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ABSTRACT 
 
We report our recent progress on reconfigurable 
self-coupled optical waveguide (SCOW) resonators as 
optical filters. The SCOW resonators exhibit high-order 
optical filtering features with less strict requirement on 
device fabrication as required in regular coupled 
microring filters. 
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1. INTRODUCTION 

 
Optical components that can (de-)multiplex multiple 
optical channels are essential in wavelength division 
multiplexing (WDM) communication systems. Optical 
filters can be employed to extract certain wavelength 
signals from WDM links [1]. Among the various 
configurations of optical filters, microring resonators 
have received great interest due to their compactness, 
high wavelength selectivity, and versatility in functions 
[2-7]. Both single and high-order tunable microring 
optical filters have been demonstrated in 
silicon-on-insulator platform. The high-order optical 
filter with a box-like spectral response is advantageous 
since it sharpens the transition edge and reduces the 
channel crosstalk. Series-coupled microring resonators 
are usually employed to construct the high-order optical 
filters [6, 7]. However, it is challenging for device design 
and fabrication to precisely align all resonances, 
especially when the coupling induced frequency shift 
(CIFS) has to be taken into consideration [8]. 
  Recently, we have proposed a novel type of optical 
resonators based on self-coupled optical waveguides 
(SCOW) [9]. The SCOW resonators are standing-wave 
resonators where both the clockwise (CW) and the 
counterclockwise (CCW) modes are co-excited and 
coherently interfered. This makes them distinct from 
regular microring resonators. Multiple interesting 
resonance features can be generated from single and 
coupled SCOW resonators. For example, split or 
enhanced resonance dips are observable in a single 
SCOW resonator [10], and coupled resonator induced 
transparency (CRIT) effect is typical in two 
series-connected SCOW resonators [11]. These SCOW 
resonators are formed by a waveguide with two fold 

points, in which the CW and the CCW modes are 
sequentially coupled. 
   Here we report our theoretically study and 
experimental demonstration on an optical filter 
composed of a SCOW resonator with three fold points 
[12]. The CW and the CCW modes are mutually coupled 
instead. To make it reconfigurable, we embed p-i-n 
diodes to separately control the external and the 
mutual-resonance coupling coefficients.  
 

2. OPERATION PRINCIPLE 
 

The proposed SCOW resonator consists of a waveguide 
curved to form three couplers, including two external 
couplers and one internal crossing coupler. Light 
propagation analysis reveals that the CW and the CCW 
resonance modes are both excited in the resonator [12]. 
They are mutually coupled through the crossing coupler.   

 
Fig. 1 Schematic structure of the SCOW resonator. 

 
   We first use the temporal coupled mode theory to 
study the underlying physics [13]. The dynamic 
equations for the CW and CCW modes complex 
amplitudes a and b can be written as 

( )0 2 0 1 1e
da j a j b
dt

ω γ γ μ κj s += − − + +    (1) 

( )0 1 0 2 2e
db j b j a
dt

ω γ γ μ κj s += − − + +    (2) 

where ω0 is the resonant frequency, γ0 = 1/τ0 is the decay 
rate due to resonator intrinsic loss, γe1 = 1/τe1 and γe2 = 
1/τe2 are the rates of delay into the two waveguide ends, 
κ1 and κ2 are the coupling coefficients from the two ends, 
μ is the mutual crossing coupling coefficient between the 
CW and the CCW modes. The amplitudes a and b are 
normalized such that |a|2 and |b|2 correspond to the 

 



 

energy of the CW and CCW modes inside the resonator, 
respectively. The resonance intrinsic quality factor Q0 
and external quality factors Qe1 and Qe2 are related to the 
delay rates as Q0 = ω0/2γ0, Qe1 = ω0/2γe1, and Qe2 = 
ω0/2γe2.  
  The outgoing waves at the two ports can be expressed 
as 

1 2 1s s j

 

bκ− += +        (3) 

