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ABSTRACT

For the next-generation Japanese global navigation satellite system, we have developed the space borne highly-
stable microwave generation system by combination of an optical frequency reference and an optical frequency
comb. A 1030-nm iodine-stabilized laser has been developed as the optical frequency reference whose frequency
stability reaches 1071 level at the averaging time of 2000 seconds. We have developed a figure-8 type polarization
maintaining (PM) fiber mode-locked laser as a light source for the space borne optical frequency comb. The
repetition frequency and the center wavelength of our mode-locked fiber laser are 48.7 MHz and 1560 nm,
respectively, and we demonstrated a continuous operation of its mode-locking for more than 1 week. Also, three
kinds of thermal tests have been applied to our mode-locked laser with the temperature range from 5 to 60
Celsius, and the stable operation without breaking mode-locking has been confirmed. Furthermore, we have
analyzed the results of a thermal cycling test. The temporal variation of the optical length in the fiber is mainly
affected by that of the metal plate which is 11.8 times stronger than that of the surrounding air.

Keywords: space borne frequency reference, mode-locked fiber laser, nonlinear amplifying loop mirror, optical
frequency comb, highly-stable microwave generation, iodine-stabilized laser

1. INTRODUCTION

Space borne frequency references have extensive applications in metrology, astronomy, remote sensing, space
gravitational wave detection, and global navigation satellite positioning system (GNSS). Especially, GNSS has
been widely used as the indispensable social infrastructure in recent years. In order to improve the position
accuracy, we have promoted next-generation Japanese GNSS which consists of a small number of quasi-zenith
satellites. A space borne frequency reference is one of the essential devices for improving the accuracy of the
positioning. Currently, the rubidium atomic clock is used for the space borne frequency reference whose frequency
stability is limited to the 107'2 levels. Therefore, we have proposed the optical-based highly-stable microwave
generation system by using a combination of an optical frequency reference and an optical frequency comb.
Since the phase sensitivity of the optical frequency is much higher than that of the microwave frequency, the
optical frequency stability is expected to reach 107'® or higher levels by the precision frequency and phase
control. Though the frequency stability of the optical lattice clock has reached 107! level in the laboratory
environment,' it is too complicated to operate in the satellite. The iodine-stabilized laser, on the other hand,
is relatively compact and simple system whose frequency stability reaches 107'° levels, and the space borne
iodine-stabilized laser has been developed.? From the numerical simulation, the 107!° levels frequency reference
in GNSS would improve the positioning accuracy by a few orders of magnitudes.> The requirements of the space
borne optical frequency reference for Japanese next-generation GNSS are listed in Table 1.

Table 1. The requirements for the space borne optical frequency reference.

Microwave frequency ‘ Frequency stability ‘ Operation lifetime
51.15 MHz | <107 M | >10 years
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2. OPTICAL-BASED HIGHLY-STABLE MICROWAVE GENERATION SYSTEM

Our optical-based highly-stable microwave generation system consists of an optical frequency reference and an
optical frequency comb. We choose an iodine-stabilized laser as an optical frequency reference because it would
keep its high frequency stability even in space. In addition, a fiber-based mode-locked laser is selected as the
frequency down-converter because of its robustness (Figure 1). The details of the mode-locked laser are described
in Section 3.
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Figure 1. The schematics of the optical-based highly-stable microwave generation system.

2.1 Iodine-stabilized laser

The iodine-stabilized lasers have been developed for a light source of the space gravitational wave detection
project in Japan named DECIGO. Hyperfine components of the iodine molecules at 515 nm is used as a frequency
reference. The 515-nm light source is generated from the second harmonics of the 1030 nm narrow-linewidth fiber
distributed feedback (DFB) laser. We have reported the details of the breadboard model of our iodine-stabilized
laser at ICS02018,* whose frequency stability is 1074 level at the averaging time of 2000 seconds, and all the
optical components are mounted on a 550 mm x 300 mm aluminum breadboard (Figure 2).
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Figure 2. The schematic diagram of our iodine-stabilized laser of the breadboard model.
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2.2 Fiber-based optical frequency comb

