waveguides.  For fabrication 
processes available from typical silicon photonic multi-project 
wafer runs, our devices are based on h = 220 nm; the silicon 
layer sits on top of a 3 µm BOX and is covered by a 2 µm 
cladding that is index-matched to the BOX, see Fig. 1(b).  Our 
devices use tapers between strip and SWG waveguides.  
Finally, all our devices use focused vertical grating couplers 
(VGCs) for input and output coupling to optical fiber [33].  The 
VGCs are optimized for TE mode operation; as such, all device 
characteristics are reported for one polarization only 
(characteristics on PDL are not available).  The VGCs span 
typically the C-band and have a loss of 7.5 dB/coupler.  All our 
devices are fabricated using ebeam lithography and a single 
etch.  

A. Bragg gratings 

BGs can be realized by introducing a periodic variation along 
the direction of propagation in the waveguide.  This variation 
can come in the form of physical corrugations, variations in the 
waveuigde geometry, or variations in the refractive index, e.g., 
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through photoinduced effects.   
BGs in conventional strip waveguides in SOI have been 

demonstrated.  It is also possible to obtain Bragg reflection in 
an SWG waveguide.  In particular, we can interleave two SWG 
waveguides having differing duty cycles to induce a 
longitudinal periodic variation in the effective refractive index 
[20,22]. Note that this SWG BG effectively involves two 
�types� of SWGs:  one is used to form the waveguide and the 
period is set to operate outside of the bandgap, i.e., the 
subwavelength regimes that supports low loss propagation, and 
the second has a larger period for Bragg reflection. 

Fig. 3 depicts the schematic of an SWG BG that is formed by 
interleaving two SWG waveguides with duty cycles D1 = 
(a1/1) and D2  = (a2/2).  The period of the SWG BG is 1 + 

2.  We fabricated SWG BGs in SOI having a waveguide cross-
section of h = 220 nm  w = 500 nm and periods 1 = 2 = 280 
nm [22]. The SWG BGs comprise 2,000 periods giving a total 
length of 1.12 mm.  We use a Y-branch based on strip 
waveguides to extract the reflection response.  The strip and 
SWG waveguides are connected using an SWG taper with a 
period P = 200 nm and where the waveguide width is reduced 
from W1 = 500 nm to W2 = 200 nm over a length Ltaper = 15 µm.   
All VGCs which provide input coupling as well as extraction of 
the reflection and transmission responses are placed on the 
same end of the device with a pitch of 127 µm to match the 
fiber-to-fiber spacing of a fiber ribbon array.  The device 
occupies a footprint of 1.18 mm  254 m.  

 

 
Fig. 3. SWG BG: (a) schematic showing two interleaved SWG waveguides 

as well as SWG tapers, (b) layout of fabricated device (dimensions of the SWG 
components are exaggerated for illustrative purposes), and (c) SEM of the SWG 
BG prior to depositing the oxide cladding. 

 
In Fig. 4, we show the transmission response of an SWG 

waveguide as well as that of an SWG BG where D1 = 50% and 
D2 = 48%.  The transmission through the SWG BG is different 
due to the spectral response of the Y-branch, but more 
importantly, there is a clear rejection peak at 1546.8 nm due to 
Bragg reflection.  From the reflection response, the 3 dB 
bandwidth is 0.5 nm and from the transmission loss at the 
resonant wavelength, we estimate the peak reflectivity to be 
90.4%.  Changing the duty cycles of the interleaved SWG 
waveguides allows for control over the Bragg resonance.  For 
example, when we use D2 = 44% in the SWG BG, the reflection 
peak is centered at 1533.2 nm.  The 3 dB bandwidth is similar 
(0.5 nm) as is the peak reflectivity (94.4%).  Note that it is 
possible to obtain narrowband reflection from Bragg gratings  

(e.g., patterned on the top surface or with sidewall corrugations) 
on ridge waveguides in SOI [34,35]. 

