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ABSTRACT
Optical frequency comb spacing multiplication through on-chip Vernier filtering is proposed, based on an

InP colliding pulse mode-locked laser coupled with a fractionally matched Fabry-Pérot feedback cavity. These
two cavities are defined by and coupled via multimode interference reflector. The deliberately set laser-cavity
repetition rate and coupled-feedback cavity FSR give rise to Vernier effect whereby the 6th harmonic generation
(150 GHz) of fundamental cavity round-trip frequency (25 GHz) is experimentally demonstrated.
Keywords: Laser mode locking, Semiconductor lasers, Cavity resonators

1 INTRODUCTION

Mode-Locked laser (MLLs) emit ultrafast pulse trains and optical frequency combs have attracted interest in
communications and sensing. MLL diodes (MLLDs) provide much higher mode locking (ML) repetition rates
that have potential applications as radio-frequency (RF) oscillators, thanks to the typical short cavity length
between 0.5 and 1 mm. Harmonic ML (HML) techniques further push the repetition rate above fundamental
round-trip frequency up to millimeter-wave (mmW) and even terahertz (THz) ranges, where an optical pulse
train at a higher order harmonic of the fundamental round-trip frequency of the laser diode is generated by means
of (sub-)harmonic hybrid ML, colliding-pulse ML, coupled-cavity ML, and methods based on the wavelength
selectivity of distributed Bragg reflector (DBR) [1] and cascaded asymmetric Mach-Zehnder interferometer
(MZI) [2]. In coupled-cavity ML, a primary cavity is coupled with a secondary cavity incorporating an intra-
cavity mirror. The secondary cavity can be regarded as a feedback cavity that is able to manipulate the primary
laser performance as reported recently [3][4][5].

In this paper, colliding-pulse ML and coupled-cavity ML are combined of which the intentionally mismatched
cavity lengths lead to Vernier effect that has been extensively utilized for widely tunable single-wavelength laser
[6][7][8]. To the best of our knowledge, it is the first time such Vernier effect is utilized for optical frequency
comb spacing multiplication. To define the coupled cavity, standardized multimode interference reflector (MMI-
R) [9] building blocks provided by the InP-based generic foundry platform [10] are used as on-chip reflectors.

Figure 1: Operation principles of Vernier filtering with colliding-pulse and coupled-cavity mode
locking. R: reflector, SOA: semiconductor optical amplifier, SA: saturable absorber. L: cavity
length, f: fundamental round-trip frequency. f is inversely proportional to L. (a) Colliding pulse
mode-locked laser. Repetition rate: 2f. (b) Coupled Fabry-Pérot feedback cavity. FSR: 3f. (c)
Colliding pulse mode-locked laser + Fabry-Pérot feedback cavity for 6th harmonic generation.
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2 DEVICE DESIGN AND FABRICATION

The concept of proposed approach is depicted in Fig. 1. With a primary cavity length of L, the laser
modes spaced by 2f (2nd harmonic colliding-pulse repetition rate) as shown in Fig. 1(a) are filtered through
the passbands of secondary Fabry-Pérot coupled cavity spaced by 3f as shown in Fig. 1(b). Thus, a mode
separation of 6f (6th harmonic) is obtained as shown in Fig. 1(c). The photograph and layout of proposed
photonic integrated circuit (PIC) presented in Fig. 2(a) and Fig. 2(b), respectively, is a folded version of the
schematic depicted in Fig.1(c). It comprises two cavities. The primary cavity is a colliding pulse mode-lock
laser combining a saturable absorber (SA), semiconductor optical amplifiers (SOA), multimode interference
reflectors (MMI-R) as on-chip reflectors (R) as well as straight passive waveguides in a symmetric geometry
with respect to the SA. The cavity length is ∼1.62 mm corresponding to a fundamental round-trip frequency of
25 GHz, and 50-GHz repetition rate under colliding-pulse mode locking operation. The 30 µm SA is surround
by two 200 µm SOAs, both bonded to the same electrical contact track fed by a laser driver current source
and the SA is reverse-biased by an external voltage. To form a complete cavity passive straight waveguides are
inserted incorporating MMI-Rs placed at the ends as mirrors.

The secondary passive cavity is 0.54-mm long, approximately one third the length of primary cavity. It is
terminated by MMI-Rs and coupled to the primary cavity via one of the MMI-Rs. Passive shallowly etched
waveguides are used to guide the optical signal out of the cavity towards the left edge of chip. The passive
waveguides (dark blue) and MMI-Rs are made using deeply etched waveguides that have propagation loss of
5 dB/cm and allow smaller bending radius of 100 µm. Between the shallowly (light blue) and deeply etched
waveguides, transition sections (green blocks) must be used to minimize the butt-joint coupling loss and back
reflection. Fig. 3 reveals that a 2 × 2 MMI coupler forms the basis for a 2-port MMI reflector. The dashed
shape shows the original 2× 2 MMI coupler. The solid shape is the resulting 2-port MIR used in the proposed
PIC. Low loss operation can be achieved with nearly 50% transmission and 50% reflection. The proposed PIC
is fabricated within a multi-project wafer (MPW) run by SMART Photonics [11].

Figure 2: (a) Photograph (b) Layout of the proposed PIC. The primary cavity length is 1.62 mm and
the secondary cavity length is 0.54 mm. R: reflector, SOA: semiconductor optical amplifier, SA:
saturable absorber. The reflectors are realized using the multimode interference mirrors (MMI-Rs).

Figure 3: Schematic of multimode interference reflector.

3 RESULTS AND DISCUSSION

The optical spectrum collected from one of the waveguide outputs is presented in Fig. 4. The two highest
modes separated by 1.268 nm (150 GHz) around 1572 nm, and the side-mode-suppression ratio (SMSR) is
about 30 dB. The suppressed modes separated by 0.210 nm (25 GHz) correspond to the fundamental modes and
the 25-GHz-spacing is related to the round-trip frequency of primary cavity. The spacing between highest and
partially suppressed modes is 0.632 nm (75 GHz) is attributed to the FSR of secondary cavity. The experimental
result agrees with the operation principle as shown in Fig. 1. However, the two highest modes are not equal in
intensity and with a power ratio of <10 dB. And the number of excited modes is limited. The spectrum reveals a



dual wavelength emission operation rather than a optical frequency comb, indicating that further investigation is
required on the actual lasing spectrum of primary cavity and spectral response of secondary cavity individually.

Figure 4: Optical spectrum of the proposed PIC. Mode spacing is 150 GHz with suppressed
fundamental cavity modes separated by 25 GHz. 75-GHz mode spacing between highest and
partially modes is related to the secondary coupled Fabry-Pérot feedback cavity.

4 CONCLUSION

A new semiconductor laser structure for comb’s harmonic generation technique has been demonstrated. Two
cavities are coupled via one of the multimode interference reflectors. The primary cavity is a colliding pulse
mode-locked laser and the secondary one is a Fabry-Pérot filter. The cavity lengths are fractionally designed
such that the mismatched lasing modes and filtering bands give rise to Vernier effect. The result agrees with
the theoretically expected mode spacing, 6th harmonic (150 GHz) of fundamental cavity round-trip frequency
(25 GHz). The spectral bandwidth and number of lasing modes (comb lines) should be improved.
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