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Abstract—In this paper, we experimentally demonstrate con-
tinuously tunable pulse propagation in SOI microring resonators
with mutual mode coupling, which is induced by nanosized
gratings along the ring sidewalls. In the presence of the mutual
mode coupling, dispersion-induced group delay is investigated in
single-waveguide and double-waveguide coupled single-ring res-
onators, respectively. In particular, pulse propagation in the drop
channel of a double-waveguide coupled resonator is observed and
exhibits continuously tunable delay and advancement features in
the experiment. Delayed pulses are also obtained at the reflection
port of a single-waveguide coupled resonator due to the existence
of backward whispering gallery mode (WGM).

Index Terms—Group delay, microring resonator, pulse propaga-
tion, silicon photonics.

I. INTRODUCTION

T UNABILITY of light velocity has become an important
topic in the field of optics. It may be applied to all op-

tical packet switched networks [1], optical interconnects in com-
puter systems to avoid traffic contention [2], and true time delay
for synthetic aperture radars [3]. Slow and fast light can be
achieved by launching the light through media with positive and
negative group delays, respectively. Experimental demonstra-
tions of slow and fast light have been realized based on stimu-
lated Brillouin scattering in optical fibers [4], four wave mixing
processes in semiconductor optical amplifier (SOA) [5], elec-
tromagnetically induced absorption and transparency (EIA and
EIT) in atomic vapors [6], [7], and structural dispersion in mi-
crosphere-optical fiber systems [8].
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Recently, silicon-on-insulator (SOI) platform shows attrac-
tive advantages for highly compact photonic devices due to its
high refractive-index contrast between the silicon core and silica
cladding. The fabrication process can be readily borrowed from
electronics industry. Optical delay lines based on SOI microring
resonators were investigated and their high efficiency to perform
slow light function was well received [9]. Superluminal pulse
propagation was also observed in a resonance-split single-wave-
guide coupled resonator [10] and in a structure consisting of
two microrings [11]. Lately, we have shown the tunability from
fast to slow light in a microring resonator with preliminary in-
vestigations [12]. In this paper, we report, for the first time,
that the mutual mode coupling leads to some special features
in the transmission and group delay variations at the reflection
port of single-waveguide coupled resonators, and at the drop
and add port of double-waveguide coupled resonators, respec-
tively. For the double-waveguide coupled resonators, it turns
out that slow light can be collected at the add port as the side-
wall gratings reflect a certain amount of optical power into the
backward whispering gallery mode (WGM) [13], and the delay
time can be tuned in a certain wavelength range with little trans-
mission variation. Moreover, it is theoretically found that both
the positive and negative group delay can be achieved in the
drop channel of the resonator and continuously-tunable slow-
to fast- light is experimentally demonstrated by shifting the res-
onances through thermal heating of the device using a control
light. With a continuous-wave (CW) optical input, the thermal
nonlinear effect can dominate over carrier nonlinear effect with
proper device size, and the effect possesses the lowest power re-
quirement compared to other optical nonlinearity based tuning
mechanisms [14], [15]. For the single-waveguide coupled res-
onators, pulse propagation shows similar characteristics to the
case at the add port of double-waveguide coupled resonators and
delay pulses are experimentally observed at the reflection port.

In Section II, the structure of microring sidewall gratings
is illustrated as well as its induced counter-propagating mu-
tual mode coupling; in Section III, we theoretically analyze
transmission and group delay variation of single-waveguide
and double-waveguide coupled resonators, respectively; in
Section IV, we show the experimental results, including the
measured transmission spectra and output pulse waveforms,
which are delayed/advanced in different channels of the
resonators.

II. SIDEWALL GRATING INDUCED MUTUAL MODE COUPLING

In microring resonators on the SOI platform, the sidewall
gratings along the ring are previously considered as a result of
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Fig. 1. SEM photograph and schematic of the quasi-gratings along the sidewall
of the microring resonator.

fabrication imperfection and not desirable in some applications,
such as filtering and modulating. However, many important
functions relying on the grating-assisted counter-directional
mutual mode coupling were reported lately, such as dense wave-
length conversion and multicasting [16], format conversion
from non-return-zero (NRZ) to frequency shift keying (FSK)
[17], and optical up-conversion in radio over fiber systems [18].

