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ABSTRACT   

We present our recent work on silicon resonance and slow-light based devices for optical signal processing. Waveguide 
self-coupling and mutual coupling are used to tailor the waveguide spectral and dispersion characteristics. With self-
coupling, optical resonances are generated with unique transmission performances. Electromagnetically induced 
transparency (EIT)-like effect appears in cascaded self-coupled waveguides. With mutual coupling between ridge and 
slot waveguides, group velocity experiences a big jump and optical signal can be delayed for a large range with low 
distortion by using thermo-optic tuning.  
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1. INTRODUCTION  
Silicon photonic devices have attracted a lot of research interests in recent years and multiple basic passive and active 
optical components have been demonstrated including waveguides [1-3], filters [4, 5], switches [6, 7], modulators [8, 9], 
detectors [10, 11], and lasers [12, 13]. These individual components or their combinations can be employed for various 
kinds of on-chip optical signal processing. In particular, silicon–organic hybrid slot waveguides, possessing the merits of 
high confinement of silicon waveguide and high nonlinear effect of electro-optic polymer, can be used for all-optical 
high-speed signal processing [1, 14]. Slow light structures can also be used to enhance the interaction between light and 
silicon material to amplify nonlinear effects since light intensity is greatly enhanced due to the reduced group velocity. 
Silicon microring resonators and photonic crystal waveguides are the most widely adopted slow light structures [15, 16]. 
On-chip integrated optical systems such as transceivers, comprising modulators, detectors, multiplexing/demultiplexing 
components, and electronic driving circuits, have also been demonstrated [17, 18]. 

Here we present waveguide-coupling based silicon photonic devices for optical signal filtering and buffering. 
Wavelength division multiplexing (WDM) filters are a basic element in frequency-domain optical signal processing. 
WDM filters can be made using interference or resonance structures. Microresonator-based WDM filters are very 
attractive as they have a small footprint and their central wavelength and spectral line-shape can be easily reconfigured 
[19, 20]. On the other side, optical signal buffering is a fundamental function in time-domain optical signal processing. 
As photons cannot be stored, current buffering methods mostly rely on slow-light to delay optical signals [21, 22]. The 
filtering and buffering functionalities are implemented though tailoring the dispersion of the corresponding waveguides 
or devices. Waveguide coupling is an effect way to alter waveguide transmission and dispersion performances. We 
present two types of structures to make use of waveguide coupling to tailor the spectral and temporal properties. In one 
configuration, coupling is enabled by a single bent waveguide, which produces interfered resonances. In the second 
configuration, coupling is imposed between a ridge waveguide and a slot waveguide, which induces strong dispersion 
near the wavelength where phase matching condition is satisfied.    
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2. SELF-COUPLED OPTICAL WAVEGUIDE 
Self-coupled optical waveguides (SCOWs) are novel resonance devices, formed by a single bent waveguide [23, 24]. 
Light circulates inside the self-coupled waveguide to form optical resonances. For the simplest form of SCOW 
resonators [24], the clockwise (CW) and counter-clockwise (CCW) resonance modes are co-excited and they are 
connected through the central bridge waveguide. Most notably, these degenerate resonance modes are not mutually 
coupled but sequentially excited, i.e., energy transfer is unidirectional from one mode to the other. This unique feature 
makes them quite different from conventional microring resonators, and hence exhibiting distinct transmission 
behaviors. Previously, we investigated their performances when the couplers are symmetric, and in the following we 
focus on SCOW resonators with asymmetric coupling.  

2.1 Single-stage SCOW resonator 

We first analyze a single-stage SCOW resonator as shown schematically in Fig. 1 (a). There are two couplers in the 
structure with coupling coefficients of κ1 and κ2. The SCOW resonator transmission performance is quite dependent on 
these coupling coefficients. In practice, these two coupling coefficients can be obtained by using directional couplers 
with different lengths or gap separations.        

 
Figure 1. Schematic illustrations of (a) single-stage and (b) double-stage SCOW resonances.   