2 1 2s s j aκ− += +       (4) 
The external coupling coefficients are related to the 
external delay rates as 1 12 eκ γ= and 2 22 eκ γ= . In 
our device, the input is only form the first port, i.e., s2+ = 
0. Assuming s1+ has a time dependence of ejωt, and then 
we have 
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where Δω = ω-ω0 is the frequency detuning from the 
resonance. Substituting (5) and (6) into (3) and (4), we 
get the transmission responses of the SCOW resonator 
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   The coupling of the SCOW resonances with the 
access waveguide is essentially enabled by an implicit 
Mach-Zehnder interferometer (MZI) constituted by the 
two external couplers. Assuming the external couplers 
are both 3-dB couplers, and then the optical power 
coupling coefficient of the MZI is 

( 1cosp jκ = − Δ )φ     (9) 
where Δφ1 is the phase introduced into the MZI arms in 
push-pull mode. κ1 and κ2 are related to κp as [2]  

 
( )1

1 2

cospκ φ
κ κ

τ τ

Δ
= = =     (10) 

where τ is the light round-trip travel time in the SCOW 
resonator. From (10), we have γe1 = γe2 = γe. If we replace 
the crossing coupler with anther MZI with a push-pull 
phase shift Δφ2, then similarly we have 

( )2sin φ
μ

τ
Δ

=      (11) 

From (7) and (8), we see that due to the coupling 
between the CW and the CCW modes, the resonance 
frequency is split and becomes ω0±μ. The split level can 
be controlled by Δφ2. The resonance linewidth is related 
to the total delay rate γe+γ0, and thus is controllable by 
Δφ1. Therefore, with a proper combination of Δφ1 and 
Δφ2, it is possible to reconfigure the optical filter 
spectrum. In particular, a high-order filter with box-like 
filtering band is achievable.  

   The transmission responses can be examined by the 
phasor plot as shown in Fig. 2. We set Q0 = 6×104, τ = 
1.3 ps, and Δφ1 = 0.4π. Δφ2 is chosen to vary from 0.01π, 
0.02π, 0.04π  to 0.08π. For each curve, the normalized 
frequency detuning Δω /ω0 changes from -0.002 to 0.002. 
When Δφ2 is small, the amplitude of s21 reaches the 
minimum only when Δω = 0; when Δφ2 is large, the 
amplitude of s21 has two symmetric minimum points. It 
indicates that although the resonance is always splitting, 
the resulting resonance dips could be merged into one. 
Since optical power transmissions from the two ends are 
complementary, the same trend can be observed in the 
s11 phasor diagram. The passband top becomes nearly 
flat when the individual resonance linewidth and the 
splitting distance are close, i.e., γe+γ0 ≈ μ.  If the 
resonator intrinsic loss is negligible (γ0 << γe), then we 
have a simple relation between the two tuning phases 
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It is interesting to note that only when Δφ2 is small can 
the origin be located inside the s21 phasor loops, leading 
to a 2π phase change. On the contrary, s11 curves always 
have a 2π phase change.   

 
Fig. 2 Phasor diagrams of the complex transmission 
coefficients for (a) s21 and (b) s11. Δφ1 is fixed while Δφ2 varies. 

 
   Figure 3 depicts the normalized optical power 
transmission spectra at the two ends. It can be clearly 
seen that when Δφ2 = 0.02π, a flat-top passband is 
obtained from the reflection end. For a large Δφ2, 
resonance splitting is apparent.   



 

   Coupled microring resonators can be employed to 
form high-order optical filters, yet it has a high 
requirement for fabrication since the resonances from 
each resonator should be well-aligned. In our device, 
however, the coupled resonances are essentially the 
degenerate modes from the same resonator, and hence 
there is no alignment issue. It greatly alleviates the 
fabrication challenge. Moreover, because both modes are 
utilized, it is more compact and efficient in electrical 
tuning. 

 
Fig. 3 Optical power transmission spectra for (a) s21 and (b) s11. 