Fig. 1 shows the scanning electron microscope (SEM) photos
of the sidewall gratings. These rectangular gratings resemble a
group of ridges, which appear to have similar amplitude and
period. This traces back to the fabrication process. During the
electron beam lithography (Raith 150, 25 kV), a circular expo-
sure line is actually broken down into a closed polygene path,
forming edges and corners in the micro-ring structure. Along
each edge, there are a limited number of actual exposure dots
with the same step size. Together with the limited material reso-
lution of the negative resist (maN2405), some 30–50 nm ridges
are formed in a semi-periodic manner along the microring side-
walls. Based on the SEM photos and the understanding of the
fabrication process, we treat the sidewall ridges analogous to
several rectangular corrugated gratings with the same size and
period, only separated with different distances. By setting up the
number of the vertices (corners) of the polygons, the E-beam
scan step size, and the exposure dose, the period and amplitude
of the gratings can be tuned [19]. During the characterization of
the ring-resonators and data analysis, small-step changes in the
scanning pattern play a major role in altering the mutual cou-
pling while the scattering loss is not much affected. As a result,
backward WGM is accumulated and generated due to the per-
turbation provided by the gratings. To better describe the mutual
mode coupling between the forward and backward WGM, we
define a mutual coupling quality factor [19], which is deter-
mined by the reflectivity of the gratings.

III. TRANSMISSION AND GROUP DELAY VARIATION

Here, we investigate the transmission and group delay varia-
tion for both the single-waveguide and double-waveguide cou-
pled microring resonators with mutual mode coupling using the
coupled mode theory.

A. Double-Waveguide Coupled Resonators

The structures of the double-waveguide coupled microring
resonators are depicted in Fig. 2. As discussed in [19], an in-
cident wave generates a counter-clockwise traveling mode

, which in turn induces a counter-propagation mode
due to periodic structural roughness along the sidewall of the

Fig. 2. Schematic of the double-waveguide coupled resonator with mutual
mode coupling.

microring. These two travelling modes are related by the mu-
tual coupling factor .

To simplify the analysis, we assume that modes and have
the same resonance frequency , and intrinsic quality factor

. Coupling quality factors and are defined corre-
sponding to the ring coupled to the lower and upper waveg-
uides, respectively. Similar to [20], the transfer functions of the
through channel , drop channel , and add channel
are as follows, respectively:

(1)

(2)

(3)

where denotes the normalized frequency de-
tuning. It can be seen from the above equations that the traveling
mode is split into two sub-resonance frequencies, i.e.,
and . Therefore, the splitting separation is solely de-
termined by the value of . For , (1)–(2) reduces
to a conventional single-ring without mutual-coupling case and

is obtained as no light comes from the add port. We
define an optimal mutual coupling quality factor satisfying

. can be considered
as a critical coupling parameter since the input optical signal is
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Fig. 3. Transmissions and corresponding group delays in the through (a-b), drop (c-d), and add (e-f) channels, respectively with ���� � ���� � ��� �.

completely removed from the through channel ideally. Based
on the analysis in [21], the effective phase shifts for the three
channels are defined as , , and

, respectively, and the derived dispersion-in-
duced group delays are given by

(4)

It implies that pulses will be delayed/advanced through this
system when the corresponding group delay has a positive/neg-
ative value, respectively.