Figure 2 (a) shows the transmission (T) and reflection (R) spectra for a single-stage SCOW resonator when light is 
coupled from the left- and right-ends. The coupling coefficients are κ1 = 0.74 and κ2 = 0.95, which means that light is 
more easily coupled to the resonator from the left-end. The resonator loss factor is assumed to be 0.999, corresponding 
to ~2 dB/cm waveguide propagation loss for a 50 μm resonance round-trip. The transmission spectra are exactly 
overlapped, which is expected since it is a reciprocal system. Interestingly, the reflection spectra show different peak 
intensities, with the right-end reflection incurring more loss. The reflection resonance peak is flat, which is desirable for 
optical filter applications, where multiple wavelength channels can be simultaneously extracted. Figure 2 (b) shows the 
transmission and reflection phase responses for the SCOW resonator. The phase changes rapidly around the resonance 
wavelength. It should be noted that phase swing of the left-end reflection is three times larger than that of the right-end 
reflection. As group delay is the first-order derivative of phase to frequency, the large phase swing leads to a high group 
delay as shown in Fig. 2 (c). Given that the group delay from the left and right ends have the same bandwidth, the left-
end reflection has a delay-bandwidth product three times higher than that of the right-end. In comparison, a micoring all-
pass filter working at over-coupling regime has a phase swing in between. Therefore, the left-end reflection is more 
efficient in terms of optical signal buffering. However, it also has high group delay dispersion around resonance, which 
can cause distortion to the delayed signal. The right-end reflection instead has a lower but flatter group delay, together 
with a lower insertion loss over a broad spectral range.  
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Figure 2. Optical responses of a SCOW resonator. The coupling coefficients are κ1 = 0.74 and κ2 =  0.95. (a) is the 
optical intensity response, (b) is the phase response, and (c) is the group delay response. Group delay is 
normalized to the resonator round-trip group delay. Frequency detuning is normalized to the free spectral range 
(FSR) of the SCOW resonator. 

 
2.2 Double-stage SCOW resonators 

The optical responses for cascaded SCOW resonators are more complicated, as another set of resonances will be 
generated between adjacent SCOW resonators due to resonant feedback. Here we only consider double-stage SCOW 
resonators with each having asymmetric coupling coefficients. Figure 3 (a) and (b) show the transmission and reflection 
spectra when the large group delay end is positioned inside to form inter-SCOW resonances. As the reflection from a 
SCOW resonator experiences a large group delay, the inter-SCOW resonances can be regarded as formed by slow-light. 
Therefore, inside the high reflection band, sharp EIT-like peaks and dips appear. In Fig. 3 (a), there are essentially three 
EIT-like resonances with the central one highly suppressed due to waveguide loss. Figure 3 (b) shows the shift of EIT-
like resonances when a π/2 phase shift is introduced to the connection waveguide between the SCOW resonators. Two 
sharp resonances are clearly observed in a broad high reflection band. Figure 3 (c) and (d) show the transmission and 
reflection spectra when the small group delay end of the SCOW resonator is positioned inside. In this case, the number 
of EIT-like resonances is reduced because the reflection phase swing is smaller compared to the previous case. In order 
to more clearly show the EIT-like peaks, we also plot several transmission spectra with various coupling coefficients in 
Fig. 4. The resonator loss factor is set at a = 0.9999 (~0.2 dB/cm waveguide loss). With a reduction in the coupling 
coefficient κ1, the SCOW resonator reflectivity reduces, and hence light is more easily tunneling through the two SCOW 
resonators, making the EIT-like resonance peak higher and broader.  

 
Figure 3. Optical transmission and reflection spectra of two-stage SCOW resonators. The coupling coefficients are 
κ1 = 0.95 and κ2 = 0.74 for (a) and (b), and κ1 = 0.74 and κ2 = 0.95 for (c) and (d). In (a) and (c) the inter-SCOW 
resonance is coincident with the SCOW resonance, and in (b) and (d) they are totally out of phase. The inter-
SCOW resonance is assumed to have a free spectral range (FSR) equal to that of the SCOW resonator. The SCOW 
resonator loss factor is a = 0.999. 

 
Figure 4. EIT-like resonance spectra in two-stage SCOW resonators. SCOW resonator loss factor is a = 0.9999. 

The EIT-like resonances, featured with sharp and narrow resonance peaks, can be employed for many optical signal 
processing applications, such as ultra-narrow band optical filtering, optical signal buffering, and high-resolution 
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nonlinear signal processing etc. The cascaded SCOW resonators presented here open a new way to conveniently 
generate on-chip analog of EIT. 

 

3. COUPLED-MODE COMPOSITE OPTICAL WAVEGUIDE  
Waveguide mutual coupling is an effective way to tailor the dispersion characteristics [25, 26]. From the coupled mode 
theory, there exist two complimentary supermodes with symmetric and asymmetric electric-field profiles in coupled 
waveguides. These supermodes are highly dispersive around the crossing-point. For the symmetric supermode, optical 
power is more concentrated in the waveguide with a higher effective refractive index, and it is opposite for the 
asymmetric supermode. Therefore, across the crossing-point there is an energy shift from one waveguide to the other. If 
the coupled waveguides are made from slow and fast light, then the group velocity undergoes a big jump across the 
coupling point. Based on this, we design a composite waveguide composed by a regular ridge waveguide and a slot 
waveguide to function as a tunable delay line for optical signals.  

