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Abstract: We demonstrate the generation of highly stable THz-waves using a microresonator-based optical 

frequency comb. The compact chip-based photonic THz source is characterized for ultra-low phase noise operation. 

Potential applications range from telecommunication systems to THz-spectroscopy.  

Soliton formation in microresonators has been demonstrated as a source for low noise, fully coherent frequency 

combs [1]. As a result of their small footprint, repetition rates (frep) of microcombs from several GHz up to 1 THz can 

be easily realized. Soliton microcombs can generate high spectral purity microwaves with phase noise much lower 

than existing radio frequency photonic oscillators of similar size, weight, and power consumption [2]. Here, by using 

a monolithically integrated unitravelling-carrier photodiode (UTC-PD), we propose and demonstrate an ultrastable 

continuous terahertz wave generation scheme with an actively stabilized soliton microcomb [3].  

Figure 1. (a) Schematics of the setup for microcomb-based THz wave generation. The 1.3 µm auxiliary laser is used to stabilize the THz signal. 
ECDL: external cavity diode laser; WDM: wavelength division multiplexer; PC: polarization controller; FBG: fiber Bragg grating; EDFA: Erbium-

doped fiber amplifier; UTC-PD: unitravelling-carrier photodiode; HM: harmonic mixer; AMP: RF amplifier; LO: local oscillator; OSA: optical 

spectrum analyzer; ESA: electronic spectrum analyzer. Inset: Scanning electron microscope image of a 200-µm-diameter microtoroid. (b) Optical 
spectrum of the generated single-soliton state pumped with 100 mW optical power and thermally stabilized with ~50mW auxiliary power. The 3-

dB optical bandwidth is ~ 4.7 THz, corresponding to a 67 fs optical pulse. The red dashed line shows a fitted sech2 envelope.  

Figure 1(a) shows the schematics of the experimental setup. A 1.5 μm external cavity diode laser (ECDL) is used 

as the pump laser for generating a soliton microcomb while another ECDL at 1.3 μm is used as an auxiliary laser to 

passively stabilize the circulating optical power inside the microresonator [4]. The inset shows the 200-µm-diameter 

fused silica microtoroid used in the experiments with a free spectral range of 331 GHz. It is fabricated from a silicon 

wafer with a 6-µm layer of silicon dioxide [3]. A family of resonator modes with a quality factor of ~ 4×108 is chosen 

to generate solitons. Another optical mode at 1336 nm with a quality factor of ~ 3×108 is used as an auxiliary mode 

to compensate the temperature variation of the microresonator during soliton generation. At the resonator output, a 

wavelength division multiplexer is used to separate the auxiliary laser from the generated comb light. Part of the comb 

light is first filtered by a tunable fiber Bragg grating notch filter to suppress the pump light, then amplified by an 

Erbium-doped fiber amplifier, and finally detected with a UTC-PD (280-380 GHz) which outputs a THz signal at the 

soliton’s repetition rate. After optimization of the detuning and optical power of the auxiliary laser, soliton states can 

be accessed by slowly tuning the pump laser frequency into the soliton regime from the blue detuned side [4]. Figure 

1(b) shows a typical optical spectrum of the single-soliton microcomb used to generate the THz wave.  

The detected THz signal is guided with a WR-3 waveguide to a harmonic mixer, which is employed to down-

convert the THz signal to an intermediate frequency (IF) at ~1 GHz, used to characterize the THz wave performance. 

The harmonic mixer operates at the 26th harmonic of the local oscillator (12.69 GHz) of a microwave signal generator 

(Keysight, E8257D). With an average photocurrent of 7 mA, the resulting output power of the generated 331 GHz 

wave is approximately -10 dBm. To compensate the 40 dB conversion loss from the harmonic mixer, the down-

converted IF signal is amplified using low-noise RF amplifiers. The generated THz wave has a 2 kHz 3-dB linewidth 

and a signal-to-noise ratio (SNR) in excess of 40 dB when the soliton microcomb is free-running. The red curve in 

Fig. 2(a) shows the measured power spectral density of the phase noise of the generated THz signal. The single 

sideband (SSB) phase noise is -72 dBc/Hz at 10 kHz and -85 dBc/Hz at 100 kHz with a noise floor of -118 dBc/Hz 
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(dashed line), which is limited by the white noise of the RF amplifiers. The phase noise measurement between 300 kHz 

and 2 MHz is limited by the LO microwave reference (purple triangles).  

To generate a stabilized THz signal, the frep of the soliton microcomb is phase-locked to a10-MHz H-maser, via the 

temperature of the resonator, controlled by the frequency detuning of the auxiliary laser. Figure 2(b) shows the 

electronic spectrum of the stabilized THz signal. The locking bandwidth is approximately 150 kHz, which is attributed 

to the thermal and Kerr response of the resonator. The inset shows a resolution-bandwidth-limited electronic spectrum 

at 1 Hz resolution bandwidth. The 3-dB linewidth is under 1 Hz. The blue curve in Fig. 2(a) shows the in-loop SSB 

phase noise of the THz signal. The phase noise within the locking bandwidth is significantly reduced (~90 dB at 1 Hz 

offset frequency). Figure 2(c) shows the Allan deviation plot of the stabilized in-loop THz signal (black line with 

circles) and the H-maser used in the experiments (red line with squares). The in-loop frequency stability is 9.6×10-15 

and 1.9×10-17 at 1 s and 2000 s averaging time respectively. Note that the Allan deviation of the in-loop THz signal is 

at least one order of magnitude better than that of the maser used, thus limiting the THz signal stability by the stability 

of the hydrogen maser. In addition, we successfully tested the generated THz signal for THz imaging applications. 

THz image (Fig. 2(d)) were obtained for a peanut, non-destructively revealing the internal structure of test samples. 

 
Figure 2. (a) SSB phase noise spectra of the generated THz signal. The graph shows data of the free-running (red line) and frep-stabilized (blue line) 
single-soliton microcomb. The red line with squares is the measurement noise floor of the ESA. The brown dashed line is the white noise floor of 

the RF amplifier. The purple line with triangles is the phase noise of the LO reference (scaled to 331 GHz).  (b) Electronic spectrum of the stabilized 

THz signal. The inset shows the resolution bandwidth limited electronic spectrum (1 Hz RBW). (c) Allan deviation plot of the in-loop THz signal 
(black circles), of the free-running THz signal (blue squares) and of the H-maser (red squares). (d) Photograph of a peanut with two nuts inside 

(left) and THz image of the peanut (right). The inset shows the same peanut without nutshells. 

In summary, we have demonstrated stabilized THz waves generated with a soliton microcomb. Together with the 

technological progress of chip-integrated soliton microcombs and monolithically integrated UTC-PDs, these results 

pave the way for low-noise, room-temperature-operation, chip-based THz wave signal generation, which can be used 

for high-capacity wireless communication, THz metrology, and non-destructive imaging and sensing. 
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