With the advent of the mode-locked laser based optical frequency combs in the 2000s>6 , the optical frequency
is directly connected to the microwave frequency. The optical frequency comb is composed of equally-spaced
frequency modes which becomes a ruler in the optical frequency domain. The frequency of nth mode of the
optical frequency comb is written as

fn:fceo+nfrep7 (1)

where frep and feeo are the repetition rate frequency and the carrier-envelope offset frequency in the microwave
domain, respectively. When the f,, is phase locked to the optical frequency reference (and fq, is also locked to the
microwave frequency reference), the stable microwave signal can be obtained as frep, Wwhose frequency stability is
almost the same as that of the optical frequency reference. As a consequence, a highly-stable frequency reference
in the optical frequency region is down-converted to the microwave region without degradation.”

3. ALL-PM MODE-LOCKED FIBER LASER

As a light source for our optical frequency comb, a fiber-based mode-locked laser is chosen because of its light
weight, compactness and its alignment-free configuration whose size and robustness are suitable for the space
borne system. The mode-locked laser is a kind of ultra-short pulse lasers. For mode-locking operation, the
intensity-dependent loss mechanism is necessary which is called as mode locker. Nonlinear polarization rotation
(NPR) is widely used as a mode locker for fiber-based optical frequency comb. The polarization state evolution
of the optical pulse in the fiber depends on its peak intensity, and the stronger pulse is selected by using a
polarizer in the cavity to make mode-locking. NPR can generate ultra-short duration pulse train with excellent
low phase noise, which is suitable for an optical frequency comb. However, NPR has a problem of its low
robustness because the polarization state in the fiber is easily disturbed by the external perturbations such
as the temperature variations or the mechanical vibrations. Therefore, we have selected another mode-locking
mechanism called nonlinear amplifying loop mirror (NALM) for our mode-locked laser.® Since NALM is a
polarization-independent mechanism, it is robust against the external disturbance. NALM is a kind of the Sagnac
interferometer with intensity-dependent optical switch mechanism in which anti-symmetric nonlinear effects in
the fiber loop causes phase difference between CW and CCW rotated pulses.” Our figure-8 mode-locked laser
consists of NALM and another fiber loop with the optical isolator, and consequently it has intensity-dependent
optical loss which acts as a mode locker. We have developed the erbium-doped fiber (EDF) mode-locked laser
at 1.5 um whose spectral range can be expanded from 1 ym to 2 ym by using highly nonlinear fiber (HNLF)!°
so that the optical modes at longer end can be phase locked to the iodine-stabilized fiber DFB laser at 1.03 um.

3.1 All-PM figure-8 mode-locked laser

Figure 3 shows the schematics of our mode-locked laser. The oscillator is an all-PM fiber figure-8 configuration.

Proc. of SPIE Vol. 11852 1185230-4



ge++| Figure-8 mode-locked fiber laser [srassssssrassaressanrassarassansassarassannnnens

- :

@976 nm .

Er :fiber

50/50
coupler

PD Highly-stable
NALM . A microwave signal

PumpLD Carrier envelop signal
@976 nm - Detection

D

NRPS : A
¢ 90/10

coupler

Actuators:
Piezo, Peltier

WDM Nonlinear crystal ©

HNLF

Erbium-doped
fiber amplifier

I, cell

PD
- \ ] Fiber DFB

WG-PPLN Ytterbium-doped
fiber amplifier

Phase locked loop
Figure 3. The schematic diagram of the our figure-8 mode-locked laser system. LD: laser diode, WDM: wavelength-division
multiplexer, HNLF: highly nonlinear fiber, WG-PPLN: waveguide periodically poled lithium niobate, PD: photodetector.

In principle, the phase noise of the mode-locked laser decreases as the net dispersion of the cavity approaches
to zero, which is called as the stretched pulse region.!! In order to improve the phase noise of our mode-locked
laser, the net dispersion of the cavity is designed to be 0.005 ps? in the stretched-pulse region. Our mode-locked
laser obtains high-energy pulses with a smooth stretched-pulse spectrum without any additional peaks like Kelly
sidebands (Figure 4).
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Figure 4. The time waveform of the figure-8 mode-locked laser. The time internal of the pulse train is 20.5 ns.