Recently, Čtyrokýi et al. investigated alternate 
implementations of the SWG BG [23].  These include, amongst 
others, varying the longitudinal and transverse dimensions of 
one of the two interleaved SWG waveguides, or introducing 
loading segments at different locations along the length of the 
SWG waveguide. The additional degrees of freedom associated 
with the use of loading segments, e.g., through control of the 
position and size, provide further control of the spectral 
response of the SWG BG.  In particular, it is possible to obtain 
apodized responses as well as Fabry-Pérot like structures.  This 
increases the type of filtering operations that are possible using 
SWG BG structures. 

 

 
 
Fig. 4. Spectral responses of SWG BGs:  (a) comparing the transmission 

spectrum of an SWG BG and a simple SWG waveguide, (b) SWG BG 
transmission (blue) and reflection (green) responses about the resonant peak at 
1546.8 nm, and (c) illustrating tuning of the Bragg resonance by varying the 
duty cycle: reflection response when D1 = 50% and D2 = 44% (left) and D1 = 
50% and D2 = 48% (right). 

 

B. Ring resonators 

MRRs provide high wavelength selectivity and can be used 
to develop compact integrated optical filters.  In addition to 
filtering, MRRs have been used in modulators, detectors, and 
for slow light/tunable optical delay structures.  MRRs have 
been demonstrated in SiP, including SOI and SiN.  Since the 
properties of SWG waveguides can be readily controlled and 
low loss SWG waveguide bends can be obtained, it is also 
possible to implement MRRs based on SWG waveguides.   

 

 
Fig. 5. (a) Schematic or SWG waveguide MRR and (b) SEM of fabricated 

device before top oxide cladding deposition. 

 
Recently, we demonstrated MRRs based on SWG 

waveguides in SOI with a top oxide cladding [20,21] while 
Donzella et al. reported similar structures but without any upper 
cladding [24,25].  Fig. 5(a) shows a conventional add-drop 
MRR configuration comprising two SWG bus waveguides and 
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an SWG ring waveguide.  We consider SWG waveguides with 
a cross-section h = 220 nm  w = 500 nm,  = 300 nm, and D 
= 50%.  Note that in the ring, the period of the SWG waveguide 
is not exactly 300 nm since the exact value of the period 
depends on the position of the silicon segments as the ring is 
sliced by degrees. The bus and ring waveguides are coupled via 
directional coupling with a gap separation (separation between 
waveguides and not the center-to-center separation) G = 140 
nm.  We use SWG tapers which are similar in design to those 
used for the BGs. Fig. 5(b) shows an SEM of the fabricated 
SWG waveguide MRR prior to deposition of the top oxide 
cladding. 

Fig. 6 shows the through and drop responses of SWG 
waveguide MRRs with ring radii of 15 m, 20 m, and 25 m; 
as expected, devices having smaller ring radii have larger free 
spectral range (FSR).  For our devices, the Q-factor (defined as 
0 / where 0 is the central wavelength of a resonance and  
is the corresponding 3 dB bandwidth) for MRRs with larger 
ring radii is higher (1,280 for a ring radius of 25 m compared 
356 for a ring radius of 15 m).  On the other hand, they also 
exhibit lower extinction ratio (ER) measured at the through 
response of the resonance peaks (an average of ~ 6 dB for a ring 
radius of 25 m compared to 15 dB for a ring radius of 15 m).        

 
Fig. 6. SWG waveguide MRR:  measured through and drop responses for 

devices with a ring radius of (a) 15 µm, (b) 20 µm, and (c) 25 µm.  Measurement 
resolution:  10 pm. 

