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Long-term ultra-precision synchronization between optical frequency combs (OFCs) and microwave oscillators is im-
portant for various fields, including scientific observation, smart grid, positioning and navigation, etc. Here, a
phase-locked loop system based on fiber loop optical-microwave phase detector (FLOM-PD) is proposed to realize the
synchronization of the repetition rate of OFCs and rubidium atomic clocks. Firstly, the scheme and locking process of
the system are elaborated, then the mathematical model of the system is established, and the feasibility of the scheme
is proved by theoretical analysis and experimental verification. After synchronization, the instability of the system
reaches 8.69x107'% at 1's and 2.94x10™ at 1 000 s, indicating that the phase synchronization system can achieve ul-

tra-precision and stability of OFCs repetition rate.
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With the development of science and technology,
high-precision time-frequency synchronization technol-
ogy is becoming more and more important, which is
widely used in scientific observation!?, smart grid[3],
positioning and navigation'”. There are three main
time-frequency transmission technologies, namely satel-
lite time-frequency transmission, laser time-frequency
transmission and optical fiber time-frequency transmis-
sion. Among them, with high-precision optical frequency
combs (OFCs) and symmetric transceiver path, the ac-
curacy of optical fiber time-frequency transmission is
higher than that of laser time-frequency transmission and
satellite time-frequency transmission. In addition, optical
fiber time-frequency transmission can transmit time ref-
erence signal and frequency reference signal at the same
time, which has great development potential >,

In practical applications, optical fiber time-frequency
transmission needs to synchronize the repetition rate of
OFCs with the highly stable frequency references, which
is also known as the locking of the repetition rate. At
present, the mainstream method is to extract the phase
error signals between microwave frequency references
and the repetition rate of OFCs through electrical phase

detectors, then control the laser piezoelectric ceramics
(PZT) expand or contract according to the phase error
signals, so as to realize the locking of the repetition rate.

However, the electrical phase detector used in this
method will not only affect the accuracy of phase detec-
tion, but also bring additional noise in the process of
converting optical signals into electrical signals.

In order to solve above problems, an optoelectronic
phase-locked loop system based on fiber loop opti-
cal-microwave phase detector (FLOM-PD) is proposed
to lock the repetition rate of OFCs.

FLOM-PD is an optical-microwave phase detector
first proposed by Korean professor Jungwan Kim in
2012, and the structure of FLOM-PD is shown in Fig.1.

With low phase noise and high phase discrimination
sensitivity, the FLOM-PD can produce accurate phase
error signal and facilitate the precise locking of the
mode-locked fiber lasers (MLFLs) and frequency refer-
ences!’). The phase detection sensitivity of FLOM-PD is
defined as

K, GRP], (1
where G is the transimpedance gain of the balanced

* /A This work has been supported by the National Natural Science Foundation of China (No.U2031208).

**  E-mail: wuhong@nankai.edu.cn



ZHOU et al.

detector (BD), R is the responsivity of photodiodes, P; is
the optical power of laser pulse input to FLOM-PD, and
¢ is the modulation depth®.
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Fig.1 Structure of the FLOM-PD

The structure and phase discrimination sensitivity of
FLOM-PD are introduced above. Next, the scheme and
locking process of the system based on FLOM-PD will
be proposed. The locking process of the system is shown
in Fig.2.
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Fig.2 Scheme of the locking system

Firstly, a 1 GHz signal from a synthesizer referenced
to a rubidium clock is used as the frequency reference
and fed to the FLOM-PD. The MLFL outputs an OFC
with a repetition rate of 250 MHz, used as another input
of FLOM-PD.

After the two signals are optical-microwave detected
by the FLOM-PD, let the extracted error signal succes-
sively pass through a low-noise amplifier (LNA), a low
pass filter (LPF) and a proportional integral derivative
(PID) servo controller, then apply it to a driver to expand
or contract the PZT inside the laser, so as to change the
cavity length of the MLFL, synchronizing the repetition
rate of the OFC and the frequency reference.

