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Abstract: We demonstrate a full control ultra-stability Yb-doped fiber optical frequency comb 
(OFC). The carrier-envelop offset frequency ( ceof ) and the repetition rate ( rf ) are locked with 

the standard phase locked loop (PLL) technique. The fceo is locked to the radio frequency (RF) 
synthesizer, and the Allan deviation is 1.2 × 10−17/s. The rf  is locked to an ultra-stability 

continuous wave (CW) laser at 972 nm. The beat signal ( beatf ) between the Yb-doped fiber 

OFC and CW laser is obtained with the signal to noise ratio (SNR) of 43 dB at 300 kHz 
resolution bandwidth (RBW). The time jitter of the beatf  signal is 278 as, which is integrated 

from 1 Hz to 10 MHz. The long-term stability is 575 μHz in 3 hours, and the corresponding 
Allan deviation is 2 × 10−18/s, which is the best stability result in Yb-doped fiber OFC. The 
linewidth is narrowed from 200 kHz to subhertz magnitude limited by the instrument resolution 
bandwidth. 
© 2016 Optical Society of America 
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1. Introduction 
The development of modern science and technology depends on precision optical 
interferometers. Optical frequency comb (OFC) pushes the measurement of optical frequencies 
to extreme [1–3], acting as precision and coherent link between optical and microwave 
frequencies. The simple operation, reliability and versatility of OFC have turned it into a 
powerful tool that opens new frontiers in such fields as terahertz technology, astro-comb, 
distance measurement, molecule spectroscopy, low noise microwave generation, optical 
clocks, time and frequency transfer [4–11]. Oftentimes among those application fields, the 
frequency stability and phase noise are extremely important parameters. Thus, achieving a 
reliable phase-locking technique with ultra-low phase noise and ultra-stability is a key issue in 
the design of long-term stabilization systems. 

OFC can be expressed as nf  = ceof  + n nf+ , where ceof  is the carrier envelope offset 

(CEO) frequency, responsible for the drift removing of the entire optical comb modes. The rf  

is the repetition rate, n is an integer of 105 −106, so a small frequency fluctuation of rf  can 

lead to a significant frequency variation of nf . Consequently, rf  definitely needs controlling 

in a high bandwidth to overcome the unexpected changes introduced by environmental noises 
or others. The stability of ceof  and rf  determines the frequency accuracy of each comb tooth 

fn. The accuracy of the reference source determines the frequency stability of the ceof  and rf . 

Limited to the stability of Rb microwave clock of about 10−12/s, the frequency stability has 
reached 10−13/s as the superior results [12–16]. Ye et al. has used the silicon single-crystal 
optical cavity to reduce the thermal noise, get the fractional frequency instability of 10−16 at 1.5 
μm [17]. Refer to optical frequency standard such as CW laser; the relative frequency stability 
of rf  is ~2.1 × 10 −16/s in Er-doped fiber OFC [18–21]. Locked to the cavity-stabilized CW 

laser, the fr exhibits an Allan variance below 10−16/s in all-PM Er-doped fiber OFC [22, 23]. In 
Ref [24], an optical frequency comb-based scheme that transfers from a 1062 nm laser to a 
1542 nm laser, and the 4.5 × 10−16 fractional frequency stability is down to 4 × 10−18 at 1 s with 
cavity-stabilized 1542 nm laser as reference source. 

Fiber-based OFC based on nonlinear polarization rotation (NPR) [25] or saturable absorber 
(SA)-assisted NPR mode-locking mechanisms have proven to be viable alternatives, and have 
also been operated at low values of phase noise [26–29]. Owing to the operation wavelength 
covering telecom band, Er-doped fiber OFC becomes mature and commercial. As the high 
efficiency, high power and broad spectral coverage, Yb-doped fiber laser have been a good 
choice for OFCs [12, 14, 30–34]. 