 

A racetrack design is sometimes more preferable over the 
conventional ring since it is possible to exercise increased 
control over the coupling efficiency due to the longer coupling 
length between the bus and resonator waveguides. In particular, 
by controlling the coupling length, it can be easier to obtain a 
desired coupling condition: under-coupled, critically coupled, 
or over-coupled.  Figs. 7(a) and (b) illustrate the layout and 
schematic of the racetrack resonator based on SWG 
waveguides.  The length of the directional coupling section, L, 
and the gap, G, determine the coupling efficiency and hence 
operating condition. The curved section of the resonator has a 
radius r and the total perimeter of the racetrack is 2ヾr + 2L.  

We fabricated a racetrack resonator with r = 20 µm, 詣 噺ねど	づm, and G = 100 nm (the SWG waveguide parameters are 
the same as those for the MRRs described earlier) [21].  The 
measured through and drop responses are shown in Fig. 7(c). 
The ER, which is as high as 33 dB, is higher than that of the 
conventional MRRs shown in Fig. 6, and the 3 dB bandwidth is 
1 nm.   

 

 
 
Fig. 7. SWG racetrack resonator:  (a) layout and (b) schematic. (c) Measured 

through and drop responses of a fabricated device and (d) zoom of the resonance 
at 1527.85 nm. 

 
The total resonator losses are important for determining the 

Q-factor and ER.  Factors which contribute to the resonator 
losses include SWG waveguide loss and bending loss.  
Although the optical mode in SWG waveguides is delocalized, 
thereby reducing interaction of the electric field with surface 
scattering sources, sidewall roughness, arising from the 
fabrication process, will contribute to loss and is an issue that 
needs to be carefully examined. The SWG waveguide bending 
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loss depends on the duty cycle D. Donzella et al. also 
investigated in detail the characteristics of SWG waveguide 
MRRs and found the following [24].  Rings based on SWG 
waveguides with a smaller duty cycle have a higher Q-factor 
and ER for larger radii (e.g.,  30 m).  This is due to the 
smaller loss associated with a smaller duty cycle (e.g., for D = 
70% compared to 80%).  On the other hand, rings based on 
SWG waveguides with a larger duty cycle have a higher Q-
factor and ER for small radii (e.g., 10 m).  This is since SWG 
waveguides with lower duty cycle and small bend radii have 
higher mode mismatch (and hence higher total bending loss).  

In our fabricated MRRs with a top oxide cladding, we 
obtained modest Q-factors of several hundred to ~1,200 and 
ERs ranging from a few dB up to 20 dB with a top oxide 
cladding, depending on ring radius.  Donzella et al. achieved 
higher values [24,25], e.g., Q-factors up to 6,000 with an air 
cladding or 4,000 with a fluidic cladding, and ERs ranging from 
a few dB to 35 dB.   

Since the Bloch mode exists between the silicon segments, 
MRRs based on SWG waveguides improve the sensitivity of 
index sensors.  For example, without a top oxide cladding (i.e., 
an air cladding), sensitivities exceeding 383 nm/RIU in water 
and 270 nm/RIU in air, which are greater than those obtained 
with rings resonators based on conventional silicon slot and 
strip waveguides, were obtained [24].   

The various results on SWG waveguide MRRs obtained to 
date are promising.  Further work must address the issue of 
losses further to enhance the Q-factor and/or ER so that they 
have comparable performance to resonators based on 
conventional strip waveguides.  It may also be possible to 
envision coupled resonators to tailor further the spectral 
responses for specific filtering and signal processing 
applications.  

C. Wideband filters 

Although BGs and MRRs are popular for designing optical 
filters, they present several shortcomings.  BGs typically 
operate in reflection mode and as such, there is a need for 
optical circulators or some form of splitter/coupler (e.g., a 3 dB 
coupler or a Y-branch) which either increases complexity for 
integration or introduces additional loss.  On the other hand, 
MRRs have a periodic response which may be undesirable for 
certain applications.  Increasing the FSR of MRR filters 
requires the use of very small rings which may not be possible 
or is constrained by the amount of loss associated with tight 
bends.  Moreover, even with higher-order MRR designs, the 
bandwidths are not always suitable for broadband filtering 
applications such as band splitting and band switching. 