In order to better analyze the characteristics of the
system shown in Fig.2, this paper simplifies Fig.2 into a
time-domain model as shown in Fig.3, then transforms
the system from time-domain to S-domain using the
Laplace transform. The S-domain model of the system is
shown in Fig.4.
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Fig.3 Time-domain model of the system
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Fig.4 S-domain model of the system
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Let Oy(s), O,(s) and O(s) be the Laplace transform of
the frequency reference signal 6,(¢), the laser pulse signal
04(f) and the error signal U.(f), U.(s) be the Laplace
transform of the signal amplified by the LNA, U(s) be
the Laplace transform of the output signal from the loop
filter, and Uy(s) be the Laplace transform of the output
signal after the PID servo. And let K, be the amplifica-
tion of the LNA, F(s) be the transfer function of the loop
filter , P(s) be the transfer function of the PID controller,
and V(s) be the transfer function of the voltage controlled
oscillator (VCO).

Then, the open-loop transfer function G(s),
closed-loop transfer function H(s) and error transfer
function H(s) of the system can be defined as
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In order to perform a detailed analysis of the mathe-
matical model and the locking characteristics of the sys-
tem, the transfer functions of each part of the system will
be analyzed separately in the following.

In the process of modeling the FLOM-PD
phase-locked system, the FLOM-PD can be replaced by
an ordinary discriminator whose phase discriminative
sensitivity is K&=GRP$,"". Let fyr be the frequency of
the reference signal and f, be the repetition rate of the
MLFL, then the frequency of error signal output by
FLOM-PD is given by foro=frr—Nfrep, and the Laplace
transform of the error signal is

Os K8s Ngs YGREL @5 NO s .(5)

A third-order LPF as shown in Fig.5 is designed as the
loop filter of the system.
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Fig.5 Schematic of the third-order low-pass filter

The transfer function of the filter is

s CR, CR, 1
S2C1C2R1R2 S qu qRZ C2R2 1
To achieve the locking of the repetition rate better, a
PID circuit is designed using analog op-amp chips, and

the transfer function of the PID servo can be expressed
as follows

(6)

Ps K K2 Kp (7)
N

where Kp is the proportional coefficient, and Kp and K|
are the integral time and derivative time constants.

The repetition rate of the MLFL can be regulated by
PZT driven voltage, which is similar to the voltage con-
trolled oscillator!'”. So as shown in Fig.3, the PZT driver,
PZT and the MLFL are replaced by a VCO in the ma-
thematical model. Assume that V(s) is the transmission
function of the VCO in the system, which can be ap-
proximated as

Vs | 2nck,/sL, (8)

where L, is the laser original cavity length, c is the speed
of light, and 4 is the gain of VCO.

After giving the transfer functions of each part in the
system, we have analyzed the characteristics of the sys-
tem as followed.

In the phase-locked system studied in this paper, the
final steady-state response is the phase error Af.(w)
when the system is stable. The calculation of the phase
error is generally performed by inputting different exci-
tation signals and calculating the final steady-state error
of the system. Typical input signals are phase step signal,
frequency step signal, etc. When the input signal 6,(¢) is
given, let its Laplace transform be ©(s). Using the final
value theorem, the phase error signal can be calculated as

") lirr()ls@e s hnolsQ s H, s . ©)

When the laser is affected by external influences to
occur the phase step of amplitude A¢ and the frequency
step of amplitude Aw, substituting the expressions of
H(s), and the final steady-state error of the system is

T f Eigrols “I/st Zss H, s 0. (10)

Obviously, after the system has reached the steady
state, the phase-locked system is able to quickly elimi-
nate the phase difference and frequency difference be-
tween the MLFL and the reference signal through nega-
tive feedback, always maintaining the steady state.
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Another important characteristic of a phase-locked
system is the transient response. Transient response is
defined as the response process from the initial input to
the final steady state!'!. Based on the error transfer func-
tion, the transient response of the system can be obtained
for a known excitation signal.

In order to analyze the transient response better, we
use MATLAB to simulate the system, then the system
parameters are adjusted by simulation and set as Tab.1.
The transient response of the system is shown in Fig.6
when the phase step signal and frequency step signal are
input to the system respectively.