Fig. 3 depicts the normalized transmission and group delay
for the under-coupling case, i.e.,
[22]. corresponds to the case of an under-coupled ring
resonator without mutual-coupling. In the through channel, Fig.
3(a) shows that the mutual-coupling lowers the resonance notch
depth in the transmission with the decreasing of , which leads
to anomalous dispersion in the case of ,, as shown
in Fig. 3(b). When , resonance-splitting takes place.
Anomalous dispersion, and, thus, fast light can be observed
at the split resonances. In the drop channel, the decreasing of

lowers the dropped optical power and induces normal dis-
persion, shown in Fig. 3(c) and (d). Similar to the case in the
through port, resonance splitting appears when and
enhanced with the decreasing of . As a result, normal dis-
persion exists on each split resonance. Moreover, anomalous
dispersion exhibits between the split resonances, implying that

continuously-tunable slow- to fast light can be obtained across
the split resonances. At the “add” port, no light comes out if

due to the absence of the backward mode. As shown
in Fig. 3(e), the transmission increases and resonance-splitting
appears as the value of becomes smaller, indicating emer-
gence of the backward optical power. When , positive
group delay can be achieved around the split resonances and the
delay can be tuned if signals shift from either of the split reso-
nances to the central wavelength, which is illustrated in Fig. 3(f).
The tunable range is defined as the difference between max-
imal delay obtained on the split resonances and that achieved at
the center wavelength. However, group delay is tuned in com-
pany with transmission variation, which is defined as the dif-
ference between transmission on the split resonances and that
at the central wavelength among the split resonances. Larger
tunable range can be obtained at the cost of larger transmission
variation.

Fig. 4 displays the over-coupling case, i.e.,
. Normal dispersion and correspondingly slow light can

be achieved without mutual-coupling at the through port, as
shown in Fig. 4(b). As the mutual-coupling increases ( de-
creases from ), Fig. 4(a) shows that the mutual-coupling
enhances the resonance notch depth and has little impact on the
group delay if . At , the transmission is
zero at resonance. However, once the mutual-coupling further
increases ( ), resonance-splitting takes place and neg-
ative group delay can be obtained at the split resonances. For the
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Fig. 4. Transmissions and corresponding group delays in the through (a-b), drop (c-d), and add (e-f) channels, respectively with ��� � ���� � ��� �.

drop and add channels, the characteristics of transmission and
group delay are in accordance with that in the under-coupling
case, though the maximal delay time reduces as well as the tun-
able range across the split resonances due to the decreasing of

, as shown in Fig. 4(c)–(f).
Despite the facts that group delay properties have already

been studied before [22], [23], there are some new features
in the drop and add channels by the nature of the mutual
mode coupling. Normal and anomalous dispersions appear
simultaneously around the split resonances, leading to larger
tunable range at the drop port. Slow light tuning with minor
optical power variation can be achieved at the add port. Thus,
the mutual-coupling offers another degree of freedom when
performing slow-light and fast-light functions.

B. Single-Waveguide Coupled Resonators

In previous works [10], group delay was investigated and fast
light was experimentally demonstrated in the through channel.
However, the characteristics of backward optical signals re-
flected by the sidewall gratings have not been reported in SOI
microring resonators.

Fig. 5 depicts the schematic of a single-waveguide coupled
resonator. Similar to the analysis for double-waveguide coupled

resonators, the transfer function of the through and reflection
port can be respectively expressed as follows:

(5)

(6)

where denotes the normalized frequency de-
tuning. and represent intrinsic quality factor and coupling
quality factor, respectively. The mutual coupling factor is
also defined to indicate the coupling strength. Critical coupling
is achieved if is satisfied. The effective
phase shifts for the two channels are defined as ,
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Fig. 5. Schematic of the single-waveguide coupled resonators with mutual
mode coupling.

Fig. 6. (a) Transmission and (b) corresponding group delay at the reflection
port with different � .

, respectively, and the derived dispersion-in-
duced group delays are given by

(7)

Here, we focus on the transmission and group delay at the re-
flection port of single-waveguide coupled resonators.

Fig. 6 presents the transmission and group delay for the cases
of and , respectively. Their features seem
similar to those obtained at the add port of double-waveguide
coupled resonators. However, both the maximal delay time and
tunable range are enhanced with the same and .

