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On-Chip NRZ-to-PRZ Format Conversion
Using Narrow-Band Silicon Microring

Resonator-Based Notch Filters

Linjie Zhou, Hui Chen, Student Member, IEEE, and Andrew W. Poon, Member, IEEE

Abstract—We report experimental demonstration and modeling
of all-optical on-chip non-return-to-zero (NRZ) to pseudo-re-
turn-to-zero (PRZ) format conversion using narrow-band silicon
microring resonator-based notch filters. Our proof-of-prin-
ciple experiment using a carrier-injection-based tunable silicon
microring resonator demonstrates NRZ-to-PRZ conversion at
3.6 Gbit/s. Our Fourier-transform-based modeling reveals in detail
the format conversion dependence on the microring resonance Q
factor, extinction ratio, phase response, and NRZ signal transition
times, assuming signal format conversion of 40 Gbit/s.

Index Terms—All-optical clock recovery, integrated optics,
notch filters, optical resonators, optical signal processing, silicon
photonics, waveguides.

I. INTRODUCTION

ILICON microresonators with their key merits of compat-
S ibility with complementary metal-oxide—semiconductor
(CMOS) microelectronics fabrication processes, narrow-band
wavelength agility, micrometer-scale device footprint, and
accessibility with integrated wire waveguides offer one of the
building blocks for large-scale-integrated photonic circuits
on a silicon chip. Recently, various optical signal-processing
devices and circuits based on silicon microresonators have been
proposed and demonstrated including multistage high-order
microring-resonator add—drop filters [1], ultracompact optical
buffers [2], carrier-dispersion-based modulators [3]-[6], and
wavelength converters [7].

Previously, we proposed an all-optical on-chip non-return-to-
zero (NRZ) to pseudo-return-to-zero (PRZ) format conversion
using silicon second-order coupled-microring resonator-based
notch filters [8]. Our approach potentially constitutes a highly
integrated linear optics method to high-data-rate NRZ clock re-
covery on a silicon chip.

It is well known that NRZ-to-PRZ format conversion is
essential for clock recovery from NRZ data format, which in
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principle carries no clock component. Conventional approaches
to converting NRZ data format to PRZ data format (which
carries a clock component) include using i) nonlinear semicon-
ductor optics upon self-phase modulation in a semiconductor
optical amplifier (SOA) [9]-[11] and ii) linear optics such as
fiber Bragg grating (FBG)-based notch filters for suppressing
the optical NRZ carrier frequency component [12], Fabry—Perot
optical bandpass or comb filters for transmitting the weak clock
components [13]-[16], and polarization-maintaining fibers
[17]-[19] and integrated asymmetric Mach—Zehnder interfer-
ometer (AMZI) for generating relative delays [20]-[22].

However, nonlinear semiconductor optics methods impose
high input signal power and slow operation speed limited by
SOA carrier dynamics. Also an additional bandpass filter is
needed in order to filter the frequency-chirped SOA signals
to form the PRZ pulses, suggesting complicated designs and
processes for on-chip integration. In contrast, linear optics
approaches feature low complexity, and no active components
are involved. Nonetheless, most conventional linear optics ap-
proaches are either fiber-based or based on bulk optical filters,
and thus they are not readily applicable to on-chip optical signal
processing. Although AMZI converters have been integrated
on a silicon chip [22], the long AMZI arms needed to generate
10’s ps relative delays between them still impose a relatively
large device footprint.

In this paper, we detail our systematic experimental study and
modeling of the proposed all-optical NRZ-to-PRZ format con-
version using narrow-band silicon microring resonator-based
notch filters. The rest of the paper is organized as follows.
Section II briefly reviews the principle of using linear filtering
for format conversion, Section III details our proof-of-principle
experiment, Section I'V presents the modeling and analysis, and
Section V concludes this paper.

II. PRINCIPLE

Fig. 1 illustrates the principle of all-optical NRZ-to-PRZ
format conversion using a microring resonator-based notch
filter. The concept is common to other linear optic filtering ap-
proaches to signal processing. Like the conventional FBG-based
notch filter approach [12], the microring notch filter can sup-
press the optical NRZ carrier frequency component at the
microring resonance and thereby effectively enhance the RF
clock signal in the sidebands.

