
12 CHINESE OPTICS LETTERS / Vol. 7, No. 1 / January 10, 2009

All-optical NRZ-to-AMI conversion using linear filtering
effect of silicon microring resonator
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We experimentally demonstrate 10-Gb/s format conversion from non-return-to-zero (NRZ) to alternate-
mark-inversion (AMI) using the linear filtering effect of silicon microring resonator. Our discussion and
analysis in simulation further show that a 10-Gb/s AMI signal with good quality can be obtained by a
resonator with a notch depth larger than 25 dB when the 3-dB bandwidth is 0.4 nm.

OCIS codes: 060.0060, 230.1150, 230.4555.
doi: 10.3788/COL20090701.0012.

All-optical clock recovery is a key technique in future
all-optical communication networks. Clock recovery
based on non-return-to-zero (NRZ) format data, which
has been widely used for its simplicity and bandwidth
efficiency, shows implementation difficulties for the lack
of discrete clock components. All-optical format con-
version from NRZ to alternate-mark-inversion (AMI) or
pseudo-return-to-zero (PRZ), which can be exploited for
clock recovery, has been demonstrated by various tech-
nologies including the use of the gain saturation effect of
a semiconductor optical amplifier (SOA)[1−3], an asym-
metric Mach-Zehnder interferometer[4,5], and self-phase
modulation in a Fabry-Pérot laser diode[6,7]. However, all
these schemes are disadvantageous in large device foot-
print, thus render themselves unfavorable for compact
photonic integrated circuits in practical applications.

Recently, silicon microring resonator devices, which
can be fabricated by the mature complementary metal
oxide semiconductor (CMOS) compatible processes fa-
cilitate integration, have attracted a lot of interests for
optical signal processing applications[8−11]. In Ref. [12],
a silicon second-order coupled-microring resonator was
introduced to perform 3.6-Gbps format conversion from
NRZ to PRZ. However, as the results shown in Ref. [12],
the amplitude of PRZ signal fluctuates severely.

In this letter, we use a silicon resonator containing a
single microring to perform the 10-Gbps NRZ-to-AMI
conversion in experiment, which is the highest rate of
such conversion to date. The operation principle is based
on the linear filtering effect provided by the silicon ring
resonator. In the frequency domain, the carrier of the
NRZ signal is suppressed and correspondingly the op-
tical clock component is enhanced by the notch filter.
Therefore, in the time domain, the signal after the silicon
ring resonator exhibits discrete AMI pulses positioned in
the transition edges of the NRZ signals[12]. We also an-
alyze the dependence of the quality of AMI signal on
the notch depth and 3-dB bandwidth of the resonance in
simulation, which shows that a 10-Gb/s AMI signal with
a good signal quality can be obtained by a microring

resonator with a notch depth larger than 25 dB when
the 3-dB bandwidth is 0.4 nm.

The microring resonator employed in this work is fab-
ricated in a commercial silicon-on-insulator (SOI) wafer
with a 3-μm-thick silica buffer and a 250-nm crystalline
silicon top layer in the Royal Institute of Technology of
Sweden. The radius of the ring is 40 μm. The waveguide
cross-section is 450 × 250 (nm). The air gap between
the waveguide and the ring is controlled at 120 nm to
approach critical coupling. The scanning electron micro-
scope (SEM) photo is shown in Fig. 1(a). The waveg-
uide is slowly tapered to a width of 10 μm at both ends,

Fig. 1. (a) SEM photos of the SOI 40-μm-radius micro-ring
resonator, and (b) spectrum of the resonance at 1549.80 nm.
Inset in (a) is a zoom-in view of the coupling region.
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and then gold gratings are added to couple light near-
vertically from single mode fibers[13]. The spectral re-
sponse of the microring resonator is shown in Fig. 1(b).
The black and gray curves denote the measured and
Lorentzian fitted resonance, respectively. The resonance
at 1553.900 nm has a 20-dB notch and the 3-dB band-
width is about 0.234 nm. Therefore, the Q factor of
this resonance is about 6640 and the estimated total
loss is about 10 dB/cm. The total loss comprises the
transmission loss and the bending loss. The propaga-
tion loss is mostly affected by the sidewall roughness
while the bending loss increases significantly as bending
radius decreases. Generally speaking, the bending loss
dominates the total loss for small bending radius (< 5
μm)[14,15]. Another related loss is the coupling loss be-
tween the fiber and the waveguide, which results from
the large mode size mismatch. In our experiment, we
use the vertical coupling system to couple the light into
the microring resonator and the coupling loss is around
20 dB. However, this value can be significantly reduced
to below 2 dB by inverted-taper mode converter[16].