Tab.1 System parameters for the modeling analysis

Parameter description Symbol Value
Laser center wavelength A 1 550 nm
Repetition rate of the OFC Jeep 250 MHz
Laser original cavity length Lo c/250%10°
VCO gain ko 1x10°
Phase detector sensitivity kq 2.24x107? V/rad
Parameters of LPF R 50 kQ
Parameters of LPF R 10 kQ
Parameters of LPF G 2.24 nF
Parameters of LPF G 22.4 nF
LNA gain ky 10
Output RF frequency Jre 1 GHz

From Fig.6, it’s obvious that the system can quickly
eliminate the phase jitter and frequency jitter of the VCO
and recover to steady state. Both figures also give the
transient response at different parameters N. The larger N
is, the shorter the convergence time and the more stable
the system is. Considering the feasibility and cost, N=4 is
finally chosen.

Stability is an important characteristic of a
phase-locked system, indicating the ability of maintain-
ing balance. In engineering applications, a common me-
thod is to choose a phase margin greater than 45°. When
designed for a higher phase margin, it will result in high-
er stability, slower loop response time and weaker high
frequency noise rejection. As shown in Fig.7, the system
has a phase margin of about 55°, indicating that the sys-
tem can work in a stable state.

Based on the above theory analysis, a locking system
for the repetition rate of the OFC is constructed as shown
in Fig.2.

The direct measurement method is adopted to measure
the instability of the OFC. After attenuating the OFC with
a repetition rate of 250 MHz output by the MLFL, it is
converted into a 250 MHz electrical signal by a pho-
todetector (PD) and measured directly by a frequency
counter to obtain the repetition rate after locking, so as to
evaluate the frequency instability of the system. The block
diagram of the locking and evaluation system is shown in
Fig.8. It is worth mentioning that the synthesizer and the
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frequency counter are synchronized with the rubidium
clock.
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Fig.6 Transient responses of the system to (a) a fre-
quency step and (b) a phase step
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Fig.7 Bode diagram of the system
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Fig.8 Block diagram of the locking and evaluation
system
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After locking is achieved, the repetition rates before
and after locking are shown in Fig.9. The standard devia-
tion of the repetition rate of the unlocked MLFL is
126.4 Hz, and the standard deviation of the repetition
rate of the locked MLFL is 3.02 mHz, which is increased
by four orders of magnitude.
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Fig.9 Repetition rates before and after locking

The frequencies of the rubidium atomic clock signal
and the unlocked signal of the laser are measured and
recorded directly by frequency counter, and then their
modified Allan deviations are calculated. The final fre-
quency instability plot of the system is shown in Fig.10.
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Fig.10 Frequency instability of the locked MLFL, the
rubidium clock and the unlocked MLFL

In Fig.10, the blue triangular dotted line shows the
frequency instability of the free running laser, the red
dotted line shows the frequency instability of the rubid-
ium atomic clock, and the black square dotted line shows
the frequency instability of locked MLFL measured after
the long-term locking system works stably.

As can be seen, the frequency instability of the un-
locked laser is 4.66x107'% at 1 s, and the curve of its fre-
quency instability tends to rise, indicating that its stabil-
ity is getting worse with the increase of time. In contrast,
the frequency stability of the rubidium clock is signifi-
cantly better than that of the unlocked laser, with the
instability of 7.67x10"% at 1 s and 2.17x10™" at 1 000 s.

The instability of the locked MLFL is 8.69x10"* at 1 s
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and reaches 2.94x10™" at 1 000 s, and the curve of fre-
quency instability shows a continuous decreasing trend
as time increases, reflecting the system possesses good
long-term stability.

In summary, this paper proposes a phase-locked loop
system for synchronizing repetition rate of OFC and fre-
quency reference based on FLOM-PD, establishes a de-
tailed mathematical model, and conducts an experimental
demonstration after studying the characteristics of the
system. The experimental results show that the instability
of the locked repetition rate is 8.69x10"% at 1s and
2.94x107" at 1000 s, which is almost the same as the
frequency instability of rubidium atomic clock.

Simulation and experimental results show that the
system can achieve long-term ultra-precision phase syn-
chronization of microwave signals and repetition fre-
quencies of OFCs, which can facilitate the development
of atmospheric spectroscopy in broadband occultation!'?,
precision measurements, high-speed optical transmis-
sion!’), time-frequency metrology!'” and radio astron-
omy!"].
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