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ABSTRACT

An optoelectronic oscillator (OEO) system is built up with a high-speed silicon microring modulator. The modulator is based on a p-n doped
ring resonator with a radius of 10 lm. Its electro-optic (EO) 3 dB bandwidth is �31.7GHz, which makes it suitable for generating multi-GHz
radio frequency signals. By using this modulator, one of the essential components of an OEO, the EO converter, has been dramatically minia-
turized. At the same time, assisted by the ring resonator, the phase noise of the generated 10GHz signal (nearly �90 dBc/Hz at 10 kHz offset)
is not compromised compared to other integrated OEOs with mm footprint modulators. This is an important step toward a compact, scal-
able, and fully integrated silicon photonics-based OEO system together with our existing integrated light sources and photodetectors.
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Spectrally pure radio frequency (RF) or microwave signals in the
frequency range of megahertz to hundreds of gigahertz have a variety
of applications ranging from metrology, communications, sensing, to
defense-related applications such as radar.1–3 Conventional electronic
oscillators, based on, for example, piezoelectric quartz resonators, are
particularly suitable for intrinsic generation of such signals, but only at
low frequencies (below 100MHz) as high Q factor is only available in
this range, and phase noise of the signal is directly related to the Q fac-
tor of the resonators.3 Signals in the GHz range can be obtained by
multiplying the intrinsic megahertz output from electronic oscillators.
However, when the pure signal is multiplied toward gigahertz, the
noise will also be amplified. As a result, the phase noise performance
of the multiplied signals keeps degrading with increasing oscillation
frequency.

As an alternative, one may shift to a hybrid approach, which con-
verts the electrical signals to modulated optical signals and use the
extremely low-loss optical fibers to store them. By doing this, the
resonator can be effectively extended while the propagation loss is
dramatically reduced, which leads to a very high Q factor. In addition,
as the corresponding modulation and detection elements in the multi-
gigahertz range are mature, it becomes the most ideal candidate for

generating highly pure RF signals from hundreds of megahertz up
to 100GHz. This is the basic idea of an optoelectronic oscillator
(OEO).3–5 In the past few decades, remarkable developments of OEO
systems have been achieved regarding single mode operation6–9 and
tunability with microwave photonic filters (MPFs).10–17 However,
most of the reported OEOs are implemented based on kilometer
length fiber coils and a number of discrete optical components, which
may limit their use in practical applications where a highly compact
formfactor with low power consumption is desired.3,18

One reported solution for miniaturizing the system is to use a
high-Q resonator formed by crystalline electro-optic (EO) materials to
simultaneously serve as energy storage element, narrow bandwidth fil-
ter, and modulator.3,19 However, it still includes discrete components
and is challenging to realize mass production. At the same time, with
the rapid development of photonic integrated circuits (PICs), several
integrated OEOs18,20,21 have been reported in recent years. These
OEOs use either phase modulators or Mach–Zehnder interferometer
(MZI)-based amplitude modulators, which also tend to require long
interaction length (millimeter level). This may result in greater inser-
tion loss and driving power.22,23 In order to further reduce the foot-
print and the power consumption, resonant structure-based
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modulators become attractive. One representative and extensively
studied type is silicon microring modulators22–27 leveraging the dis-
tinct complementary metal-oxide-semiconductor (CMOS) compatibil-
ity of silicon photonics. Building of an OEO with such modulators is
rarely reported. In addition, will the relatively high Q factor of the
included resonator help to improve the Q factor of the entire OEO
loop and, thus, assist for the generation of low noise signals remains
unknown.

In this work, a silicon microring resonator-based modulator
working in the C band is presented. It has a large 3 dB bandwidth of
�31.7GHz, which is appropriate for generating RF signals at multi-
GHz. An OEO system based on this ring modulator is built up, and a
10GHz RF signal with phase noise of nearly �90dBc/Hz at 10 kHz
offset is generated.

The silicon microring modulator used here is fabricated on a stan-
dard silicon-on-insulator (SOI) wafer with a 220nm silicon device layer
and a 2lm buried oxide (BOX) via a CMOS process line. Figure 1 gives
a microscope image of one fabricated modulator. It is implemented in a
symmetrical add-drop configuration, which makes the device operate
in slightly under-coupled state. A partially etched rib waveguide was
used in the ring and bus coupling region with etch depth of 135nm
and waveguide width of 450nm. The radius of the ring resonator is
10lm, resulting in a large free spectral range (FSR) of 9.82nm at zero
bias as shown in Fig. 2(a), which is the normalized transmission at the
output port. This large FSR can be potentially applied in coarse wave-
length division multiplexing (CWDM) applications.

To apply the plasma dispersion effect for effective index change,
the ring resonator was doped into a lateral p–n configuration. The
modulator is operated in the carrier depletion mode, which means a
reverse bias will be applied to the ring resonator. This mode avoids the
speed limitation posed by the minority carrier lifetime as in the carrier
injection mode.22 When a voltage is applied, the effective index
changes to produce a resonance shift of the ring (Dk), as shown in
Fig. 2(b), which is the normalized transmission at different reverse bias
voltages. At a specific working wavelength, this ring resonance shift
produces a power modulation at the bus output.