The experimental setup is depicted in Fig. 2. The
tunable laser (TSL-210F, Santec, Japan), which has a
wide tuning range from 1260 to 1630 nm and a tun-
ing resolution of 0.001 nm, is tuned at the resonance
wavelength of 1553.900 nm. The laser output is mod-
ulated by a Mach-Zehder modulator (MZM), which is
biased at the quadrature point and driven by a 10-Gb/s
electrical pseudo-random-binary-signal (PRBS) signal of
27 − 1 pattern length. The generated NRZ signal is
then coupled into the microring resonator by the ver-
tical coupling system. As the gold grating coupler is
polarization-dependent, a polarization controller (PC) is
inserted before the grating to make sure that the input
signal is in transverse-electric (TE) mode. Two cascaded
erbium-doped fiber amplifiers (EDFAs) after the res-
onator are used to compensate the coupling loss. The
waveforms of the input NRZ signal and the converted
AMI signal are recorded by the oscilloscope (83430A,
Hewlett-Packard, USA) with an optical bandwidth of 20
G. The input power before the grating is around 0 dBm
and the estimated power into the microring resonator is
−10 dBm.

Figures 3(a) and (b) depict the waveforms of the input
NRZ data and the converted AMI data, respectively.
Sharp pulses of AMI data appear at both the rising and
falling edges in “1” bits of NRZ data due to the effective
suppression of the optical carrier and thus enhancement
of the optical clock component in the notch filter trans-
mission. The AMI data has a pulse width of about 32
ps and provides well-defined 10-Gb/s clock information.
However, it can be seen from Fig. 3(b) that the amplitude

Fig. 2. Experimental setup for the NRZ-to-AMI format con-
version. PPG: pulse pattern generator; BPF: bandpass filter.

Fig. 3. (a) and (b) are experimental waveforms of the input
NRZ signal and the converted AMI signal, respectively.

Fig. 4. Simulation results of the dependence of Pmax/Pmin on
the Δλ3dB of the resonance at a notch depth of 30 dB. In-
sets are the eye diagrams at Δλ3dB = 0.15, 0.23, and 0.4 nm,
respectively.

of the pulse train exhibits certain fluctuation, which is
similar to the results in Ref. [12]. The following sections
will analyze through simulations such fluctuations, which
can be suppressed if the 3-dB bandwidth and the notch
depth of the microring resonator are carefully designed.

To characterize the fluctuations of the AMI pulses,
we define Pmax/Pmin as a fluctuation factor, where the
Pmax and Pmin are the maximal and minimal amplitudes,
respectively. Figure 4 investigates the dependence of
Pmax/Pmin on the 3-dB bandwidth of the ring resonance
with the notch depth fixed in simulation. The result
displays that the fluctuation factor decreases as the 3-
dB bandwidth Δλ3dB increases, which is also verified
by the eye diagrams shown in the insets. The reason
is that more frequency components close to the optical
carrier are removed when the Δλ3dB becomes larger,
which in turn enhances the clock component of the sig-
nal. However, the amplitude of AMI signal is reduced
correspondingly with larger 3-dB bandwidth. Therefore,
a balance is needed.

On the other hand, Fig. 5 compares the eye diagrams of
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Fig. 5. Simulation results of the eye diagrams of AMI sig-
nal corresponding to a notch depth of (a) 12.4, (b) 27.2, and
(c) 40 dB, respectively. The resonance bandwidth is fixed at
0.4 nm.

AMI signal at different notch depths with the 3-dB band-
width fixed at 0.4 nm in simulation. It demonstrates that
the eye-opening becomes wider with the increase of the
notch depth. In particular, wide eye-opening can be ob-
tained if the notch depth of the microring resonator is
larger than 25 dB.

In summary, we demonstrated the 10-Gb/s all-optical
NRZ to AMI format conversion using the linear filtering
effect of a silicon microring resonator in experiment.
However, the converted AMI signal exhibits certain
fluctuation in its amplitude. To obtain an AMI data with
a good signal quality, we investigate the dependence of
amplitude fluctuation on the notch depth and 3-dB band-
width of the ring resonance in simulation. Our simula-
tion results conclude that a 10-Gb/s AMI signal with a
good signal quality can be obtained by a resonator with a

notch depth larger than 25 dB when the 3-dB bandwidth
is around 0.4 nm.
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