Grating-assisted contra- DCs can provide wideband filtering 
characteristics and take advantage of design flexibility similar 
to BGs [36].  Moreover, they are intrinsically four-port devices 
and thus, they can be employed readily in add-drop 
configurations. A grating-assisted contra-DC comprises two 
asymmetric waveguides that are closely spaced and some form 
of periodic refractive index perturbation along the direction of 
propagation in the waveguides, e.g., a grating.  Recently, we 
showed an alternate implementation in which an SWG 

waveguide placed in close proximity to a strip waveguide can 
play the dual role of providing asymmetry as well as the 
periodic perturbation for contra-DC [26].  Due to the large 
optical phase mismatch between the SWG and strip waveguides 
in SOI, undesired co-DC can also be suppressed. The strong 
index variation in the SWG results in a strong coupling 
condition to transfer power using short coupling lengths. 

Figs. 8(a) and (b) illustrate the schematic and layout of the 
SWG waveguide-based contra-DC.  A strip waveguide is 
brought gradually into close contact with an SWG waveguide 
where they are separated by a distance G and interact over a 
coupling length LC.  As with the other devices described 
previously, the cross-sections of the SWG and strip waveguides 
are h = 220 nm  w = 500 nm; the SWG tapers have P = 250 
nm, W1 = 500 nm, W2 = 150 nm, and Ltaper = 15 µm.  We 
consider an SWG period of  = 378 nm and D = 50%. Fig. 8(c) 
shows the measured through and drop responses for an SWG 
contra-DC where G = 150 nm and LC = 400 m.  The contra-
DC exhibits a bandwidth of 16 nm and an extinction ratio in 
excess of 35 dB.  As described previously, the large asymmetry 
in the effective refractive indices between the SWG and strip 
waveguides results in a large spectral separation between the 
resonant (drop) wavelength at C and unwanted intra-
waveguide back reflections at R1 and R2. This is highlighted 
in Fig. 8(d), which plots the simulated add and drop responses 
for an SWG contra-DC with  = 378 nm, G = 200 nm, and LC 
= 100 m:  there is a single operating band spanning 200 nm, 
which exceeds that of previously demonstrated grating-assisted 
contra-DCs in SOI. 

 

 
 
Fig. 8. SWG waveguide-based contra-DC:  (a) schematic, (b) layout of a 

device  (c) measured drop (red) and through (blue) responses for  = 378 nm, 
D = 50%, G = 150 nm, and LC = 400 m, and (d) 3D FDTD simulation of 
response for  = 378 nm, D = 50%,  G = 200 nm, and LC = 100 m. 

 
A contra-DC with a constant gap over the coupling length 

will have a spectral response that contains significant sidelobes; 
these make the device unsuitable for providing wavelength 
selectivity in OADMs.  It is well known that apodization can be 
used to reduce such sidelobes.  In [27], Liu et al. vary the gap 
distance from 900 nm to 200 nm for a 100 m coupler following 
a Gaussian function.  In this case, a suppression of 27 dB in the 
sidelobes was obtained.  However, the rejection ratio of the 
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through port is only ~ 5dB within its stop band, and the pass 
band of the drop port has a 2.5 dB insertion loss over its 3 dB 
bandwidth.  As such, while the device can be used as a two-port 
bandpass filter, it is not suited for providing add-drop 
functionality. To address this issue, we followed a design based 
on stronger power coupling using a narrower gap distance while 
adjusting the coupling length to obtain a compromise between 
sidelobe suppression and stop band/pass band extinction [28]. 