Since large tunable range with constant output power are de-
sired in practical applications such as photonic RF phase shifters
[24], it is important to investigate the relation between the tun-
able range of group delay and the optical power variation around
the resonances. Fig. 7 shows the calculated results with different

and . Initially, we plot transmission variation , max-
imal delay , and tunable range as functions of with

. Both and increase with increasing.
However, the rate decreases rapidly when goes up to 1 .
Meanwhile, is limited to 1 dB. Furthermore, we investigate
the transmission and group delay with larger , as shown in
Fig. 7(b) and (c). and increase significantly when
becomes higher. However, the transmissions in these two cases
show larger variations. Therefore, tradeoffs between the delay
and optical power variation should be made according to dif-
ferent requirements in practical systems.

IV. EXPERIMENTS AND RESULTS

A. Characterization of Microring Resonators
The resonators used in the experiments are fabricated on a

commercial single-crystalline SOI wafer with a 250-nm-thick
silicon slab on top of a 3- m silica buffer layer. The cross sec-
tion of the silicon waveguide is 450 250 nm with an effective

Fig. 7. Maximal group delay � , tunable range �� , and transmission vari-
ation �� as functions of � with (a) � � �� �� , (b) � � �� �� , and
(c) � � � � �� , respectively.

area of 0.1 m for the transverse-electric (TE) mode. The scan-
ning electron microscope (SEM) photographs of the double-
waveguide and single-waveguide coupled resonators are shown
in Fig. 8. The microring with a radius of 20 m is sandwiched
between two straight waveguides in the double-waveguide cou-
pled resonator and side coupled to one straight waveguide in the
single-waveguide coupled resonator, respectively, with an air
gap of 120 nm. The device is fabricated by E-beam lithography
followed by reactive ion etching. The waveguide propagation
loss is dB cm by using the method in [25].The straight
waveguide is carefully tapered to a width of 10 m at both ends,
where gold grating couplers are added to couple light near verti-
cally from single mode fibers. The grating coupler supports only
TE mode with a fiber-to-fiber loss of dB, which would be
reduced by optimizing the individual teeth and slit widths of the
gold gratings [26].

Fig. 9(a) presents the spectral response measured at the
through and drop ports of the double-waveguide coupled
resonator around a wavelength at 1552.48 nm. The spec-
tral responses are fitted using (1) and (2). Since the straight
waveguides are symmetrically coupled to the microring, i.e.,

, the obtained intrinsic and coupling
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Fig. 8. SEM photographs of the (a) double and (b) single-waveguide coupled
resonators with mutual mode coupling.

Fig. 9. Transmission spectra for the (a) double-waveguide and (b) single-wave-
guide coupled resonators. The red solid curves represent the measured transmis-
sion spectra and the blue dashed curves are the fitted ones. Group delay for the
through channel (blue dashed curve) and drop channel (red solid curve) of the
double-waveguide coupled resonator (c), and transmission (green curve) and
group delay (blue curve) for the single-waveguide coupled resonator (d).

are 2.6 and 3.9 , respectively, and is 1.2 ,
which corresponds to the under-coupling case. Using the
quality factors derived from the spectra fitting and (4), we plot
the group delays with respect to wavelength across the sub-res-
onances. For the through channel, Fig. 9(c) shows that maximal
pulse advancement of ps can be obtained at each split
sub-resonance where a large negative group delay exists. For
the drop channel, changes from positive to negative as the
wavelength is tuned from each of the split sub-resonances to
the central wavelength among them. The maximal delay and
advancement values are ps and ps, respectively.

For the single-waveguide coupled resonator, spectral re-
sponse is measured at the through port and fitted based on (5)
to obtain the coupling , intrinsic , and mutual-coupling

, which are 2 , 3 and 1.1 , respectively, as
shown in Fig. 9(b). Resonance splitting is obvious, proving
the existence of the backward WGM. To explore the group
delay feature at the reflection port, we plot the group delays as
functions of wavelength using the quality factors derived from
the spectra fitting and (7). Normal dispersion is achieved with
the maximal delay and tunable range being ps and ps,
respectively, as shown in Fig. 9(d). The maximal delay and
tunable range could be improved if the quality factors wound be
increased. The transmission at the reflection port is also plot in

Fig. 9(d) without spectral fitting in that the measured spectrum
is influenced by the fiber Fresnel reflection, which will be
analyzed in the following part. The agreement between the
group delays obtained from formula fittings and the measured
pulse delay/advancement values in the following experiments
verifies the phase characteristics of the resonator systems in the
theoretical analysis without direct phase measurement.