To achieve large extinction ratio (ER) with small insertion loss
(IL), one should maximize the ratio of the ring resonance shift (Dk) to
the width of this resonance (dk).28 On the one hand, a high doping
concentration should be employed to increase the index change, thus
Dk. However, this also causes a decrease in the intrinsic Q factor of the
ring resonator due to higher propagation loss. Full width at half maxi-
mum (FWHM) of the ring resonance (dk) may also be increased as a
result. In addition, a higher doping concentration will lead to a larger
junction capacitance, which may limit the device speed.28 On the other
hand, a small dk is favorable, which is equal to a large overall (loaded)
Q factor. To do this, one should lower the doping concentration or
increase the gap between the bus and the ring. However, a too large Q
factor is also not desired as the photon lifetime-limited modulation
bandwidth drops as a result of this.28 In addition, when the Q factor
becomes large, the intra ring power density increases, and nonlinear
absorption may be induced as a result.29,30

In consideration of these factors, doping concentration in the
ring resonator was targeted at �5� 1017 cm�3, and no offset was
applied to the location of the p and n regions. An optimal gap of
240 nm was selected, resulting in a power coupling coefficient ofFIG. 1. Microscope image of the silicon microring modulator.

FIG. 2. (a) Normalized transmission spectrum of the ring modulator at 0 V indicating
the ring FSR. (b) Enlarged transmission spectra at different bias voltages indicating
the resonance shift and the width of the resonance at 0 V.
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�0.134. The transmission spectra shown in Fig. 2(b) are just from
the modulator with the above parameters. dk at 0V is 0.398nm,
corresponding to an overall Q factor of �3950. Based on the equation
f ¼ 1/2ps¼ c/kQ, which provides an estimate of the frequency limita-
tion (f) due to the cavity photon lifetime (s), this Q factor corresponds
to a bandwidth limitation of 48.7GHz. Wavelength shift (Dk) in this
bias range is�15.1 pm/V. Then, the voltage required to induce a phase
change of p (Vp) can be determined, and, thus, the corresponding
modulation efficiency (VpL) is calculated as VpL¼ L�FSR/2Dk
¼ 2.04V�cm, where L denotes the length of the p–n shifter.

To deepen the analysis of the DC characteristics, IL, ER, and
transmitter penalty (TP) of the ring modulator for voltage swing from
0 to �4V (4Vpp) have been calculated from the data in Fig. 2(b)
and shown in Fig. 3. Here IL is defined as the loss at the “1” level as
compared to the input power to the device, which excludes the
�1.6 dB/facet edge coupler loss. ER refers to the power difference
between the “1” and “0” levels. As shown in the figure, the modulator
demonstrates a maximum ER of 11.7dB with an IL of 9.2 dB.

A better figure-of-merit for optical modulators, which represents
the best combination of IL and ER, is the transmitter penalty (TP).31 It
is defined as

TP ¼ �10 log 10
P1 � P0
2Pin

� �
; (1)

where P1 and P0 are optical powers at the “1” and “0” levels, respec-
tively, and Pin is the input power to the modulator. TP results of the
tested modulator for 4Vpp are also shown in Fig. 3. A minimum value
of 9.8 dB occurs at �1559.55 nm, which corresponds to approximate
the�6dB point in the right half of the ring resonant peak. The follow-
ing characterizations of the ring modulator were all conducted around
this wavelength. The corresponding IL and ER are with moderate val-
ues of 4.2 and 3.4 dB, respectively. It is also noticeable that there is an
asymmetry in TP. This is related to the changes in the transmission
spectrum as a function of bias voltage shown in Fig. 2(b). To be spe-
cific, as the reverse bias voltage increases from 0 to �4V, carriers are
extracted from the ring area. As a result, the light propagation loss in

the ring becomes smaller, and the Q factor of the ring resonator
increases. This is evident in Fig. 2(b) that the transmission spectrum at
�4V is not a simple shift of that at 0V but has a narrower resonant
peak.

To apply the modulator into an OEO system, its high-speed char-
acteristics are critical. Figure 4 shows the small signal EO response
(S21) of the ring modulator at�2V measured using a light wave com-
ponent analyzer (LCA) and a network analyzer (NA) with an input RF
power of �5dBm. The EO 3dB bandwidth of the modulator is deter-
mined to be �31.7GHz. This is noticeably lower than the photon
lifetime-limited bandwidth (�48.7GHz), which indicates that RC
characteristics of the device also play a comparable role.28 On the other
hand, this bandwidth is sufficient for multi-GHz RF signal generation
in the following OEO test.

