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A low phase noise high power
Er-fiber frequency comb
synchronized to the hydrogen
maser clock by harmonic phase
locking

Mingkun Li*?, Xiguang Yang'?, Bingjie Rao?, Lulu Yan?, Xin Chen'?,
Ru Yuan'?, Pan Zhang™*, Yanyan Zhang** and Tao Liu*

'Country National Time Service Center, Chinese Academy of Sciences, Xi‘an, China, 2School of Astronomy
and Space Science, University of Chinese Academy of Sciences, Beijing, China, *School of Artificial
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We demonstrate a low phase noise all polarization-maintaining (PM) Er-fiber
optical frequency comb (OFC) with low phase noise, which is synchronized to the
hydrogen maser clock (HMC) using the 18th harmonic of the repetition rate for
tight phase locking. The instability of the locked carrier envelope offset frequency
is 1.24 x 107'8@l s, the phase noise of the OFC is =96 dBc/Hz at 1 Hz offset, and
the corresponding RMS timing jitter of the repetition rate is 62 fs (1 Hz—1 MHz).
The residual frequency instability of the repetition rate (200 MHz) is 1.46 x 107*@1s,
and the residual phase noise of the OFC normalized to 10 MHz is —138 dBc/Hz at 1 Hz
offset and declines to about —160 dBc/Hz at the far-end, much lower than that of the
HMC (-122 dBc/Hz at 1 Hz and -156 dBc/Hz at the far-end).

KEYWORDS

optical frequency comb, non-linear amplifying loop mirror, hydrogen maser clock, low
phase noise, harmonic phase locking

1 Introduction

In recent years, optical frequency combs (OFCs) have attracted increasing research
attention [1-3] owning to their promising applications in scientific research and
engineering, including precise time and frequency metrology [4-6], ultra-stable
microwave generation [7, 8], attosecond pulse generation [9, 10], optical time/
frequency transfer [11, 12], efc. These applications are all based on the comb-like
spectral distribution, enabling them to achieve the conversion of optical and microwave
frequencies. The frequency of any longitudinal mode can be defined as f,, = nf; + f..,, where
n is the number of comb lines, f; is the repetition rate correlated with the cavity length, and
Jeeo is the carrier-envelope offset (CEO) frequency induced by the group velocity
dispersion. OFCs can be stabilized by simultaneously locking a comb line (with an
optical reference) and f.., or locking fr (with a microwave-domain reference) and f.co.
The frequency instability of the OFC under the above two referencing schemes can reach a
magnitude of 107'® (optical referencing) and 107'°-10""° (microwave-referencing),
respectively [13-16]. Different referencing schemes possess their distinctive advantages
and application fields. For instance, optical-referencing OFCs own ultralow instability,
enabling them to be extensively employed in two-way optical time and frequency transfer
[17, 18], and the comparison of the optical atomic clock [19-21]. On the other hand,
microwave-referencing OFCs have accurate repetition rates, computable longitudinal
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FIGURE 1

The schematic diagram of the optical frequency comb. (a—d) are the oscillator (a), the optical power amplification unit (b), the f.co generation and
detection unit (c), and an electronic control unit (d), respectively. LD, laser diode; WDM, 980 nm/1,550 nm wavelength division multiplexer; Col, fiber
collimator; EDF, Er-doped fiber; 1/2, half-wave plate; /8, eighth-wave plate; FR, Faraday rotator; PBS, polarizing beam splitter cube; EOM, electro-optic
modulator; HR, high reflector; PZT, piezoelectric actuator; ISO, isolator; C1-C4, coupler; HNLF, high-nonlinear fiber; PD, photodetector; BPF, band pass
filter; AMP, amplifier; SYN: synthesizer; PI, proportional integral controller; HVA, high voltage amplifier; LF, loop filter.

mode frequency, and low maintenance costs, which benefits them
to be utilized in microwave frequency transfer [22, 23], optical
frequency metrology [24-26], and ultralow noise frequency
synthesis [27, 28], etc.