Fig. 9(a) portrays the schematic of our apodized SWG 
contra-DC design. A strip waveguide is brought gradually to a 
gap distance, Gmax, of a straight SWG waveguide to form the 
coupler waist over a coupling length LC. In contrast to [27], we 
then taper the gap using a raised cosine profile (for ど 隼 権 隼詣寵): 

 罫岫権岻 噺 罫陳銚掴 伐 怠態 岫罫陳銚掴 伐 罫陳沈津岻 峙な 伐 潔剣嫌 岾態訂佃挑頓 峇峩    (1) 

 
The minimum gap at the center of the device, i.e., at z = LC/2, is 
Gmin.  Fig. 9(b) shows the measured spectral response of a 
fabricated contra-DC where Gmin = 150 nm, Gmax = 450 nm, 
LC  = 100 m, and  = 378 nm.  The device has 19 dB 
suppression of the main sidelobe and 14 dB pass band/stop band 
extinction ratio with a 3 dB bandwidth of 12 nm. For 
comparison, a device having the same gap variation but double 
the coupling length is also shown.  In this case, the ER increases 
to 33 dB while the 3 dB bandwidth is almost the same. 

 

 
 
Fig. 9. Apodized SWG waveguide-based contra-DC: (a) schematic and (b) 

measured drop port (red) and through port (blue) spectra for devices with Gmin 

= 150 nm, Gmax= 450 nm, and LC  = 100 m (solid lines) and 200 m (dotted 
lines). 

 
From the perspective of coupled mode theory, it should not 

matter whether one tapers the gap distance based on curving the 
strip waveguide (as we have done) or the SWG waveguide (as 
in [27]). Our simulations verified this expectation showing no 
significant difference in spectral response as long as the gap 
profile remained the same.  However, it may be simpler to 
employ a curved strip waveguide compared to a curved SWG 
waveguide. Nevertheless, the design was basically aimed at 
providing a compromise between sidelobe suppression and ER.   

 

 
Fig. 10. Phase-shifted SWG waveguide-based contra-DC: (a) schematic and 

(b) measured drop port (red) and through port (blue) spectra for a device without 
(dotted lines) and with a 講 phase shift (solid lines) at the center of the SWG 
waveguide. 

 

Separating a pair of periodic structures by a quarter 
wavelength phase offset creates a single mode cavity and 
introduces a narrow band resonant transmission within the wide 
stop band of the periodic structures [37]. Accordingly, we have 
also investigated the possibility of creating a resonant filter by 
inserting a  phase shift into the center of the SWG waveguide 
in the contra-DCs as shown in Fig. 10.  Fig. 10 also compares 
the response of an SWG waveguide-based contra-DC without 
and with a 講 phase shift.  Here, we use a uniform gap of G = 
200 nm and LC = 100 m (as before,  = 378 nm). The phase-
shifted structure clearly shows a transmission resonance within 
its stop band.    

Recently, Charron et al. demonstrated an SWG waveguide-
based contra-DC design that supports ultrabroadband operation 
[38]. The SWG waveguide consists of alternating 
subwavelength elements that are laterally displaced.  The SWG 
waveguide is then brought into close contact to a strip 
waveguide in which sidewall corrugations are introduced to 
create a BG.  The SWG elements and sidewall corrugations in 
the strip waveguide are in phase.  This structure has a gap 
between the SWG and the strip waveguides which changes in a 
periodic manner to enable spatial modulation of the coupling.  
With this structure, a stopband of up to 33.4 nm was 
demonstrated, which is the largest reported to date.  Moreover, 
by inserting a 講 phase shift in the center of the BG, a 
transmission resonance with a bandwidth of 0.8 nm was 
obtained in the stop band. 

Finally, R et al. demonstrated an ultra-broadband 
filter/switch by integrating SWG waveguides in a 2 × 2 Mach-
Zehnder interferometer (MZI) [39].  The SWG waveguides and 
device are designed so that successive stop bands and pass 
bands in the drop or cross/bar ports of the MZI.  A band edge 
of 1565 nm was obtained with a stop band extinction of 35 dB. 