With all key parameters of the silicon microring modulator
clearly characterized, an OEO system was built up based on it. Figure 5
illustrates the schematic of the experimental setup. The red and blue
lines indicate the optical and electrical paths, respectively. Continuous
wave (CW) light at 1559.55nm from a tunable laser is coupled to the
silicon modulator after a polarization controller (PC). With the modu-
lator, electrical signals are applied onto the light and let the modulated
light carry them, until the modulated light reaches a high-speed photo-
detector (PD) where it is converted back to electrical signals. Then,
these outputs of the PD are filtered (with an RF filter operating at
10GHz) and amplified (with an RF amplifier, 38 dB gain), and part of
them are fed back to the modulator again (with a 50:50 RF power
divider) to modulate the light with the rest as output signals. This feed-
back loop can generate self-sustained oscillations if their overall gains
are larger than the losses.

Figure 6(a) shows one generated RF signal from this OEO loop.
The signal is at 10GHz determined by the RF filter with more than
60dB signal to noise ratio. Its second and third harmonics at 20 and
30GHz, respectively, are also clearly shown. Figure 6(b) gives the cor-
responding single-sideband (SSB) phase noise spectrum of this 10GHz
signal. The phase noise approaches �90dBc/Hz at 10 kHz offset. It is
worth mentioning that the lowest phase noises were also obtained

FIG. 3. Insertion loss (IL), extinction ratio (ER), and transmitter penalty (TP) of the
ring modulator for voltage swing from 0 to �4 V.

FIG. 4. Small signal EO response (S21) of the ring modulator at �2 V indicating a
3 dB bandwidth of �31.7 GHz.
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around the wavelength corresponding to the minimum TP of the ring
modulator.

This phase noise value is not as good as those of OEOs with fiber
coils (kilometer length, phase noise from �102dBc/Hz at 10 kHz off-
set11 all the way to �163dBc/Hz at 6 kHz offset32) or crystalline

whispering gallery mode (WGM) disks (Q factor up to 1011, phase
noise approaching�110 dBc/Hz at 10 kHz offset3), which substantially
extend the OEO loop delay. Here, the Q factor of the silicon microring
resonator is limited to be at a moderate level and within a small range
(103–104 level) due to the modulator design considerations mentioned
earlier. This results that the resonator introduces a group delay of only
several picoseconds at the output port,33 which is much smaller than
the fiber coil or crystalline WGM disk counterparts. It is known that
the single-sideband phase noise of the generated RF signal can be
expressed as5

SRF f 0
� � ¼ d

d=2sg
� �2 þ 2pð Þ2 sg f 0

� �2 ; (2)

where f 0 is the frequency offset from the OEO oscillation frequency, sg
is the loop delay mainly introduced by the delay provides (optical
fibers or high-Q resonators), and d is the noise-to-signal ratio of the
OEO and is defined as

d ¼ qNG
2
A=Posc; (3)

where qN is the total noise-density input to the oscillator and is the
sum of the thermal noise, the shot noise, and the laser’s relative-
intensity noise (RIN), GA is the voltage gain of the RF amplifier, and
Posc is the oscillation power. It is evident from Eq. (2) that, for fixed d,
the phase noise decreases quadratically with the loop delay time. This
is the reason why OEO systems with kilometer-long fiber coils or
ultrahigh-Q crystalline WGM disks have better noise performance.
One possible solution to further improve the phase noise performance
of integrated OEOs is to include an additional low-loss waveguide
(with several cm length)27,34,35 or a specially designed delay line based
on cascaded ring resonators,36,37 following the output of the modulator
to increase the loop delay.

On the other hand, also because of including this relatively
high-Q ring resonator and the group delay it brings in, the Q factor
of the entire OEO loop is enhanced to be comparable to other inte-
grated OEOs with larger mm footprint modulators. This is one of
the reasons why the phase noise of this OEO system with micror-
ing modulator is at least on the same level with other reported inte-
grated OEO systems.18,20,21 Of course, the ultimate goal is to
develop a fully integrated OEO system with all optical components
on a chip, including integrated light sources, high-speed ring mod-
ulators, and PDs. All these components have been demonstrated in
our previous work.27,38–40

FIG. 5. Schematic of the experimental
OEO setup. The red and blue lines indi-
cate the optical and electrical paths,
respectively.

FIG. 6. (a) Electrical spectrum of one generated signal indicating a >60 dB signal
to noise ratio at the fundamental 10 GHz. (b) Corresponding SSB phase noise spec-
trum of the 10 GHz signal.
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In summary, an OEO system is built up with a high-speed silicon
microring modulator. This modulator has a radius of 10lm, a modu-
lation efficiency (VpL) of 2.04V�cm, and an EO 3dB bandwidth of
31.7GHz. By using the modulator, this essential component of an
OEO has been dramatically miniaturized even compared to other inte-
grated OEOs. At the same time, assisted by the ring resonator, the
phase noise of the generated 10GHz signal (nearly �90 dBc/Hz at
10 kHz offset) is not compromised or even better compared to other
integrated OEOs with mm footprint modulators. This work proves the
feasibility and advantages of utilizing small footprint ring resonator-
based silicon modulators in OEOs, which is an important step toward
a compact, scalable, and fully integrated silicon photonics-based OEO
system.
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