B. Experimental Setup and Results

In the experiments, we focus on the drop port of the
double-waveguide coupled resonator and the reflection port of
the single-waveguide coupled resonator since the group delays
display some different features at these two ports according to
the theoretical analysis.

1) Continuously-Tunable Slow- to Fast Light: We use a re-
turn-to-zero (RZ) pulse train as a probe signal to experimentally
demonstrate the pulse delay and advancement. The schematic
diagram of the experimental setup is depicted in Fig. 10. The
RZ pulse train with a duty cycle of 50% is generated by two
cascaded Mach-Zehnder modulators (MZMs). The first MZM is
driven by a 5-Gb/s pseudo-random bit sequence (PRBS) signal
of pattern length, and the second one is used as a pulse
carver driven by a sinusoidal signal with the same rate as the
data. The full width at half maximum (FWHM) of the signal
pulse is 100 ps. An erbium-doped fiber amplifier (EDFA) is
used to boost the generated probe signal followed by a tunable
band-pass filter (BPF) with a bandwidth of 1.6 nm to reduce the
ASE noise. A polarization controller is inserted before the res-
onator system to make sure that the input probe signal is in TE
mode. The output pulse train is amplified by two-stage EDFAs
and the noise is suppressed using another BPF. A variable op-
tical attenuator (VOA) is used to make sure that the peak power
of the advanced pulses is approximately equal to the delayed
ones. Their temporal waveforms are taken with an oscilloscope.

We tune the wavelength of CW light to measure the pulse
delay and advancement. As shown in Fig. 11, points A, B, C,
and D correspond to four different wavelengths around the split
resonances. First, we set the signal wavelength off resonance
(point A) and take the corresponding pulse waveform (curve
A), shown in Fig. 12(a). When the wavelength is tuned to one
of the split resonances (point B), the pulse is delayed by

ps [Fig. 12(a), curve B]. When the signal wavelength sits
between split resonances (point C), we observe that the pulse
is advanced by ps [Fig. 12(a), curve C]. Similarly, when
the wavelength is tuned to another split resonance (point D),
pulse delay is also obtained [Fig. 12(a), curve D]. To demon-
strate continuous tuning by thermal control, a control light of
1543.21 nm is amplified by a high power EDFA followed by
a VOA to adjust the power. Through a 3-dB coupler, it is fed
to the resonator system together with the RZ signal pulses. Ini-
tially, the control power is attenuated to dBm and the
wavelength of probe signal sits in the middle of two split reso-
nances. The corresponding pulse waveform (curve A) is shown
in Fig. 12(b). When the control power increases to 8.4 dBm, the
resonances are red shifted due to the thermal effect [14]. The RZ
signal then shifts towards the left split resonance, which causes
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Fig. 10. Experimental setup in the optically tunable pulse delay and advancement demonstration using a double-waveguide coupled resonator.

Fig. 11. Measured transmission spectrum in the drop channel of the double-
waveguide coupled resonator.

a delay of ps [Fig. 12(b), curve B]. Pulse delay further in-
creases [Fig. 12(b), curve C], when the control power goes up
to 13.5 dBm, making the wavelength of the RZ signal closer
to the left split resonance. Comparing with the reference pulse,
one can observe that pulse propagation is continuously tuned
from advancement ( ps) to delay ( ps). The tunable
range would be extended if the control power further increases.
There are two factors contributing to the RZ pulse distortion:
1) the edges of the RZ pulses contain most of the high frequency
components, which experience more loss through the resonance
filter; 2) it has been known that the group velocity dispersion at
the resonance is zero [22], and the third-order dispersion plays
an important role in the asymmetry of filtered pulses as one of
their edges is steepened [27], [28]. Therefore, the resonator filter
mainly changes the shape of pulse edges, but less on the peak.
It should be noted that the temporal waveforms are smoothed
using the average mode of the oscilloscope to evaluate the delay
time more accurately.