D. Optical add-drop multiplexers 

Shi et al. demonstrated that it is possible to design an OADM 
by cascading multiple grating-assisted contra-DCs operating at 
different wavelengths [40]. We adopted a similar strategy 
whereby multiple SWG waveguide-based contra-DCs were 
cascaded in order to implement a multi-channel OADM [29]. 
Fig. 11 illustrates the layout of a four-channel, 10-port  device:  
each channel has its own input and output port and there is a 
common input and through port.  Light is coupled into and out 
of the device using VGCs, which are all aligned on the same 
side of the chip with a spacing of 127 m.   
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Fig. 11. (a)  Layout of a four-channel OADM using SWG waveguide-based 

contra-DCs in SOI, (b) schematic top view of the gap-apodized contra-DCs, 
(c,d) SEM images of the mode-transition and coupler regions, and (e) 
waveguide cross-section. 

 
The cascaded contra-DCs are based on the gap-apodized 

structure described in Section 3C with the following 
parameters: Gmin = 200 nm, Gmax = 400 nm, and LC = 200 m. 
The SWG periods are  = 370 mn, 374 nm, 378 nm, and 382 
nm for channels 1 to 4 and a duty cycle of D = 50% is used.  
The same waveguide cross-section and SWG tapers described 
in Section 3C are also used.  The total chip dimensions 
including the VGCs for input and output coupling are 1170 µm 
× 180 µm while the footprint of each SWG waveguide-based 
contra-DC is 250 µm × 20 µm.  

 

 
 
Fig. 12. Spectral response of four-channel OADM:  (a) output at the drop 

ports and through port when light is launched into the input port and (b) output 
at the through port when light is launched into the different add ports.  
Wavelength resolution:  50 pm. 

 
The spectral response of the OADM is shown in Fig. 12, 

where all results are normalized to the back-to-back insertion 
loss of a test pair of VGCs having a central loss of ~15 dB.  The 
central wavelengths of the channels are 1532.3 nm, 1540.6 nm, 
1549.4 nm, and 1557.8 nm with corresponding 3 dB 
bandwidths of ~ 6.7 nm.  The transmission isolation at the 
center of each channel is ~ 25 dB. 

 

 
 
Fig. 13. Interferometric crosstalk measured at the center wavelength of each 

channel at the drop and through ports for drop and add operation.  The blue 
(red) traces represent the drop (add) signals and the difference in the peaks of 
the plots denoted by peaks correspond to the levels of interferometric crosstalk. 

 
One important characteristic of OADMs is interferometric 

(intrachannel) crosstalk, which occurs when the drop and add 
signals are at the same wavelength within a channel and the 
OADM does not have infinite isolation [41]. To evaluate 
interferometric crosstalk for a dropped signal (i.e., at the drop 
port), we compared the spectral output when a signal at a given 
channel wavelength is launched only at the input port to that 
when the signal at the same wavelength is launched at the add 
port.  Similarly, by comparing the output at the through port 
under similar excitation conditions, we can determine the 
interferometric crosstalk for an add signal (i.e., at the through 
port).   The results are summarized in Fig. 13 for the case where 
the signal is tuned to the center wavelength of each channel.  
The differences in the peaks of the traces, denoted by peaks, 
indicate the level of the interferometric crosstalk, which range 
from -25.3 dB (for channel 4) to -23.4 dB (for channel 1).  These 
are comparable to the values of the transmission isolation.  We 
assess further the impact of interferometric crosstalk with BER 
measurements.  In particular, we consider 10 Gbit/s NRZ-OOK 
signals with a 231 � 1 pseudo random bit sequence (PRBS) that 
are dropped or added from the OADM with and without 
interferometric crosstalk.  The results, which are highlighted in 
Fig. 14, show that power penalties of < 2.0 and < 2.8 dB are 
incurred for the drop and add operation, respectively. 