Fig. 1(a) illustrates the format conversion in time domain. An
optical NRZ waveform is launched into the bus waveguide with
the carrier wavelength A at the microring notch filter center
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Fig. 1. Schematics of NRZ-to-PRZ format conversion using a microring
resonator-based notch filter. (a) Schematic optical waveforms of the input
NRZ signal and the converted PRZ signal at the NRZ signal transition edges.
(b) Wavelength spectra of an input optical NRZ signal (top gray line), an
ideal notch filter transmission (dotted line), and the converted PRZ signal
(bottom gray line). The carrier wavelength A. of the input NRZ signal is at
the microring notch filter resonance wavelength A,. Inset: schematic of the
microring resonator notch filter.

Wavelength

wavelength \,. The resulting transmission yields PRZ pulses
corresponding to the NRZ signal transition edges.

Fig. 1(b) depicts the notch-filter-based format conversion in
spectral domain. The input optical NRZ signal contains a strong
discrete carrier (A.) component with a broad side-band. After
passing through a narrow-band notch filter with an ideal null
transmission at A ., the carrier wavelength component is elimi-
nated yet the sideband remains, which yields the converted PRZ
pulses corresponding to the NRZ pulse transition edges. The
inset depicts a schematic of the microring notch filter acting as
an NRZ-to-PRZ format converter.

III. PROOF-OF-PRINCIPLE EXPERIMENT

Fig. 2 shows schematically the experimental setup. A con-
tinuous-wave laser light (wavelength tunable from 1510 to
1580 nm) is modulated at a data rate of 3.6 Gbit/s (limited
by the transmission analyzer). An erbium-doped fiber am-
plifier (EDFA) operated in saturation (~16 dBm saturation
output power) is used to power-boost the modulated light
before input-coupling to the bus waveguide through a po-
larization-maintaining single-mode lensed fiber. The device
transmission is collected by an objective lens (NA= 0.65) and
coupled into a single-mode fiber through another objective
lens with NA = 0.1. The optical waveform, after another
EDFA and a bandpass filter (3-nm bandwidth), is displayed
by a 20-GHz-bandwidth oscilloscope. We tune the laser diode
wavelength in order to characterize the signal transmissions
both at off-resonance and on-resonance wavelengths of the
microring notch filter. We also fine-tune the microring reso-
nance wavelength by forward-biasing the p—i—n diode that is
integrated into the microring and study the signal transmissions
at different blue-shifted resonances.

A. Format Conversion Using a Tunable Microring Resonator

Fig. 3(a) shows an optical micrograph of our fabricated
racetrack-shaped microring resonator-based notch filter on
a silicon-on-insulator (SOI) substrate. We embed a lateral
p-i—n diode around almost the entire microring in order to
enable electrooptic resonance tuning using free-carrier plasma
dispersion effect [23]. The device fabrication employs i-line
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Fig. 2. Schematic experimental setup. PC: polarization controller; EDFA: er-
bium-doped fiber amplifier; BPF: bandpass filter.

photolithography, reactive ion dry etching, implantation, and
aluminum (Al) sputtering (see [5]). The racetrack arc radius is
25 pm and the straight interaction length is 10 pm. The wave-
guide width is 0.4 pm and height is 0.21 pm with an etching
depth of 0.18 pm. The coupling gap separation is 0.35um. The
pt-doped (2 x 10*® em™3) and n*-doped (1 x 10%° cm™3)
regions are positioned in the 30-nm-thick slab layer, with
~0.5—pm separations from the waveguide sidewalls in order
to avoid excessive scattering and absorption losses due to
mode-field overlapping with the highly doped regions.

Fig. 3(b) shows the measured TE-polarized (electric field in
plane) transmission spectra of the microring notch filter with the
p—i—n diode forward biased at 0, 1.0, 1.1, and 1.3 V. Upon 0-V
bias, the transmission dip (Q ~ 9500) exhibits an extinction
ratio (ER) of ~6 dB. As the diode is forward biased (beyond
the threshold voltage of ~0.75 V), the resonance wavelength
blue-shifts and the ER enhances with forward bias until reaching
an optimum ER of ~16 dB (Q ~ 8000) upon a 1.1-V bias. This
suggests a transition from overcoupling to critical coupling [24]
as the carrier absorption increases. With further increment in
forward biasing, however, the ER reduces, suggesting a transi-
tion from critical coupling to undercoupling.

