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Abstract—An approach for a low-power chip-scale package is 

described, that provides a laser output with a programmable 
frequency across 50 nm of bandwidth centered at 1550 nm, and a 
resolution of one part in 1014. 
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I. INTRODUCTION 
A very successful approach for the precise synthesis and 

control of optical frequencies at a level comparable to 
microwave techniques is based on femtosecond laser frequency 
combs. However, their role in real-world applications is 
limited, due to the size, weight, power and cost of existing 
mode-locked lasers. Another class of parametric frequency 
combs has later emerged based upon chip-compatible 
monolithic microresonators [1]. This new technology, together 
with rapidly maturing integrated active and passive photonic 
elements [2], provides the opportunity for another 
revolutionary advance in optical frequency synthesis. In this 
work, we describe a chip-scale optical resonator enabled 
synthesizer (CORES), shown in Fig. 1. 

This approach is aimed at fully integrating active and passive 
components (including control electronics) of a comb-based 
optical frequency synthesizer on a silicon (Si) chip having 
dimensions on the centimeter scale. We leverage microcomb 
technology to realize an arbitrary optical frequency 
synthesizer controlled by a radio-frequency (RF) reference 
input. 
 
 
 

 

 

 
Figure 1: Schematic of the CORES architecture. 
 
 

I. WIDELY TUNABLE LASERS 
A narrow linewidth optical output is extremely useful for 

spectrally efficient high bandwidth communication. The best 
linewidth for a widely tunable laser (> 40 nm) on chip has been 
in the hundreds of kHz mainly due to the internal losses of the 
laser cavity [3]. By integrating III-V materials to Si and/or 
oxides and nitrides of Si, the III-V absorption losses can be 

lowered, thereby increasing the quality factor Q of the laser 
cavity, which results in linewidths of a few tens of kHz [4].  

The CORES synthesizer output is a widely tunable laser 
similar to the one shown in Fig. 2. It consists of a 
semiconductor optical amplifier (SOA) heterogeneously 
integrated on a Si waveguide, and surrounded on each side by a 
pair of coupled ring microresonators (CRRs). The periodic 
reflectance spectra of these CRRs have different periods, and 
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lasing occurs at the wavelengths where the reflectance peaks 
are aligned (Vernier effect). In addition to providing large 
suppression ratios of longitudinal modes (> 40 dB) [5], this 
mechanism allows tuning the emission wavelength by resistive 
heating the CRRs. Wide tuning ranges have recently been 
demonstrated both in the C band [5] and in the O band (> 54 
nm) [6] with a frequency setting repeatability of ±100 MHz 
and an output power larger than 10 mW. These high Q-factor 
CRRs also provide large reduction in linewidth (< 100 kHz) 
[6], which is beneficial for the CORES design. 

 

 
Figure 2: Top-view picture and typical tuning range of the 
Vernier ring tunable laser. 

 

II. OPTICAL FREQUENCY COMBS  
The frequency synthesizer of the CORES architecture 

includes two other microring resonators described in the next 
subsections. They are pumped with a single narrow-linewidth 
continuous-wave (CW) seed laser operating at a frequency fp. 
Second-order optical non-linearities are used to generate Kerr 
frequency combs with low phase noise. These ring resonators 
can be thermally tuned, so that fp corresponds to the central line 
of their respective emitted comb spectrum. The seed laser is 
based on the design described in Section II. 

A. Silica ring microresonator 
The threshold power for parametric oscillations to occur in 

a ring resonator is inversely proportional to its free spectral 
range (FSR) and to the square of its total quality factor [7]. The 
silica (SiO2) ring resonator in the CORES architecture is 
designed to generate a comb with a very small spacing 
(corresponding to the ring FSR) of 15 GHz and spanning just 
50 nm around 1550 nm. To mitigate the small spacing and 
reduce the threshold power, a high Q-factor (>108) is required. 
Silica-on-silicon wedge resonators have demonstrated the 
required Q factors [8] as well as low-power comb generation 
[7].  In the present work a SiO2 ridge waveguide is being 

developed for the resonator as illustrated in Fig. 3. This will 
enable the incorporation of an integrated waveguide for 
coupling to other components.  

 
Figure 3: SEM of a SiO2 ridge resonator with integrated 
waveguide coupling. The process flow is a modification of 
the process flow used to create high-Q wedge resonators 
[8]. 

 

One of the comb lines emitted from the SiO2 ring resonator 
is phase-locked to the widely tunable laser described in Section 
II. This is achieved by controlling the optical heterodyne beat 
frequency between them with an electronic phase-locked loop 
(PLL) [9]. The beat frequency is forced to oscillate in phase 
with respect to a reference RF of 10 MHz provided by a direct 
digital synthesizer (DDS). The 15-GHz SiO2 microcomb thus 
serves as a frequency reference for the tunable laser. 
Furthermore, the 15-GHz spacing is photo-detected and phase-
locked to a second RF input. Feedback is applied to the ring to 
thermally tune and stabilize this spacing. 