A stronger gap apodization can provide larger suppression of 
the sidelobes.  BER measurements, however, show negligible 
power penalty for interchannel crosstalk.  Thus, using a stronger 
gap apodization to reduce the sidelobes will not improve further 
BER performance with regards to interchannel crosstalk; rather 
it will come at the expense of a weaker coupling regime, and 
consequently, lower transmission isolation, and thus increased 
interferometric crosstalk. 
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Fig. 14. BER measurements with (dot-dashed red) and without (dashed blue) 

the interferometric crosstalk compared to the back-to-back case (solid green) 
for both the drop and add operation for a 10 Gbit/s NRZ-OOK data signal tuned 
to the center wavelength of each channel. 

IV. SWG-WAVEGUIDE BASED DELAY LINES 

An ODL is an important building block for realizing various 
signal processing functions in optical communications [42] and 
MWP [43]. Large delay, small incremental delay steps (discrete 
tunability) or continuously tunable delay, broad operating 
bandwidth, and low loss are important features of ODLs; the 
specific values or combination of features required will be 
application-specific and generally, not all features will be 
required simultaneously. 

Optical delays can be implemented with or without gain.  The 
latter, passive approach can be further divided in two main 
categories: (1) length variable delay lines [44,45] where the 
propagation length (L) of the delay element is varied, i.e., the 
delay 〉t is set by L/vg with vg being the propagation group 
velocity) and (2) variable propagation velocity delay lines [46] 
where vg is varied (in some implementations, this is also known 
as a wavelength variable delay line). These two approaches 
involve a fixed length of free space, fiber, or waveguide as the 
delay medium, or some form of resonance enhancement in 
which the physical path of the delay medium is enhanced 
through a cavity or by exploiting resonances where dispersion 
can be large.  There is a well-known trade-off between the 
operating bandwidth and the size of resonance enhancement, 
and correspondingly the amount of optical delay [47].  In the 
discussion that follows, we focus on ODLs that are not based 
on resonance enhancements. 

Wavelength variable ODLs have been used to implement 
sampled delay lines for MWP filtering. However, some 
applications require the time delays to be obtained without 
changes in the wavelength of the optical signal.  An ODL that 
provides time delays for pulses or signals at the same optical 
carrier is one form of an optical true time delay line (OTTDL). 
The conventional means for implementing such an OTTDL 
uses an array of waveguides of different lengths whereby the 
incremental length between consecutive waveguides in the 
array defines the corresponding differential (or incremental) 
delay. 

 

 
 
Fig. 15. (a) Schematic of MZI incorporating SWG waveguides with different 

duty cycles D1 and D2 in each arm. (b) Measured spectral responses of MZIs 
with D = 1%, 2%, and 3%. 

 
While effective, length variable OTTDLs may present more 

complexities in terms of arranging the different waveguide 
lengths on-chip.  One means to minimize or reduce such 
complexities is to develop an index variable OTTDL, whereby 
control of the (true) time delay is obtained by varying the group 
index or propagation velocity of light in the waveguides. 
Recently, Gasulla et al. exploited the parallelism inherent in 
multicore fibers to implement an index variable OTTDL 
[48,49]:  the true time delay of each tap was controlled by 
designing a physical dimension or material doping 
concentration of each fiber core.  Glesk et al. demonstrated that 
SWG waveguides can be used to create a delay or path 
mismatch in an MZI and exploited this feature to demonstrate 
all-optical switching and ultrafast optical sampling [50]. We 
expanded on these notions and used the ability of tailoring the 
effective index of an SWG waveguide through control of its 
duty cycle D to realize an integrated index variable OTTDL 
[30]. 