In this paper, we lock the Yb-doped fiber OFC to an ultra-stable CW laser. The ultra-stable 
CW laser is realized by locking a hyperfine Fabry-Perot (FP) cavity to the 972 nm CW laser 
with the Pound-Drever-Hall (PDH) technique. The Yb-doped fiber OFC source is 250 MHz 
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Yb-doped fiber mode-locked oscillator based on the NPR mechanism (Menlosystems GmbH). 
By using the standard PLL technique, the ceof  with SNR of 40 dB under 300 kHz RBW is 

stabilized to the RF synthesizer, the standard deviation from 20 MHz reference frequency 6.26 
mHz over 13 hours, the Allan variance reaches 1.2 × 10−17/s, averaging down below 8.3 × 
10−19/100s. The rf  is controlled by locking the beat signal between Yb-doped fiber OFC and 

CW laser. Two stage fiber amplifier, compressor and broaden spectrum in photonic crystal 
fiber (PCF) are designed to enhance 972 nm components. The SNR of the beatf  signal is 43 dB 

at RBW of 300 kHz. The standard deviation is calculated to be 575 μHz over 3 hours, while the 
Allan variance reaches 2 × 10−18/s. The integrate noise of phase (IPN) is 539 mrad from 1 Hz to 
10 MHz,the corresponding time jitter is 278 as. To our knowledge, results are the highest 
frequency stability among Yb-doped fiber OFC. In addition, the linewidth was measured to 
subherz under the instrument-limited resolution bandwidth of 1 Hz, while the noise is 
suppressed over 40 dB. 

2. Experimental results and discussion 

 

Fig. 1. Layout of the Yb-doped fiber OFC and feedback loop. EOM: electro optical modulator; 
PZT: piezoelectric transducer; PC: pump current; DM: dichroic mirrors; L: lenses; λ/2: 
half-wavelength plate; HR: high reflection mirror; P: prism pair; PBS: polarization beam 
splitter; G: grating; APD: avalanche photo diode; PLL: phase locked loop; Col: collimator; AL: 
aspherical lens; PCF: photonic crystal fiber; PD: photo diode. 

2.1 Yb-doped fiber OFC 

The Yb-doped fiber OFC includes four parts: Yb-doped fiber mode-locked oscillator, Yb-fiber 
amplifier, CEO detection system and PLL circuit [34], as schematically showed in Fig. 1. The 
oscillator based on the NPR mechanism is designed to provide chirped-pulses of 6.7 ps duration 
at 250 MHz repetition rate. The 3-dB optical spectrum width is about 40 nm, along with the 
center wavelength of 1040 nm. Especially, in the ring cavity, the PZT and EOM are added as 
feedback terminals to fine tune the rf  signal [35,36].The Yb-doped amplifier module 

encapsulated is set to generate the supercontinuum. 
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We adopted the standard f-2f interference technique for the ceof  signal detection. The ceof  

signal has a SNR of 40 dB at RBW of 300 kHz, as shown in Fig. 2(a), then the ceof  signal is 

stabilized to the RF synthesizer with a standard PLL technique. By regulating the pump current 
and the insertion of intra-cavity wedge, the ceof  signal is located in 20 MHz reference 

frequency [37]. We investigated the long-term stability of the locked ceof  signal. The 

frequency offset from a 20 MHz reference frequency was recorded for more than 12 hours 
recorded by the counter at 1-s gate time and the standard deviation is calculated to be 6.25 mHz, 
as shown in Fig. 2(b). The Allan variance to the optical laser frequency (λopt = 1040 nm) is 1.2 
× 10−17 at 1s-gate time and averaging down below 8.3 × 10−19 at 100 s, as shown in Fig. 2(c). 
Such stability is good enough to be compared with optical atomic clocks with frequency 
stability of ~3.2 × 10−16 [38]. 

 

Fig. 2. (a) The 
ceo

f  signal with SNR of 40 dB at the RBW = 300 kHz; (b) The frequency 

deviation of the locked 
ceo

f  signal for about 13 hours recorded by the counter at 1s gate time; 

(c) The corresponding Allan deviation to the optical laser frequency νopt (λopt = 1040 nm). 

