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Abstract: Comparing and synchronizing atomic clocks between distant laboratories with ultra-
stable frequency transfer are essential procedures in many fields of fundamental and applied science.
Existing conventional methods for frequency transfer based on satellite links, however, are insufficient
for the requirements of many applications. In order to achieve high-precision microwave frequency
transfer over a thousand kilometers of fiber and to construct a fiber-based microwave transfer
network, we propose a cascaded system for microwave frequency transfer consisting of three 100-km
single-span spooled fiber links using an improved electronic phase compensation scheme. The
transfer instability measured for the microwave signal reaches 1.1 × 10−14 at 1 s and 6.8 × 10−18 at
105 s, which agrees with the root-sum-square of each span contribution. It is feasible to extend the
length of the fiber-based microwave frequency transfer up to 1200 km using 4 stages of our cascaded
system, which is still sufficient to transfer modern cold atom microwave frequency standards.
Moreover, the transfer instability of 9.0 × 10−15 at 1 s and 9.0 × 10−18 at 105 s for a 100-MHz signal
is achieved. The residual phase noise power spectral density of the 300-km cascaded link measured
at 100-MHz is also obtained. The rejection frequency bandwidth of the cascaded link is limited by
the propagation delay of one single-span link.

Keywords: fiber link; frequency transfer; cascaded system; transfer instability

1. Introduction

Long-haul and high-precision frequency transfer between distant laboratories plays
a crucial role in numerous fields of fundamental and applied science, such as time and
frequency metrology [1,2], fundamental physics [3,4], and geodesy [5]. The synchronization
of distributed systems (such as phased-array radio telescopes [6–8], very long baseline
interferometry (VLBI) [9,10], and multistatic radar systems [11,12]) are also applications.
At present, remote frequency comparison and synchronization is usually performed based
on satellite links, including two-way satellite time and frequency transfer (TWSTT) as well
as global positioning system (GPS) carrier-phase observations. However, owing to the
non-reciprocity of links, these methods are limited by an instability of 10−15 after one day
and do not provide the short-term stability necessary for synchronization applications [13].
Consequently, frequency transfer over satellite links is insufficient for many application
requirements. Fortunately, taking advantage of the low loss, high reliability and active
phase stabilization potential of optical fiber, high stability has been demonstrated for
direct optical frequency transfer [14–17] and radio-frequency (RF) transmission using the
intensity modulation of an optical carrier [18–25] over fiber links. The instability of fiber-
based optical frequency transfer reached the 10−20 level at 104 s over an urban fiber of more
than 100 km [16,17], while microwave frequency transfer has presented an instability of
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10−19 level at one day over an urban fiber of about 80 km [19,20]. In addition, simultaneous
dissemination of time (1 PPS) and frequency (10/100 MHz) signals generated by atomic
clocks over fiber have also demonstrated fairly low residual instability [26,27].

There are two main limitations to the achievable length of distance extension of fiber-
based frequency transfer. In the first place, the bandwidth fc of the link noise compensation
is limited by the propagation delay τ of the fiber [28,29], which is simplified as fc < 1/4τ.
In the second place, frequency transfer instability is dominated by the signal-to-noise ratio
(SNR) of the output-detected signal, which is limited by the attenuation of the fiber link. In
particular, in the case of microwave frequency transmission using the intensity modulation
of an optical carrier, the power of the microwave signal detected at the end of the fiber link
is attenuated by twice of link attenuation (expressed in dB) [30], and the performance of
link noise compensation is degraded by the chromatic dispersion and polarization mode
dispersion (PMD) effect of fiber [19,31]. Therefore, compared with the single-span transfer,
the cascaded transfer with independent link noise compensation for each short segment
is more suitable for ultra-long-distance fiber-based microwave frequency transfer. The
earliest reported study of cascaded microwave frequency transfer has demonstrated an
instability of 6 × 10−14 at 1 s and 5 × 10−17 at one-half day over 204-km urban fiber link
consisting of two single-span links [32]. In 2016, a 1-GHz signal was transferred through
430 km of urban fiber link with an instability of 1.94 × 10−13 at 1 s and 1.34 × 10−16 at 104 s
using a cascaded system consisting of two single-span links, which is a record distance of
fiber-based microwave frequency transfer [33].