To investigate the minimum incremental time delay that is 
possible, we fabricated 2-arm MZIs incorporating SWG 
waveguides having different duty cycles in each arm, i.e., with 
a duty cycle difference 〉D as shown in Fig. 15(a).  Both SWG 
waveguides in the MZI have the same length of 8 mm and we 
designed three MZIs with 〉D = 1%, 2%, and 3%.  The SWG 
waveguide cross-section is h = 220 nm  w = 500 nm and we 
used  = 250 nm.  The SWG waveguides are coupled to 
conventional silicon strip waveguides used for the Y-branches; 
we use the same SWG taper designs as for the SWG BGs and 
MRRs described in Sections 3A and 3B. We extract the 
temporal delay differences between the MZI arms by measuring 
the corresponding FSRs.  The results are summarized in Fig. 
15(b): for 〉D = 1%, 2%, and 3%, the FSRs are ~ 5 nm, ~ 2.9 
nm, and ~ 1.7 nm, respectively, corresponding to delay 
differences of 1.6 ps, 2.8 ps, and 4.7 ps. This OTTDL approach 
can provide time delays of a few picoseconds with 8 mm long 
waveguides.  The minimum achievable time delay will scale 
with the length of the SWG waveguide; sub-picosecond time 
delays can thus be expected with shorter waveguides (< 8 mm). 
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 Fig. 16. (a) Schematic of OTTDL based on an array of 4 SWG waveguides 
and experimental setup for microwave phase shift measurements. (b) Measured 
RF phase shift vs. modulation frequency for an optical carrier at 1565 nm. 

 
To evaluate the approach for microwave phase shifting, we 

fabricated an OTTDL comprising 4 separate straight SWG 
waveguides of the same length (8 mm) and where the duty 
cycles are varied in 10% increments from D1 = 60% to D4 = 
30%; a reference path comprising a short length of nanowire 
waveguide that connects the input and output VGCs is also 
included, see Fig. 16(a).  The SWG waveguides are separated 
by 127 m (corresponding to the spatial separation of the VGCs 
and the fibers in the fiber ribbon array used for input and output 
coupling) and the OTTDL occupies a total chip area of ~ 4 mm2, 
i.e., 0.51 mm × 8.06 mm.  The SWG waveguides have the same 
parameters as for the 2-arm MZIs.     

First, we measured the RF phase shift as a function of 
frequency from the 4 different SWG waveguides using a vector 
network analyzer (VNA) as illustrated in Fig. 16(a).  We then 
calculated the time delay of each waveguide from the slope of 
the measured phase shift vs. frequency response. The 
incremental time delays are 8.9 ps, 10.7 ps, and 7.9 ps between 
the SWG waveguides with D1 = 60%, D2 = 50%, D3 = 40%, and 
D4 = 30%, respectively.  Note that while the duty cycles of the 
SWG waveguides are varied in increments of 10%, this does 
not translate into a linear change in incremental time delay as 
the group index of the SWG waveguide is not a linear function 
of duty cycle.  

V. SUMMARY AND OUTLOOK 

Subwavelength structures have attracted considerable interest 
over the years and the first demonstration of an optical 
waveguide with an SWG metamaterial reported less than 10 
years ago has fueled the development of PICs hat exploit the 
unique properties of SWG waveguides.  The SWG waveguide 
�toolbox� comprises a rich variety of components for processing 
light, including polarization control, power coupling, phase 
control (e.g., time delay), and wavelength filtering.  There is a 
high degree of flexibility to tailor the characteristics of the SWG 
waveguide structure and improvements in fabrication processes 
will enhance performance characteristics of the various devices. 
The realization of low loss components, particularly waveguide 
crossings and bends, is perhaps the greatest appeal of SWG 

waveguide-based devices as these allow potentially for very 
dense integration of components in very compact forms.  Most 
of the SWG waveguide-based structures demonstrated to date 
have been either passive, or have involved some form of 
thermal tuning.  The next steps will likely involve the 
development of other active elements that do not rely on 
thermal mechanisms, for switching and modulation [51].  The 
technological developments described in this paper, along with 
others in SiP and SWG structures, should allow for more 
complex integrated systems that can provide increased 
functionality and performance for optical communications and 
MWP applications.   
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