2.2 The broadened spectrum 

In our laboratory, there is an established ultra-stable narrow linewidth 972 nm CW laser to 
detect hydrogen atoms 1S-2S energy level transition spectrum line [39]. The 972 nm ultra- 
stability FP cavity using the PDH technique, and the cavity finesse is measured to be 208600, 
corresponding to the cavity linewidth of 7.2 kHz, which can fully meet requirement that the 
ultra-stable laser linewidth is narrowed to Hz and even subhertz magnitude. The CW laser with 
subhertz linewidth is essential to push the frequency uncertainties with optical atomic 
frequency standards toward the 10−18 level [40]. 

 

Fig. 3. (a) The pulse width of 110 fs compressed from 6.7 ps seed light; (b) The broaden 
spectrum covering 972 nm component, the red line is the amplification light and the blue line is 
seed light. 

The rf  is set to be locked to the ultra-stability narrow linewidth CW laser. Due to the 972 

nm component directly from the Yb-doped fiber OFC is too weak to generate beat signal, the 
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seed light with 18 mW from Yb-fiber oscillator was delivered to two stage Yb-doped fiber 
amplify: preamplifier pump power is 500 mW and the main amplifier is 4 W. Due to the 
existence of negative chirp in the seed laser, there is no nonlinear mechanism in the 
amplification process, the amplitude-to-phase noise is eliminated effectively [31]; then the 
amplified laser is compressed by a pair of projection grating. The schematic diagram is shown 
in Fig. 1. The terminal output is 110 fs pulse width close to Fourier-transform limit, and 1.6 W 
average output power, as shown in Fig. 3(a), was coupled into PCF (SC-5.0-1040, NKT) to 
broaden spectrum covering 972 nm component, as shown in Fig. 3(b). 

2.3 The beat signal detection and stability 

The broadened spectrum from the PCF is heterodyned against the narrow linewidth 972 nm 
CW laser to produce a beatf  signal. We compared the performance of three photodetectors in 

our lab, such as C5658APD (Hamamatsu, center wavelength@800 nm), EOT2040 
(Electro-Optics Technology, Inc., center wavelength@950 nm) and home-made PD 
(wavelength@800 nm). The home-made PD is found with the highest signal-to-noise ratio for 
beat signal. Amazing that the SNR of beatf  reaches to 43 dB at 300 kHz RBW, according to 

Fig. 4 (a), which is higher than the typical value of 30 dB for common feedback circuit. The 
peak intensity is about −67 dBm much less than −40 dBm (the minimum power requirement of 
circuit). We designed two stage circuit amplifiers to improve the peak intensity from −67 dBm 
to −20 dBm. The EOM and PZT act as fast loop and slow loop respectively to lock the optical 
frequency beatf . The PZT with a few kHz servo bandwidth alone cannot reduce the residual 

phase noise, EOM with a broad servo bandwidth of about 1 MHz to narrow the beatf  linewidth 

[41]. By double loop lock, the 200 kHz (RBW = 1kHz) linewidth is narrowed to subhertz under 
the instrument-limited resolution bandwidth of 1 Hz by a spectrum analyzer (R&S, FSW26), 10 
Hz range near peak spectrum as shown in Fig. 4(b), indicating the lock system has an excellent 
suppression to the noise of beatf . Under RBW of 10 Hz, we obtained a in-loop beat spectra 

(RBW = 10 Hz) in Fig. 4(c), and the serve bandwidth is about 350 kHz in loop. More than 40 
dB suppression is achieved, showing that in-loop beat signal concentrates 90% up energy of the 
RF power. The actual bandwidth of the whole feedback system is about 350 kHz under RBW of 
10 Hz, less than servo bandwidth of 1 MHz, limited by the upper lifetime of the Yb-doped laser 
[42]. Then we measured the IPN of the beat signal. As shown in Fig. 4(d), the IPN is about 539 
mrad, integrated from 1 Hz to 10 MHz, the noise between 1 Hz to 350 kHz is obviously 
suppressed, and the corresponding time jitter is 278 as, indicating excellent control over the 
frequency comb mode. 
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Fig. 4. (a) The 
ceo