3.1 Transmission characteristics 

Figure 5 (a) shows the schematic of the coupled-mode composite optical waveguide. The ridge and slot waveguides 
support their own guided modes with distinct mode profiles. Optical power is mainly confined in the waveguide core for 
the ridge waveguide. In contrast, a substantial part of the optical power is confined in the nano-slot for the slot 
waveguide due to the discontinuity of electric-field across the interfaces (for the quasi-TE polarization). This leads to 
distinct dispersion behaviors for these waveguides. The dashed lines in Fig. 5 (b) show the waveguide effective 
refractive index dispersion. The ridge waveguide has large waveguide dispersion and the group refractive index is close 
to 5.5 for a 300 nm×340 nm ridge waveguide. The slot waveguide has more energy confined in the air slot and the group 
index is 3.6 for a 440 nm×340 nm slot waveguide with a 20 nm slot in center. The supermodes for the composite 
waveguide have their dispersion curves bent near the crossing point, as shown by the solid curves in Fig. 5 (a). The anti-
crossing of the supermode dispersion curves indicates that, the symmetric supermode is closer to the ridge waveguide 
mode at the shorter wavelength side, and closer to the slot waveguide mode at the longer wavelength side, as shown in 
Fig. 5 (e)-(f). Therefore, its group velocity experiences a rapid increase around the anti-crossing wavelength. The 
asymmetric supermode has an opposite effect with its group velocity drops near the anti-crossing wavelength. The solid 
curves in Fig. 5 (c) show the group refractive indices for the symmetric and asymmetric supermodes.  

 
Figure 5. (a) Schematic of a coupled-mode composite optical waveguide. (b) Effective refractive index dispersion 
diagram. (c) Group refractive index dispersion diagram. (d)-(f) Symmetric supermode power profiles at three 
wavelengths. The ridge waveguide dimension is 300 nm (W) × 340 nm (H), and the slot waveguide dimension is 
440 nm (W) × 340 nm (H) with a 20 nm slot in the center. The separation between these two waveguide is 500 
nm. Silicon and oxide refractive indices are chosen to be 3.478 and 1.444, respectively.  
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The coupling strength between the ridge and slot waveguides plays an important role in the supermode dispersion. With 
an increase in the coupling strength, the anti-crossing spectral window becomes broader. Figure 6 (a) shows the group 
index dispersion curves for various gap sizes. The group index transition occurs over a narrow range for a large gap size.  

 
Figure 6. (a) Group index dispersion curves for various gap sizes. (b) Group index change for a temperature 
increment of 50oC. 

Because of their distinct mode profiles, the supermodes have different temperature dependence. When the temperature 
rises, the refractive indices of the silicon and oxide materials both increase with thermo-optic coefficients of 1.86×10-4 
and 9.34×10-6, respectively. Hence, the dispersion curves of the ridge and slot waveguides in Fig. 5 (b) both move 
upward. As the slot waveguide is less sensitive to temperature variation, the crossing point eventually moves towards the 
longer wavelength side. As a result, the group index increases for the symmetric supermode and decreases for the 
asymmetric supermode. Figure 6 (b) shows the group index change for various gap sizes when the temperate increases 
for 50oC. It shows that the group index change has a strong dependence on wavelength and reaches the maximum at the 
crossing point, which implies that the waveguide mutual coupling can amplify the group index sensitivity to 
temperature. The amplification factor is dependent on the coupling strength. The weaker the coupling is, the more the 
sensitivity is amplified. It should be noted that the coupling cannot be very weak in practice, because in that case the 
effective indices of the two supermodes are very close to each other and a small structural variation can excite the other 
supermode.  

The high temperature sensitivity of the group index near the crossing point means that a signal can be delayed for a 
relatively large range by tuning the temperature. If the signal is carried by the symmetric supermode, its delay increases 
when temperature rises. Instead, if it is carried by the asymmetric supermode, its delay reduces with temperature. From 
Fig. 6 (b), it can also be seen that the group index change becomes sharper and narrower for weaker coupling, which 
implies that a larger delay change is always obtained at the expense of a smaller bandwidth for a certain waveguide 
length. In other words, its delay performance is limited by the delay-bandwidth product constraint, similar to other slow 
light systems, e.g., microring resonators.   