Fig. 3(c)—(f) shows the measured 3.6-Gbit/s NRZ signal
transmission waveforms at an off-resonance wavelength (0-V
bias) and at on-resonance wavelengths upon forward biases at 0,
1.1, and 1.3 V. The off-resonance waveform largely follows the
input NRZ signal. The optical signal displays a 10%—90% rise
time of ~32 ps and a 90%—10% fall time of ~35 ps. In contrast,
the on-resonance waveform upon 1.1-V bias displays PRZ
pulses following the NRZ signal transition edges, with pulse
widths of ~38 ps and a peak ER of ~4 dB. The on-resonance
waveform upon 0-V (1.3-V) bias only displays a distorted NRZ
signal, with an overshoot at the signal trailing (leading) edge
and a dip at the signal leading (trailing) edge. The relatively
low ERs upon 0- and 1.3-V biases render less optical carrier
suppression, and thereby significant transmissions at the NRZ
digital “1” levels and less pronounced PRZ pulses. We attribute
the noise fluctuations observed in all the waveforms to ampli-
fied spontaneous emission noise from the two EDFAs.

B. Discussion

Our typical device insertion loss is ~20 dB (relative to the
lensed fiber transmission intensity) for TE polarization, which
we attribute to excessive fiber-to-waveguide coupling loss and
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waveguide propagation loss. We estimate the fiber-to-waveguide
coupling loss is ~13.5 dB originated from end-face reflection
(~1.5 dB) and mode-mismatch losses (~12 dB). In general,
fiber-to-waveguide coupling loss can be mitigated using three-di-
mensional or inverted adiabatic tapers [25], [26]. We measure the
waveguide propagation loss to be ~20 dB/cm by using a cutback
method. We attribute the waveguide propagation loss mainly to
sidewall roughness-induced scattering, as our photolithography
(i-line, 365 nm) and dry etching are not favorable for fabricating
smooth sidewalls. In principle, the waveguide propagation
loss can be reduced to 1-2 dB/cm [2] by minimizing sidewall
roughness using e-beam lithography or CMOS-compatible
deep-ultraviolet photolithography and optimized dry-etching
processes. We note that we can only measure the TE polarization
response of our device. For TM polarization, we measure no
transmission, possibly due to excessive propagation loss, as
the vertically polarized mode field is not well confined in the
0.21-pm-height waveguide core. This monopolarization re-
sponse potentially imposes limitations for practical applications
of our device in fiber networks, and it is likely that additional
polarization splitters and converters are needed.

The resonance Q-factors in our devices are mainly limited
by the waveguide sidewall roughness induced cavity loss. With
improved fabrication technology, high-Q resonances up to 10°
and beyond in microring resonators are possible [27].

In order to enhance the NRZ-to-PRZ format conversion, high-
order notch filters with enhanced ERs and sharpened rolloffs
can be used in favor of narrow-band filtering. Such high-order
notch filter can be composed of series-coupled double microring
resonators, as reported previously by our group [8]. Our exper-
imental results revealed converted PRZ waveform at 3.6 Gbit/s
with pulse widths of ~40 ps (48 ps) and pulse ERs of ~8 dB
(6 dB) corresponding to the NRZ signal leading (trailing) edges
by using a series-coupled microring notch filter with a Q-factor
of ~14 000 and an ER of ~12 dB.

The carrier-injection-based electrooptic tuning adopted here
has its own drawbacks. As carrier absorption always accompa-
nies carrier dispersion, the resonance linewidth becomes broad-
ened upon high carrier injection [see Fig. 3(b)] and thus practi-
cally limits the resonance wavelength tuning range to ~1 nm.
Moreover, the resonance Q and ER inevitably vary with res-
onance wavelength blue-shift upon carrier injection. Thus, it
imposes difficulties in differential tuning of series coupled mi-
croring resonators, in which identical resonance response for
each microring resonator is needed in order to attain good high-
order filtering performances.

In order to enable a wide resonance wavelength tuning range
for channel selection or to compensate for the fabrication-in-
duced stochastic variations in microring resonance wavelength,
we can adopt other tuning mechanisms such as thermooptic
tuning [28] or electrooptic tuning using liquid crystal as an
upper cladding layer [29]. We note that both thermooptic-based
and liquid crystal-based tuning does not impose excess loss for
a wide range of wavelength tuning.

IV. MODEL

Here, we present a Fourier-transform-based model for
NRZ-to-PRZ conversion [12] using a narrow-band microring
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resonator-based notch filter. For simplicity, we only model
single-order microring resonator-based notch filters. We ex-
amine in detail the format conversion dependence on the
microring resonance Q-factor, ER, phase response, and NRZ
signal transition times.