With the help of a nonreciprocal phase shifter (NRPS), the cavity length of the NALM becomes shorter to
increase frep frequency up to 48.7 MHz which is close to the requirement frequency of 51.15 MHz. The average
power and the center wavelength of our mode-locked laser are 0.8 mW and 1560 nm, respectively. The output
power of the mode-locked laser is amplified by using EDF amplifier, and its amplified output is introduce into
HNLF to expand the mode spectrum. Figure 5 shows the expanded spectrum of the mode-locked laser. Red
trace in Figure 5 is experimental results of the octave-spanning spectrum.
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Figure 5. The octave-spanning spectrum.

4. CONTINUOUS OPERATION TEST AND THERMAL TEST

We have investigated the robustness of our mode-locked laser against the environmental perturbations. The
temperature of the surrounding air and a metal plate are controlled. All fiber components are fixed on the
metal plate. First, the long-term continuous operation is tested in the laboratory environment, and the stable
continuous operation for more than one week is confirmed, where the continuous operation is forced to stop at
the end of the experiment. Next, our mode-locked laser is tested under various temperature conditions between
5 and 60 Celsius to confirm its operation temperature range. Our mode-locked laser is contained in a constant
temperature chamber, and the thermal tests are conducted under following three temperature conditions.

1. Constant temperature from 5 to 60 Celsius in every 10 degree
2. Slow cyclic temperature variation

3. Steep temperature change (heat shock test)

In all cases, our mode-locked laser shows the stable continuous operation without breaking the mode-locked
operation even in the heat shock test. In the heat shock test, the steep temperature change is applied to a small
part of metal base plate. Although the f.., follows its steep temperature change, the laser keeps mode-locking
(Figure 6).
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Figure 6. The results of the heat shock test. Red and blue traces indicate temporal variations of the A fiep and the metal
base plate, respectively.

From these temperature tests, it is concluded that the figure-8 type mode-locked laser would perform the stable
operation under typical satellite temperature conditions. We also analyzed the results of the cyclic temperature
test to investigate the dependence of the laser cavity length on the temperature of surrounding air and of the
base plate. The repetition frequency of the mode-locked laser, fep is inversely proportional to the cavity length.
Figure 7 shows the temporal variations of the fiop (red traces) in the slow and fast cyclic temperature tests.
Orange and blue traces indicate the temperature of the surrounding air and the base plate, respectively. In the
slow cyclic test, the temperature of the air is changed from 5 to 60 Celsius with the period of 20000 seconds.
The temperature of the air, in the fast cyclic test, is changed with the slope of 6 degree per minutes.
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Figure 7. The time-series graphs are the cycling test results. Left graph shows slow cyclic thermal test (the period is
20000 seconds). Right graph shows fast cyclic thermal test (the slope of the temperature is 6 degrees per minutes).

The temporal variation of the fiop is applied to the following fitting equation for the multiple regression
analysis where Tieta1 and Ty, are the temperature of the base plate and the surrounding air, respectively.

Afwep(t)  SL(t)  dS as
frep — L - OfﬁdTmetal(t) + BﬁdTalr (t) + €rT. , (2)

dS/dT is the thermal expansion coefficient of the fiber optical length. The temperature of the base plate
shows certain contribution to the fiep, which is 11.8 times stronger than that of the surrounding air (Figure
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8). It is concluded that the fiep would be fully controlled by the temperature of the base plate against any
temperature variations of the surrounding air in the satellite.
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Figure 8. The multiple regression results of the fast cyclic test. The contribution parameter «, 8 and o/ are -1.00, -0.08
and 11.8, respectively.

5. CONCLUSIONS AND FUTURE PROSPECTS

We propose a highly-stable microwave generation system in space by using an optical frequency reference and
an optical frequency comb. For the light source of the optical frequency comb, we have developed the all-fiber
figure-8 mode-locked laser based on PM fiber. The repetition frequency, the average power, and the center
wavelength are 48.7 MHz, 0.8 mW, 1560 nm. Our mode-locked laser shows stable continuous operation under
three kinds of thermal conditions, and also the long-term operation for more than one week. We now investigate
the phase noise of our figure-8 mode-locked laser, which is indispensable for realizing the precision space borne
optical frequency comb. Moreover, we will evaluate the frequency stability of the microwave signal generated
from our system.
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