f  signal with SNR of 43 dB at the RBW = 300 kHz; (b) Out of lock, the 

linewidth of the beat signal is about 200 kHz at RBW = 1 kHz; (c) In loop, the RF spectrum of 
beat observed with a spectrum analyzer. The spectrum is clean and its energy concentration to 
the coherent carrier is more than 90% at a bandwidth of 10 Hz; (d) The IPN is about 539 mrad 
from1 Hz to 10 MHz. 

 

Fig. 5. (a) The frequency deviation of the locked 
beat

f  signal for about 13 hours recorded by the 

counter at 1-s gate time; (b) The corresponding Allan deviation to the optical laser frequency νopt 
(λopt = 972 nm). 

Furthermore, we investigated the long-term stability of the locked beat signal. The locked 
fbeat signal was counted with a universal counter in 1 s of gate time. The frequency offset from 
a 60 MHz reference was recorded for almost 3 hours using an rf frequency counter (53131A, 
Agilent), and the gate time is 1s, and the standard deviation is calculated to be 575 μHz, 
according to Fig. 5(a). The 575 μHz standard deviation shows higher tracking stability for PLL 
system. The 43 dB high SNR (RBW = 300 kHz) of beat signal and commercial technologies 
such as vibration isolation and temperature control on laser oscillator provide guarantees for 
precision lock. The IPN is 539 mrad (or the time jitter of 278 as) integrated from 1 Hz to 10 
MHz, especially the low frequency noise (about 0.022mrad under 350 kHz) mainly induced by 
environmental perturbation is effectively suppressed. These indicate that the standard deviation 
of 575 μHz is in high precision locking state. 
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The calculated corresponding Allan deviation in a juxtaposed manner is shown in Fig. 5(b), 
which shows a tracking stability of 2.0 × 10−18/s at the central wavelength of 972 nm, averaging 
down below 8.1 × 10−20 at 1000 s gate time. The slope is proportional to τ-1/2, where τ is the gate 
time. The characteristics of the white frequency noise are presented through the agreement of 
the standard deviation and the Allan deviation at 1s. It can also be confirmed by the τ-1/2 
dependence of the Allan deviation [44]. For the white frequency noise, the Allan variance 
calculation will be resulted by the juxtaposed measurement [45]. The 2 × 10−18/s frequency 
stability with 1s gate time is only 2.0 × 10−18 and the ultralow residual phase noise while 
phase-locked by far surpass the stability of today’s best atomic clocks [46, 47]. 

3. Conclusion 
We have reported a full control ultra-stability Yb-doped fiber OFC. The CEO has been stabled 
to the RF synthesizer by controlling the pump current and the insertion of intracavity wedge. 
The standard deviation has been calculated to be 6.25 mHz in almost 13 hours. The Allan 
variance is 1.2 × 10−17 at 1s-gate time and averaging down below 8.3 × 10−19 at 100 s. For 
heterodyne between Yb-doped fiber OFC and 972 nm CW laser, two stage fiber amplifier, 
grating compressor and the PCF have been involved to improve the 972 nm component 
intensity. The beatf  signal has been attained with SNR of 43 dB (at 300 kHz RBW) with 

common heterodyne technique. We have locked the beat signal with PZT and EOM act as the 
slow loop and fast loop, the linewidth of the beat signal has been narrowed from 200 kHz out of 
loop to subhertz magnitude in instrument-limited resolution bandwidth. The IPN has been 
measured with 539 mrad, the corresponding time jitter has been about 278 as. The standard 
deviation has been calculated to be 575 μHz in almost 3hours, and the Allan deviation has been 
only 2.0 × 10−18 /s, and 8.1 × 10−20 in 1000-s gate time at the central wavelength of 972 nm, 
which corresponds to the high stability among Yb-doped fiber based OFC. 
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