We consider an N-bit pseudorandom bit sequence (PRBS)
intensity waveform b;(t) as the input NRZ data signal of levels
“1” and “0.” We express the electric field of the NRZ-modulated
optical signal as

Ei(t) = Ao bi(t) exp(iwct) (l)

where w, is the carrier frequency and A is the signal field am-

plitude. We expand the modulated field envelope Ag+/b;(t) as
a Fourier series as follows:
Ao/ bi(t) = A Z an, exp(inwot) 2)

n=0,+£1,+2,...

where wg = 2w NT is the base frequency (7' is the bit duration)
and a,, is the Fourier coefficient of the nth harmonic component
(n = 0 for the dc component) of the modulation envelope. We
remark that a,, is determined by the NRZ signal rise-and-fall
times.

We express the electric-field transmission for a single-order
microring notch filter as [24]

T — aexp(ineg Lw/c)

T =
() 1 — raexp(inegLw/c)

3

where 7 is the waveguide field transmission coefficient through
the waveguide-microring coupler (72 + k2 = 1 for lossless cou-
pling, where « is the coupling coefficient), « is the round-trip
cavity field loss factor (¢ = 1 for an ideal lossless transmis-
sion), neg is the effective refractive index of the microring and
the waveguide, L is the microring resonator round-trip length, ¢
is the speed of light in free space, and w is the light frequency.
At resonance wavelength A,es, we have neg L = mAes, Where
m=1,2.23, ...

Hence, the NRZ signal transmission through the microring
notch filter yields

>

n=0,£1,42,...

anT(we + nwp)

x expli(we + nwo)t] (4)

and we express the normalized output bit sequence intensity

waveform as

Eo(t)
Ag

bo(t) = (&)

A. Resonance Q-Factor Dependence

Here, we examine the NRZ-to-PRZ format conversion at
40 Gbit/s using the model. We first consider three notch filters
with different resonance Q-factors of 2 x 103 (3-dB linewidth
of ~0.78 nm), 4 x 10%(~0.39 nm), and 8 x 10®(~0.19 nm), all
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Fig. 3. (a) Optical micrograph of an electrically tunable racetrack-shaped microring resonator-based notch filter with laterally integrated p—i—n diode on an SOI
substrate. (b) Measured TE-polarized throughput-port transmission spectra of the notch filter upon various forward-bias voltages. (c)—(f) Measured transmissions
of a 3.6-Gbit/s NRZ waveform at (c) an off-resonance carrier wavelength A.¢r (~1543.7 nm), (d) an on-resonance carrier wavelength upon 0-V forward bias
(~1543.3 nm), (e) an on-resonance carrier wavelength upon 1.1-V forward bias (~1542.8 nm), and (f) an on-resonance carrier wavelength upon 1.3-V forward

bias (~1542.6 nm).

with ER of 20 dB. The microring and the waveguide are assumed
undercoupled (7 > «). We set the input NRZ signal carrier
wavelength ). at the notch filter resonance wavelength \,,.

Fig. 4 depicts a single-input NRZ waveform and the con-
verted PRZ pulses after processing by these notch filters [using
(5)]- The input NRZ waveform assumes a data rate of 40 Gbit/s
with typical symmetrical rise and fall times of 6 ps. Our mod-
eling shows PRZ pulses appearing at the leading and trailing
edges of the NRZ signal, with higher pulse height at the leading
edge (to be explained in the following section). As expected, the
PRZ pulses’ height and width depend on the resonance Q-factor.
A high-Q (narrow-band) notch filter transmits more sideband
frequency components and results in more pronounced PRZ
pulses (higher in pulse height and wider in pulse width). With
Q = 2 x 102, the converted PRZ pulse height is only ~0.13
normalized to the input NRZ pulse height and the PRZ pulse
width is ~5.5 ps. With Q = 8 x 103, the PRZ pulse height be-
comes ~0.5 normalized to the input NRZ pulse height and the
PRZ pulse width is also broadened to ~10 ps.

Nonetheless, we caution that a cavity Q of 8 x 10° suggests
a 1/e cavity photon lifetime of Q/w = 7 ps, which yields wide
enough PRZ pulses that can cause pulse overlap and interference
within a single NRZ bit duration. Therefore, in order to avoid
PRZ pulses overlap and interference, we can adopt notch filters
with Q < 8 x 10? for NRZ-to-PRZ conversion at data rate of
40 Gbit/s.