B. Silicon nitride microresonator 
This ring resonator is designed to generate a 1-THz spacing 
comb with an octave bandwidth. This large spacing allows to 
have a moderate Q-factor (~106) for a relatively low threshold 
power. Nearly stoichiometric silicon nitride (Si3N4) is used for 
the resonator. It is fabricated with the photonic Damascene 
process developped at EPFL [10], which allows thick (> 800 
nm) and crack-free films. As summarized in Fig. 4, Si3N4 is 
deposited onto a pre-structured substrate, planarized using 
chemical mechanical polishing and a dense pattern around the 
waveguides relaxes the Si3N4 film. 

 

 
Figure 4: Schematic process flow of the photonic 
Damascene process for integrated Si3N4 waveguides. 
 

The 1-THz mode spacing is stabilized by optical 
heterodyne of the 1st-order 1-THz comb line and the 67th-order 



15-GHz comb line. Another on-chip PLL forces this beat 
frequency to oscillate in phase with respect to a third reference 
RF. The purpose of the 1-THz comb is to phase-coherently 
connect the pump seed laser frequency fp to this known input 
RF. 

In this work, temporal soliton formation is used to ensure that 
the Kerr combs span at least an octave [11]. Furthermore, a 
careful design of the anomalous GVD window of the resonator, 
allows the generatation of double dispersive waves (at the zero-
dispersion points), as illustrated in Fig. 5. These typically high-
intensity features in the emitted spectra are of primary 
importance to ensure sufficient signal-to-noise ratio (SNR) for 
successful stabilisation of the comb. Indeed, once the 1-THz 
comb spacing is stabilized, the comb output passes through a 
dichroic splitter to separate out comb light near 2-μm, which is 
then amplified by a semiconductor optical amplifiers (SOA) 
[12] and frequency doubled through an integrated periodically-
poled lithium niobate (PPLN) waveguide [13]. 

 

 
Figure 5: Simulation of double-dispersive waves generated 
in a ring micro-resonator with different ring widths (RW). 

 

The doubled 2-μm light and filtered 1-μm comb light are 
then combined with a 2x2 directional coupler and balanced 
detected with a high common-mode rejection ratio (CMRR). A 
transimpedance amplifier (TIA) is then used to ensure 
optimum conversion gain, noise, and bandwidth performance. 
This f-2f interferometry then yields the carrier-offset frequency 
signal with suppression of the relative intensity noise (RIN), 
from which the absolute value of the frequency fp is deduced 
with respect to the RF clock. Dispersion engineering of the 1-
THz Si3N4 ring is critical for the generation of sufficient comb 
bandwidth, sufficient comb line power near 2 µm for second-
harmonic generation and for realizing frequency alignment of 
the resonator such that the carrier-offset frequency is an 
electronically measurable signal smaller than 10 GHz. 

III. SEMICONDUCTOR OPTICAL AMPLIFIERS 
SOAs are critical components for many kinds of photonic 

integrated circuits  to increase output power or maintain signal 

levels as the signal propagates throughout a large number of 
optical components [15]. This is particularly true for the 
CORES architecture where 2 relatively weak frequency lines 
are at the center of the comb stabilization procedure. 

In this work, SOAs are integrated on a heterogeneous 
silicon/III-V photonics platform. In particular, 2-µm SOAs are 
developped with a broad-area composed of InGaAs quantum 
wells bonded onto a Si waveguide. The hybrid optical mode is 
laterally confined by the Si waveguide, while a portion of the 
mode overlaps the III–V active region [16]. The III–V mesa is 
terminated on both sides by a lateral tapering of the III–V 
material, causing the hybrid active mode to couple into a 
passive Si waveguide mode. A Fabry–Perot cavity is then 
formed by the polished Si facets. 

IV. SECOND-HARMONIC GENERATION 
As mentioned in Section III, f-2f comb stabilization relies 

on the frequency doubling of light emitted near 2 µm. In this 
work, second-harmonic generation (SHG) is based on an 
integrated PPLN device composed of a Si3N4 waveguide, as 
schematized in Fig. 6. Surface poling of thin film lithium 
niobate has been recently developed [13]. This technology 
represents a breakthrough for on-chip non-linear optics as the 
propagation loss is ultra low and the conversion efficiency can 
be orders of magnitude higher than previous state-of-the-art. 
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Figure 6: Cross-section and top-view schematic of a PPLN 
thin film integrated on Si3N4. The red arrows indicate the 
orientation of the electric polarization [13]. 

 

V. ELECTRONICS 
The electronic chips used to drive and control all of the 
photonic elements in the synthesizer are fabricated with a 65-
nm CMOS process. The various control loops can be divided 



into four main parts: 1) the 1-THz comb offset frequency 
measurement, 2) the control and stabilization of the tunable 
laser, 3) locking the 15-GHz comb to the 10-MHz reference 
via clock multiplication through a DDS, and 4) locking the 1-
THz comb to the 15-GHz comb. 
One of the key challenges in the CORES architecture is to 
detect the offset frequency of the 1-THz comb, via the f-2f 
technique mentioned in Section III. The power of the beat note 
out of the PPLN is <100 nW, and the beat frequency of the 
PPLN output with the nearest comb line of the 1 THz comb is 
of the order of 15 GHz. Therefore, the signal cannot be used 
directly to lock the microcomb. The photodiode signal is then 
first amplified using a low-noise transimpedance amplifier 
(TIA) with at least 30-40 dB of gain. Since the SNR is quite 
low, the signal needs to be adequately bandlimited for noise 
performance. The center frequency of the bandpass is tuned by 
using a PLL loop with a VCO based on the bandpass filter. 
Since the offset frequency is unknown initially, a search timer 
will set the VCO to the highest oscillation frequency and then 
wait during a prescribed period. If lock detect is not asserted, 
then the divider is incremented and the procedure repeated 
until a lock is attained. Once lock is achieved, the PLL loop is 
frozen in this state. 