 
3. EXPERIMENTS 

 
Figure 4 shows the microscope image of our fabricated 
SCOW filter. It was fabricated on a 220 nm 
silicon-on-insulator (SOI) wafer with a 2 μm thick 
buried oxide layer using standard complementary 
metal-oxide-semiconductor (CMOS) processes. The 
silicon waveguide dimension is 450 nm × 220 nm. The 
slab height is 60 nm. The p-i-n diode embedded active 
waveguide arm lengths are 450 μm and 200 μm for Δφ1 
and Δφ2 tuning. The highly doped p+ and n+ regions are 
separated from the waveguide edge by 0.6 μm. Phase 
shift is realized by applying a forward bias to the p-i-n 
diode based on the free carrier plasma dispersion effect 
in silicon. The input and output waveguides are coupled 
with optical fibers through inverse tapers with a tip 
width of 180 nm. The coupling loss is around 7 dB/facet, 
which could be improved by using a smaller tip width. 
The waveguide propagation loss is around 3-4 dB/cm. 
We use the Agilent loss and dispersion analyzer (86038B) 
to characterize the filter performance. Only the 

transmission from the other end is measured. Bias 
voltages are applied to the two electrodes V1 and V2 
(denoted in Fig. 4) to tune the filter spectrum. 

 
Fig. 4 Microscope image of the fabricated SCOW resonator. 
 
   Figure 5(a) shows the measured optical power 
transmission (|s21|2) contour plot for the transverse 
electric (TE) polarization. V1 is fixed at 0.85 V, while V2 
varies from 0.8 to 1 V. The filter has a free spectral 
range (FSR) of 0.42 nm. With an increase in V2, the 
stopband gradually blueshifts since the free-carrier 
injection reduces the waveguide refractive index. If the 
tuning were performed using a push-pull mode, the filter 
central wavelength could be more stabilized. The 
stopband extinction ratio (ER) and bandwidth also 
change with V2. The stopband becomes most narrow and 
deep when V2 = 0.92 to 0.96 V.  

 
Fig. 5 Measured transmission spectra under various V2 bias 
voltages. V1 is fixed at 0.85 V. (a) Contour plot; (b) Typical 
spectra at four V2 values.  
 

 



 

 

  Figure 5(b) plots four typical spectra to illustrate the 
evolution of the stopband profile with V2. Originally, 
there are two small dips in the stopband, which implies 
the as-fabricated MZI crossing coupler is not perfectly 
balanced probably due to fabrication errors (for a perfect 
MZI coupler, μ = 0 and only the CW mode can be 
exited). After tuning V2, the two dips gradually approach 
each other, since the MZI arm phase error is 
compensated by the external phase tuning. When their 
separation becomes smaller than the linewidth of the 
dips as discussed in the previous section, the two 
split-resonances become undistinguishable and merge 
into one. Once the critical coupling condition is satisfied, 
the resonance ER reaches the maximum. With a further 
increase in V2, the crossing coupling exceeds the external 
coupling, making the resonance split again. The high 
insertion loss at V2 = 1 V is due to the free-carrier 
absorption loss.  
   Box-like passband and stopband are always required 
in optical filters. By simultaneously tuning V1 and V2, we 
demonstrate that the filter bandwidth can be varied while 
maintaining the filter band profile. Figure 6 shows two 
transmission spectra corresponding to two groups of V1 
and V2. Their stopband profiles are similar yet their 
bandwidths are different. The 3-dB bandwidth is 0.08 
nm for V1 = 0.85 V and V2 = 0.86 V, while it increases 
50% to 0.12 nm for V1 =1.00 V and V2 = 0.99 V. The 
stopbands have an ER of ~9 dB with a sharp roll-off. It 
should be noted that the measured low ER is primarily 
limited by the resonator intrinsic loss.  

 
Fig. 6 Typical bandstop filtering spectra for two groups of V1 
and V2. 
 

4. CONCLUSION 
 
We have proposed and demonstrated a reconfigurable 
optical filter based on a novel SCOW resonator. 
Temporal coupled mode theory is employed to analyze 
its optical behaviors. The output filtering spectrum is 
resulted from the coupling between the CW and the 
CCW modes. With two phase tuning performed to 
separately control the external and the mutual-resonator 
coupling, the filter band profile can be easily tailored. 
Measurements of the fabricated device with tuning 

enabled by embedded p-i-n diodes reveal a similar 
performance as the theory.  
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