These broad application prospects further promote the
sustainable development of the OFC. With the development of
laser technology, the types of OFCs are also becoming increasingly
diverse, ranging from the earliest Ti:sapphire OFCs [29, 30] to fiber
OFCs [31, 32] to on-chip integrated OFCs [27, 33], among which
fiber OFCs are the most widely used because of their high cost
performance, small size, and favorable heat dissipation properties.
In recent years, as the increasing of the PM fibers’ maturity, PM
OFCs have received more and more attention due to its lower
environmental sensitivity and higher robustness, especially the PM
Er-fiber OFCs, of which the the
telecommunication C band, enabling low-loss transmission of
the OFC pulses through optical fibers [34-37]. The locking
point of the microwave-referencing OFC is usually at the
repetition rate, which is generally 100 MHz-250 MHz for the
Er-fiber OFC. The phase noise of these microwave-referencing
Er-fiber OFCs is generally between —60 dBc/Hz and —80 dBc/Hz at
1 Hz offset, it is difficult to further reduce this noise level [38, 39].

The metric for the stability performance of the OFC can be

wavelengths are in

indicated by the fractional frequency stability §v/v, where v and »
are the noise equivalent and carrier frequency of the comb mode [40],
respectively. When the carrier frequency increases from radio
frequency to optical frequency, the stability of the OFC will be
substantially improved. That is why the instability of optical
referencing OFCs is much lower than that of microwave-
referencing OFCs. Inspired by this, we propose a scheme to
suppress the phase noise of microwave-referencing OFCs by
changing the reference frequency from the repetition rate of the
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laser to its high harmonic. Assuming that the performance of the
phase-locking loop remains unchanged, and ignoring the residual
phase noise introduced by the reference frequency conversion, when
the reference frequency increases by N times, the fractional frequency
instability decreases to §v/Nv, and the phase noise power spectral
density will be decreased by a factor of N* [3]. In this paper, we use a
3.6-GHz reference signal to stabilize a comb with 200 MHz repetition
rate to reduce the phase noise and improve the stability of the OFC. In
addition, some applications require high output power, such as two-
way optical time and frequency transfer and terahertz-wave
generation [41-45], efc. Hence, we further present a method of in-
loop optical amplification to amplify the output power of the OFC, and
compress the output pulse duration to reduce the time jitter.
Compared to the out-of-loop amplification, this design can
decrease the phase noise induced by the optical amplification of
the OFC.

2 Experiment setup and results

The schematic diagram of the OFC is presented in Figure 1. The
OFC consists of an oscillator (part a), an optical power amplification
unit (part b), an f.., generation and detection unit (part ¢), and an
electronic control unit (part d).

2.1 Oscillator

The oscillator is an all polarization-maintaining femtosecond
fiber laser based on the non-linear amplified loop mirror (NALM)
mechanism, with an electro-optic modulator (EOM) and a PZT in
the cavity for feedback control of the repetition rate. Compared
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FIGURE 2

Spectrum (A), autocorrelation curve (B), and relative intensity noise (C) of the oscillator.
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FIGURE 3
(A) Spectrum and (B) autocorrelation curve of the OFC.

with the non-linear polarization rotation mechanism, the laser
based on NALM is more robust, since it can be fabricated by a
polarization-maintaining (PM) fiber that is capable of protecting
the polarization state of light from environmental perturbations.
The repetition rate of the laser is 200 MHz. To achieve such a high
repetition rate, the oscillator adopts a highly doped erbium-doped
fiber with a 40 cm length as the gain medium (the absorption
coefficient is 80 dB/m@1530 nm), and the fiber coupler in the
NALM is replaced by a polarizing beam splitter (PBS) cube to
reduce the cavity length. The net dispersion of the cavity is about
4,944 fs*. The oscillator is pumped by two 980 nm laser diodes with
a combined output power of 1.2 W. The output spectrum of the
laser is shown in Figure 2A. The 3-dB bandwidth of the spectrum is
34 nm, and the pulse duration is 0.84 ps (sech” fitting), as shown in
Figure 2B. The relative intensity noise (RIN) of the pump LD and
the free-running laser is illustrated in Figure 2C. It can be seen that
the RIN of the pump LD is —75 dBc/Hz at the frequency of 1 Hz,
and decreases to about —120 dBc/Hz at 100 Hz, and remains
unchanged when the frequency is larger than 100 Hz. The RIN
of the laser is 107 dBc/Hz at the frequency of 1 Hz and —137 dBc/
Hz at the frequency of 100 kHz. For accurate frequency control, the
temperature of the oscillator is stabilized to 28°C by two
thermoelectric coolers (TEC), of which the control accuracy is
below 0.002°C.
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2.2 Optical power amplification

The output power of the oscillator is 11 mW. The output beam is
split into two branches by a 50:50 fiber coupler, one for f., detection
and the other for optical power amplification and f, detection. The
output power of the OFC is amplified to 280 mW by chirped pulse
amplification, and the pulse duration of the OFC is compressed to 67 fs
before f; detection to achieve low inherent noise. Figures 3A, B show
the optical spectrum and autocorrelation function of the high-power
pulses. In order to reduce the amplification of spontaneous emission
(ASE) noise, the detection of the locked signal is implemented at the
end of the amplifier.