VI. PHOTODIODES 
The critical parameters for the performance of a photodiode 

(PDs) operated under pulsed operation are its non-linearities 
and its saturation. The non-linearities degrade the spectral 
purity of the signal. They are characterized by the AM–PM 
coefficient, which describes the coupling between the 
amplitude noise on the optical intensity and the phase noise on 
the microwave signal. When a high density of photo-generated 
carriers is present in the diode, a screening of the applied bias 
is created. This space charge effect slows down the diode 
response time and induces AM-PM. 

Uni-traveling carrier (UTC) photodiodes incorporate an 
undepleted P-layer for the light absorber and electrons are 
injected into a non-absorbing drift region. Since there are only 
electrons in the depletion region, the space-charge effect is 
greatly suppressed, because electrons have higher velocity 
compared to holes. This allows for the UTC-PDs to reach 
higher bandwidth as compared to conventional PIN-PDs. 
Modified uni-traveling carrier (MUTC) photodiodes further 
reduce the space charge effect by incorporating a “cliff” layer 
to control the relative electric field strength in the absorber and 
collector regions [14]. MUTC-PDs thus effectively suppress 
the space charge effect, in addition to exhibit high linearity, 
which limits the impact of laser RIN on the stability of the 
signal. Thermal management is also a key issue for the design 
of PDs delivering high power. 

To facilitate efficient low-noise photo-detection, MUTC 
waveguide PDs on SOI are thus used, with near-to-unity 
quantum efficiency, as illustrated in Fig. 7. The improved 
electric field control of these devices make them ideal 
candidates for high-efficiency high-power PDs at low bias 
voltage [14]. Surface-normal illuminated MUTC-PDs 
achieving record-high RF output power level, high linearity 
and very low amplitude-to-phase noise conversion have been 

recently developed. To integrate the MUTC structure as a 
waveguide PD on the Si/SiN platform, an inverse Si taper is 
used as optical coupling scheme [17]. In this approach, the 
width of the light-feeding Si wire waveguide determines the 
coupling into the absorber, which results in superior control of 
the absorption profile. Optimum high power capability, 
improved linearity, and a low AM-PM coefficient become 
feasible thanks to the optimized absorption profile from the 
engineering of the confinement factor. 

 

 
Figure 7: Intensity in waveguide MUTC PD with inverse 
taper [14]. Light from an underlying Si3N4 waveguide (not 
shown here) can be coupled into the Si wire using tapered 
waveguide couplers as described in [17]. b) Simulated 
responsivity. 

 

VII. HETEROGENEOUS INTEGRATION PLATFORM 
The CORES platform is fabricated using heterogeneous 

integration on a Si substrate [11]. It includes passive 
waveguide types (Si wire, Si rib, SiN) to facilitate different 
routing densities, mode profiles, and thermo-optic behaviors, 
and active component process modules for laser, optical 
amplifier, and photodetector functions. Evanescent mode 
converters provide a low-loss conduit between Si and InP 
layers to optimally place the optical mode within the device 
structures. Heterogeneous integration of III-V materials is 
accomplished by locally placing and bonding “chiplets” of 
custom tailored, unprocessed InP epitaxial material onto the 
silicon wafer [11]. Subsequent lithography and etch steps are 
used to form the active devices. Further deposition and etch 
processing steps finally encapsulate the InP device structures 
with dielectric materials and form metal interconnects and 
contacts for interfacing with driver and control circuitry. 

VIII. CONCLUSIONS 
The CORES system utilizes a heterogeneous 

photonic/electronic approach to implement direct digital 
synthesis of optical frequencies in a single integrated chip-scale 
package. It combines the best materials and technologies for 
each element of the synthesizer, i.e., 1) Low-noise pump lasers 
integrated with low-loss integrated photonics, 2) 1-THz Si3N4 
ring comb generator for power-efficient microwave-to-optical 
connection and 15-GHz SiO2 comb generator to form an 
absolute frequency grid, 3) Narrow linewidth CW laser output 
digitally tuned at Hertz level around 1550 nm, and 4) Si 



photonics and CMOS electronics for a high-performance and 
fully integrated compact package at low cost. 

The CORES system should enable unprecedented 
frequency precision that can be deployed on smaller mobile 
platforms for a wide variety of military and sensing purposes. 
It will also impact commercial applications, including 
coherent, high-bandwidth optical communications, medical and 
environmental diagnostics, and advanced electronic/optical 
instrumentation. 
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