Although the group delay is very sensitive to temperature variation near the crossing point, the corresponding group 
delay dispersion is also very large. Figure 7 (a) shows the abnormal group delay dispersion of the symmetric supermode 
in a 10-cm long composite waveguide. If a narrow optical pulse is transmitted upon this supermode, it will be gradually 
broadened by the group delay dispersion. Figure 7 (b) shows the transmitted pulses with and without temperature tuning, 
together with the initial input pulse. The input pulse has a Gaussian shape with a half width of 10 ps, and its carrier 
wavelength is at the crossing point. A temperature increment of 50 oC induces ~190 ps delay to the transmitted pulse. It 
is interesting to note that pulse distortion is reduced when the temperature rises because of the red-shift of the dispersion 
curve. Figure 7 (c) and (d) show the dispersion curve and the corresponding delay when the optical pulse is carried by 
the asymmetric mode. In this case, when the temperature rises, the pulse is less delayed with a reduced distortion. 
Comparing Fig. 7 (a) and (c), we notice that the dispersion curves for the symmetric and asymmetric supermodes are 
complimentary, and hence the dispersion can be compensated by cascading two segments of composite waveguides with 
opposite supermodes. Figure 7 (e) shows the total dispersion for such a composite waveguide composed by two 5-cm 
long waveguide segments for each to excite one supermode. The dispersion is almost flat and the transmitted pulse is 
almost identical to the initial one after propagation as shown in Fig. 7 (f). The pulse can be relatively delayed or 
advanced by heating up one of the waveguide segments. Once one of the dispersion curves shifts, the total dispersion is 
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no longer in exact compensation, resulting in a little dispersion to the transmitted pulse. The delay tuning range for a 
temperature increment of 50oC is ~190 ps, close to those in the previous two cases. However, its dispersion is greatly 
reduced facilitating high speed optical signal transmission.  

 
Figure 7. Group velocity dispersion and pulse propagation in 10-cm long coupled-mode composite optical 
waveguides.  In (a) and (b), optical signal is carried by the symmetric supermode; in (c) and (d), optical signal is 
carried by the asymmetric supermode; in (e) and (f), half of the waveguide is excited with the symmetric mode 
and half is excited with the asymmetric mode.  

 
3.2 Mode conversion 

As seen from previous discussions, there always exist two complementary supermodes in the composite waveguide. The 
key to obtain a controllable signal delay is to properly excite one supermode. We use a mode converter to gradually 
transform the supermode to the ridge or slot waveguide mode. When the ridge waveguide is gradually widened, its mode 
effective index increases, resulting in an up-shift of its dispersion curve. The anti-crossing point moves to the longer 
wavelength side, and thus the symmetric supermode is more close to the ridge waveguide mode. In this way, the 
symmetric supermode is gradually transformed to the ridge waveguide mode. Figure 8 (a) shows schematically the mode 
converter structure and (b) shows the BPM simulated optical power flow in the mode converter when the symmetric 
supermode is excited at the input. It should be noted that in order not to excite the asymmetric supermode in the 
composite waveguide, the ridge waveguide should be adiabatically tapered where optical power couples unidirectionally 
to the slot waveguide, or otherwise it will induce an optical power oscillation. On the other hand, if the asymmetric 
supermode is input to the converter, then it is gradually transformed to the slot waveguide mode, as shown in Fig. 8 (c). 
Figure 8 (d)-(f) show the mode conversion when the ridge waveguide is gradually narrowed. In this case, the conversion 
is just reversed, i.e., the symmetric mode is transformed to the slot waveguide mode and the asymmetric mode is 
transformed to the ridge waveguide mode. Therefore, the supermodes in the composite waveguide can be selectively 
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excited by tapering the ridge waveguide, and the transition between these two supermodes can be realized with the aid of 
a single tapered ridge waveguide.  

 
 

Figure 8. 2D BPM simulations of mode converters. In (a)-(c) the ridge waveguide is adiabatically tapered up, and 
in (d)-(f) the ridge waveguide is adiabatically tapered down. The waveguide refractive index is chosen to be 2.11 
and cladding refractive index 1 to take into account the vertical confinement. The gap size is 0.3 μm.  

 

4. CONCLUSIONS  
In summary, we presented two types of waveguide-coupling based passive devices for optical signal processing. The 
optical transmission and dispersion responses are tailored by waveguide self-coupling and mutual-coupling. Due to 
waveguide self-coupling, light circulates bi-directionally inside the SCOW resonator, resulting in optical resonances. 
The cascaded SCOW resonators exhibit an electromagnetically induced transparency (EIT)-like resonances, manifested 
as sharp peaks appearing in an opaque spectral window. For the coupled-mode composite waveguide, its waveguide 
dispersion is quite dependent on the coupling between the ridge waveguide and the slot waveguide. Using thermal 
tuning, the optical signal delay in the composite waveguide can be varied for a large range. The group velocity 
dispersion can be compensated by cascading two segments of composite waveguides with opposite mode polarities. 
These waveguide-coupling based passive devices have potential applications in frequency-domain and time-domain 
optical signal processing. 
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