2.3 Detection and phase locking of f.eo

The f.., is detected by collinear f-2f interference. First, the seed
laser of the branch is amplified to 280 mW through chirped pulse
amplification, with the pulse duration compressed to about 50 fs(sech’
fitting). Afterward, the high-energy pulse train is injected into a PM
highly non-linear optical fiber to generate a one-octave spanning
supercontinuum (SC). The spectrum of the SC is shown in Figure 4A,
where the power density at 1,050 nm and 2,100 nm is 0.73 mW/nm
and 0.16 mW/nm, respectively. Subsequently, the octave spanning SC
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(A) Supercontinuum over an octave span for f.., detection; (B) f., spectrum; (C) the fractional phase locked f..., + f;; (D) the instability of the locked f.eo

is coupled to a PM f-2f fiber interferometer for f.., detection. The
interferometer is a self-developed all-PM fiber system, which consists
of a1550-nm input PM fiber focuser, a 3-mm PPLN crystal with a
period of 31.93 um, a 1064-nm output PM fiber focuser, and a
1,050 nm band pass filter with bandwidth of 10 nm. The tail fiber
length of the input focuser is 12 cm for the dispersion compensation of
the SC. The RF spectrum of the f.., beat note is shown in Figure 4B.
The signal-to-noise ratio (SNR) of the detected f.., reaches 50 dB at a
resolution bandwidth (RBW) of 300 kHz.

The phase locked loop (PLL) electronics system is shown in
Figure 1. The f, is locked using the f.., + f; beat signal, shown in
Figure 4B. It is fractional phase locked on a 27 MHz reference signal by
feedback control of the driven current of the pump LD. Figure 4C
shows the spectrum of the fractional phase locked f.., + fi,» which
reveals that the control bandwidth of the loop is about 100 kHz.
Figure 4D shows the instability of the locked f.o, which is 1.24 x
107"%@1 s with a slope of T2 This instability is mainly due to the
deadtime of the frequency counter.

2.4 Harmonically phase locking of f,

In order to improve the stability and decrease the phase noise of
the comb, f; is locked using a higher harmonic. As mentioned above,
irrespective of the residual phase noise introduced by the reference
frequency conversion, phase locking based on the higher harmonic
can improve the stability and reduces the phase noise of OFCs. Here,
we chose the 3.6 GHz harmonic for the phase locking, because
3.6 GHz is a critical point. When the locking point higher than
3.6 GHz, the phase locking requires two levels of amplification,
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which will increase the residual phase noise of the OFC.
Meanwhile, to improve the quality of the high-frequency harmonic
signal, an ultrafast photodetector (PD1) with a bandwidth of 25 GHz is
utilized for harmonic detection. The radio-frequency (RF) spectrum of
PDI is shown in Figure 5A, where the intensity of the 3.6 GHz
harmonic is —26.27 dBm. Then the 3.6-GHz harmonic is filtered,
amplified, and mixed with the reference to obtain an error signal. This
error signal is fed back to the modulation voltage applied on the EOM
and the PZT in the cavity through a PI controller (as shown in
Figure 1) to achieve the phase locking of f,. To minimize the residual
phase noise, the 3.6 GHz reference signal is directly converted by the
10-MHz HMC through two stages of frequency multiplying, and in
this process, ultralow noise x10 and x36 frequency multipliers are
used successively. The phase noise of the HMC is shown in Figure 5B,
where the power spectral density is —122 dBc/Hz at 1 Hz offset and
below —-156 dBc/Hz at the far-end. The black line in Figure 5B
represents the residual phase noise of the 3.6 GHz reference, which
is normalized to 10 MHz. The residual phase noise measurement
diagram of the 3.6-GHz reference is shown in Figure 6A. The 3.6-GHz
reference is divided to 360 MHz and compared with the 10 MHz HMC
by Symmetricom 5125A. The residual phase noise describes the phase
noise added by the frequency multiplication link, which is —139 dBc/
Hz at 1 Hz offset, much lower than that of the HMC. This indicates
that the 3.6 GHz reference well inherits the frequency stability of
the HMC.