2) Tunable Slow Light at the Reflection Port: Fig. 13 shows
the experimental setup for the demonstration of pulse delay
at the input/reflection port of a single-waveguide coupled

Fig. 12. Temporal waveforms of the RZ pulses with signal-wavelength de-
tuning (a), and control-light thermal tuning (b), respectively.

resonator. The probe signal is an RZ pulse train, which is gen-
erated using the same approach as the last experiment. We use
an optical circulator to perform the function of feeding the RZ
pulses as well as allowing the reflected signals to pass through.
Through an optical coupler, 95 percent of the output signal
is amplified by an EDFA and taken by the oscilloscope after
being filtered by a BPF and attenuated by a VOA. In addition, a
power meter is used to record the variation of the output signal
power. Initially, the transmission spectrum is measured at the
reflection port, as shown in Fig. 14(a).

To illustrate the pulse delay measurement, we analyze the
output signals from reflection port, which can be given by

(8)

where is the signal caused by fiber Fresnel reflection,
is the signal reflected by the gold grating. is

the time light travelling in the spacing between the fiber facet
and the grating. ) represents the output backward
WGM and is the dispersion induced group delay. When the
signal wavelength is off resonance, no backward WGM exists,
i.e., . The residual power reflected by the gold grating at
the end of the straight waveguide is comparable with that caused
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Fig. 13. Experimental setup in the optically tunable pulse delay demonstration using a single-waveguide coupled resonator.

Fig. 14. (a) Measured transmission spectra of the reflection port and (b) temporal waveforms of the RZ pulses with signal-wavelength detuning.

by the Fresnel reflection, i.e., . Therefore, destructive
and constructive interferences take place. Since the fiber facet is
very close to the grating, is negligible and
can be approximately obtained. When the signal wavelength
is on resonance, the transmission is dB, as shown in
Fig. 9(d). Since the fiber Fresnel reflectivity is , the op-
tical power that is directly reflected by the fiber facet is approx-
imately 26 dB lower than the input optical power, implying that
the Fresnel reflection is dB lower than the output backward
WGM considering the additional fiber-to-fiber loss of dB.
Thus, the influence of the Fresnel reflection is negligible, i.e.,

and . Therefore, pulse delay
can be evaluated by comparing the temporal waveform when the
signal on resonance with that off resonance, even though there
is some minor signal distortion.

As shown in Fig. 14(a), we firstly set the signal wavelength
off resonance (1544 nm) and take the corresponding pulse
waveform [Fig. 14(b), curve A]. When the wavelength is tuned
to 1543.8 nm, the pulse exhibits some distortion due to the
filtering effect [Fig. 14(b), curve B]. Further blue-shifting the
signal wavelength induces continuously delay of the pulse
and maximal delay time of ps [Fig. 14(b), curve C], is
obtained at 1543.68 nm, which is the resonance wavelength
as shown in Fig. 9(b). It is well proved that pulse delay can
be achieved at the reflection port of single-waveguide coupled
resonators.

V. CONCLUSION

We numerically study and experimentally demonstrate pulse
propagation in both double-waveguide and single-waveguide
coupled resonators with mutual mode coupling. For the double-
waveguide coupled resonators, theoretical analysis illustrates
that tunable slow light can be achieved in the add channel with
minor transmission variation. Experimentally, continuously tun-
able fast and slow light is demonstrated in the drop channel by
thermally shifting the split resonances, and the observed max-
imal pulse delay and advancement are ps and ps, re-
spectively. For the single-waveguide coupled resonators, slow
light is observed at the reflection port with maximal pulse delay
of ps. In spite of the small tunable range, continuous tun-
ability from slow to fast light in the resonator systems can still
find some practical applications, such as continuously-control-
lable OTDM system [29] and synchronization of multiple data
channels [30].
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