B. Resonance ER and Phase Response Dependences

Both the resonance ER and phase response affect the con-
verted PRZ signal. Fig. 5(a)—(c) shows the microring notch

Intensity (a.u.)

Time (ps)

Fig. 4. Input 40-Gbit/s NRZ waveform with 6-ps rise and fall times and con-
verted PRZ pulses after notch filters of Q = 2 x 10%,Q = 4 x 103, and
Q = 8 x 103. All notch filters assume an ER of 20 dB.

filter transmission intensity (solid line) and phase (dotted line)
responses [using (3)], assuming undercoupling with an ER
of 10 dB [Fig. 5(a)], undercoupling with an ER of 20 dB
[Fig. 5(b)], and overcoupling with an ER of 20 dB [Fig. 5(c)].
The Q-factors are 4 x 10% for all cases. We assume an input
40-Gbit/s NRZ waveform with rise and fall times of 6 ps, as
shown in Fig. 5(d).

Fig. 5(e) shows the PRZ pulses from the 10-dB notch filter.
The relatively weak optical carrier suppression renders signifi-
cant background transmission at the NRZ high level, resulting
in a widened PRZ pulse at the NRZ leading edge with signif-
icant pulse overlap and interference with the PRZ pulse at the
NRZ trailing edge.
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Fig. 5. (a)-(c) Notch filter transmission intensity (solid line) and phase response (dotted line) in (a) undercoupling regime with ER of 10 dB, (b) undercoupling
regime with ER of 20 dB, and (c) overcoupling regime with ER of 20 dB. (d) Input 40-Gbit/s NRZ waveform with 6-ps rise and fall times. (e)—(g) Converted PRZ
pulses after notch filters with corresponding transmission performances shown in (a), (b), and (c), respectively.
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Fig. 6. (a) Input NRZ waveforms at 40-Gbit/s with rise (t,) and fall (t¢) times of 2, 6, and 9 ps. (b) Converted PRZ pulses after a notch filter with Q = 4 x 103

and ER of 20 dB.

Comparing undercoupling and overcoupling cases with the
same ER (of 20 dB), we find that although the notch filter trans-
mission intensity responses are identical, the phase responses
are distinct. The different phase responses thus yield different
converted PRZ signals, as shown in Fig. 5(f) and (g). In case the
notch filter is in an undercoupling regime, the converted PRZ
signal displays a strong pulse at the leading edge, yet in overcou-
pling regime, the strong pulse appears at the trailing edge, which
is consistent with our experimental observations [see Fig. 3(d)

and ()].

C. NRZ Signal Transition Time Dependence

Fig. 6(a) and (b) shows three input 40-Gbit/s NRZ waveforms
with rise and fall times of 2, 6, and 9 ps and the corresponding
converted PRZ pulses. We assume a notch filter with ER of
20 dB and Q = 4 x 103. As expected, with the shortest NRZ
pulse transition times of 2 ps, the converted PRZ pulses display
the highest pulse height of ~0.55 normalized to the input NRZ

signal and the narrowest pulse width of ~4.3 ps. With the NRZ
pulse transition times lengthened to 9 ps, the PRZ pulse normal-
ized peak height drops to ~0.17, with pulse width broadens to
~10 ps. PRZ signals with a narrow pulse width and a large pulse
height favor clock recovery [22].

V. CONCLUSION

We have experimentally demonstrated and modeled the pro-
posed all-optical NRZ-to-PRZ format conversion using silicon
electrooptically reconfigurable microring resonator-based notch
filters. Our proof-of-principle experiments have shown that a
single-order microring notch filter can convert a 3.6-Gbit/s input
NRZ data signal to a PRZ signal with a pulse width of ~38 ps
and an extinction ratio of ~4 dB. The choice of data rate here
is only limited by our transmission analyzer data rate. We ob-
served that the converted PRZ data quality highly depends on
the microring notch filter extinction ratio and the waveguide-to-
microring coupling regime. We have also developed a Fourier-
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transform-based model that reveals in detail the format con-
version dependence on several key parameters including the
resonance Q-factor, the extinction ratio, the waveguide-to-mi-
croring coupling regimes, and the input NRZ signal transition
times at 40-Gbit/s data rate. We therefore conclude that silicon
microring resonator-based notch filters can act as all-optical
on-chip NRZ-to-PRZ format converters, which can be relevant
to high-data-rate NRZ clock recovery for optical communica-
tions network applications.
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