Figure 6C shows the residual frequency instability of the OFC,
measured by Symmetricom 5125A and with the HMC as the reference.
The measurement diagram of the residual frequency instability is
shown in Figure 6B. The residual frequency instability excludes the
instability caused by the reference HMC, and directly reflects the
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stability of the phase locking system. The Allan deviation is 1.46 x
107" at an average time of 1 s and decreases to 4.85 x 107" at about
8,000 s. The black points in Figure 6C represent the residual frequency
instability of the OFC phase locked by the 200-MHz reference. This
reference is generated by an HMC-based frequency synthesizer. The
Allan deviation of the locked OFC is 4.54 x 107'* at an average time of
1s, and decreases to 1.67 x 107'® at about 8,000 s. Compared with the
200 MHz locked OFC, the 3.6 GHz phase locking method improves
the stability of the OFC evidently.

Figure 6D shows the phase noise of the OFC under the free
running and the phase locked conditions, measured by an R&S FSWP
phase noise analyzer. The test signal is the 200-MHz repetition
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frequency detected by PD3. Using the harmonic phase locking
method, the phase noise of the OFC is well suppressed, which
declines from -43 dBc/Hz to -96 dBc/Hz at 1Hz offset. The
corresponding absolute RMS timing jitter of the repetition rate is
62 fs from 1 Hz to 1 MHz. Moreover, we also test the phase noise and
the absolute RMS timing jitter of the out-of-loop optical power
amplification. The results are shown with the black lines in
Figure 6D. The phase noise of the OFC with the out-of-loop EDFA
is =70 dBc/Hz at 1 Hz offset, and the absolute RMS timing jitter is
264 fs from 1 Hz to 1 MHz, which is much higher than the in-loop
design. This indicates that in-loop optical power amplification can well
suppress the phase noise caused by the EDFA.
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Figure 6E shows the residual phase noise of the OFC, normalized
to 10 MHz, with the HMC as the reference. The red line and the black
line represent the residual phase noise of the OFC, locking on the 200-
MHz and 3.6-GHz reference, respectively. The measurement system of
the residual frequency instability is the same as that of the residual
frequency instability, as shown in Figure 6A. The power spectral
density of the 3.6 GHz locked OFC is —138 dBc/Hz at 1 Hz offset and
declines to about —160 dBc/Hz at the far-end, much lower than the
phase noise of the HMC. This manifests that the OFC inherits the
stability of the HMC very well. Compared with the 200 MHz locked
OEFC, of which the residual phase noise is —124 dBc/Hz at 1 Hz offset,
the 3.6 GHz locked OFC has much lower residual phase noise,
that the
significantly improve the OFC performance. At a lower offset, the

indicating harmonic phase locking method can
residual phase noise slope is ultimately limited by the frequency
multiplier, which is used to generate the 3.6-GHz reference. This
means that if the phase noise of the frequency multiplier can be
decreased, the residual phase noise of the PLL can be further

improved.

3 Conclusion

To conclude, we demonstrate an all PM Er-fiber OFC with low
phase noise and high power, which is synchronized to the HMC
using the 18th harmonic of the repetition rate for tight phase locking.
By using a 3.6-GHz reference signal to stabilize a comb with a
repetition rate of 200 MHz, the residual frequency instability of the
OFC could reach 1.46 x 10™"“@1 s, and the residual phase noise of the
OFC normalized to 10 MHz could be as low as —138 dBc/Hz at 1 Hz
offset and declines to about —160 dBc/Hz at the far-end. Meanwhile,
we present an in-loop optical amplification method to amplify the
output power of the OFC to reduce the phase noise and time jitter.
The phase noise of the OFC could reach —96 dBc/Hz at 1 Hz offset,
and the corresponding RMS timing jitter of the repetition rate could
be reduced to 62 fs(1 Hz-1 MHz). Compared to the repetition rate
phase locking method, harmonic phase locking for the frequency
stabilization of OFC could distinctively decrease the phase noise and
improve the stability of the OFC. Our proposals can be widely
applied in optical frequency measurement and microwave
frequency transfer.
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