The National Time Service Center (NTSC) of the Chinese Academy of Sciences (CAS)
undertakes the task to generate, maintain, and transmit the national standard of time (Bei-
jing Time), which has already demonstrated an ultra-stable microwave frequency transfer
over a 112-km urban fiber link with an instability of 4.2 × 10−15 at 1 s and 1.6 × 10−18 at
one day [25]. In this work, to achieve microwave frequency transfer with high precision
over a thousand kilometers of fiber and construct fiber-based microwave transfer network,
we first used fiber spools to perform a microwave frequency transfer experiment with a
cascaded system. Subsequently, we investigated the ultra-stable microwave frequency
transfer over a 300-km fiber link with the cascaded system, which is composed of three
single-span links. The frequency transfer instability of each span, as well as of the cascaded
link, is investigated. The 300-km cascaded link reached an instability of 1.1 × 10−14 at 1 s
and 6.8 × 10−18 at 105 s. The residual phase noise of the entire link was also measured. The
bandwidth of the link noise compensation was unaffected by the length of the entire link.

2. Materials and Methods
2.1. Principle of Frequency Transfer System

In fiber-based microwave frequency transfer, two approaches of phase compensation
exist: optical path compensation (OPC) and electronic phase compensation (EPC) [34].
Although the OPC approach can achieve better transfer instability, the compensation
actuator, which consists of a piezo-electric fiber stretcher and thermally-controlled fiber
spool [31,35], is complex and has small dynamic range, which is inconvenient for extensive
applications. On the contrary, the EPC approach has strong adaptability and little PMD
fluctuation effect due to the voltage-controlled oscillator (VCO) used as an actuator [25],
except that the performance is slightly poorer than that of the OPC approach. Therefore, in
order to broaden the application range of the fiber-based microwave frequency transfer
system, we adopted the EPC scheme.

For fiber-based frequency transfer, the phase noise induced by the fiber link was
measured by comparing the round-trip signal with the reference signal and compensating
it in real time. In a typical implementation of microwave transfer over fiber based on the
EPC approach, the forward and backward signals have the same frequency, which leads to
the transfer instability being limited by Brillouin backscattering and parasitic reflections
along the link, especially for long-distance fiber with more connectors and splices. For
this reason, to suppress the influence of the backscattering and parasitic reflections, an
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improved frequency transfer system based on the EPC approach was designed with two
different microwave frequencies for the forward and backward signals. The schematic of
the fiber-based frequency transfer system is shown in Figure 1.
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As shown in Figure 1, the reference signal Vr can be expressed as:

Vr ∝ sin(ωrt + ϕr) (1)

where ωr and ϕr stand for the angular frequency and the initial phase of the reference signal,
respectively. The frequency signal V0 is generated by a VCO, which can be expressed as:

V0 ∝ sin(ω0t + ϕ0) (2)

where ω0 and ϕ0 represent the angular frequency and the initial phase of V0, respectively.
Note that Equations (1) and (2) are derived without considering the random phase noise of
the frequency signal.

V0 modulates the intensity of the laser carrier and transmits it along the fiber link to the
receiving (RX) end. At the RX end, the one-way trip signal detected by a fast photodiode
(PD2) can be expressed as:

VRX ∝ sin
[
ω0

(
t − τf

)
+ ϕ0

]
(3)

where τf represents the forward propagation delay of the fiber. VRX is frequency-divided
by 4 with a low-noise frequency divider to modulate the intensity of the second laser carrier
that is used to generate the backward signal. At the transmitting (TX) end, the backward
signal is detected by the second photodiode (PD1), which can be expressed as:

Vback ∝ sin
[
ω0

(
t − τf − τb

)
/4 + ϕ0/4

]
, (4)

where τb represents the backward propagation delay of the fiber, and Vback carries the
round-trip phase fluctuations accumulated along the fiber.

In the phase comparison system, the reference signal Vr is power-split into two arms.
In the first arm, Vr is mixed with V0 by a double-balanced mixer (DBM) to generate a
frequency difference between V0 and Vr. The latter signal is frequency-divided by 4 with a
low-noise frequency divider to generate a signal that can be expressed as:

V1 ∝ sin[(ω0 − ωr)t/4 + (ϕ0 − ϕr)/4]. (5)

In the second arm, Vr is mixed with Vback by a DBM to generate a frequency difference
between Vr and Vback, which can be expressed as:

V2 ∝ sin
[
(4ωr − ω0)t/4 +

(
4ϕr − ϕ0 + ω0τf + ω0τb

)
/4
]
. (6)
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V1 is phase-compared with V2 using a saturated DBM to produce an error signal including
the noise of link and VCO, which can be expressed as:

Ve ∝ sin
[
(2ω0 − 5ωr)t/4 +

(
2ϕ0 − 5ϕr − ω0τf − ω0τb

)
/4
]
. (7)

The error signal is processed in a loop filter F(p) and used to feedback the VCO. Thus, it
can be inferred that {

ω0 = 5ωr/2
ω0

(
τf + τb

)
= 2ϕ0 − 5ϕr

. (8)

As a result, the frequency signal VRX at the RX end becomes:

VRX ∝ sin
[

5ωr

(
t −

τf − τb

2

)
/2 + 5ϕr/2

]
. (9)

We assume that the fiber link is reciprocal, that is τf = τb = τ. Thus, Equation (9) is
reformulated as:

VRX ∝ sin(5ωrt/2 + 5ϕr/2), (10)

which becomes coherent with the reference signal Vr, and the phase fluctuations due to the
fiber link are canceled. According to Equations (2) and (8), and the reciprocity assumption
of the link, the frequency signal V0 becomes:

V0 ∝ sin[5ωr(t + τ)/2 + 5ϕr/2]. (11)

By comparing the phase of VRX to Vr and VRX to V0 in closed loop, the frequency transfer
performance of compensation link and free link can be measured.

According to the above analysis, the link noise can be compensated with the scheme
shown in Figure 1, as long as the frequency of the transmitted signal V0 is roughly 2.5 times
that of the reference signal Vr. In the practical implementation of cascade transfer system
over urban fiber links, it is preferred to use different frequencies of the transmitted signal
for adjacent single-span links to suppress the influence of microwave leakage. In view
of this, we designed two kinds of frequency transfer systems in different frequencies, in
which the frequencies of reference signal and transmission signal were 4 GHz and 10 GHz,
respectively (we called it 10-GHz transfer system), and the other frequencies were 3.6 GHz
and 9 GHz, respectively (we called it 9-GHz transfer system).

2.2. Experimental Setup
2.2.1. 10-GHz and 9-GHz Transfer Systems

Figure 2 shows the detailed scheme of the 10-GHz transfer system over a 100-km
fiber spool. The 4-GHz reference signal Vr was generated by a phase-locked dielectric
resonant oscillator (PDRO), which was phase-locked on the 100-MHz signal generated by
a passive Hydrogen maser (PHM) (Vremya-Ch, Nizhny Novgorod, Russia, VCH-1008).
The transmission signal at 10-GHz was provided by a different PDRO phase-locked to a
low-noise 100-MHz oven-controlled crystal oscillator (OCXO), which was modulated to the
laser intensity by a Mach–Zehnder modulator (MZM) and transmitted to the RX end over
the fiber link. The 10-GHz PDRO and 100-MHz OCXO were contained in an OSC-10GHz
module, which is equivalent to the VCO in Figure 1. At the RX end, the incoming 10-GHz
signal was detected by a fast photodiode PD2 amplified by a low-noise amplifier (LNA)
(Analog Devices, Wilmington, USA, HMC903LP3E), and frequency-divided by 4 with a
low-noise frequency divider (Analog Devices, Wilmington, USA, HMC365) to generate a
2.5-GHz signal. The 2.5-GHz signal modulated the intensity of the second laser by MZM to
transmit a backward signal to the TX end through the same fiber. The backward signal was
detected by another fast photodiode PD1. The output signal Vback of PD1 was amplified
by LNA (Qorvo, Greensboro, USA, TQP3M9008) and sent to a phase comparison system.
By comparing the phases of Vr, V0, and Vback (see Figure 1), the phase comparison system
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generated an error signal, which was fed to an active loop filter to provide a control signal.
The fiber link noise will be compensated by adjusting the frequency of the 100-MHz OCXO
in the OSC-10GHz module. The loop bandwidth of the compensation system was less than
500 Hz.
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dielectric resonant oscillator; MZM: Mach–Zehnder modulator; DCF: dispersion-compensating
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containing a 100-MHz OCXO and a 10-GHz PDRO; BPF: band pass filter.

The 9-GHz distribution system is highly similar to the 10-GHz system, where the 4-GHz
and 10-GHz components need to be replaced by 3.6-GHz and 9-GHz components, respectively.

In the transfer system, each laser was a continuous wave tunable digital supermode
distributed Bragg reflector (DS-DBR) laser to be used in the C-band window covering
the 1528-nm to 1563-nm range. The wavelength can be controlled by a 50-GHz (0.4-nm)
International Telecommunications Union (ITU) wavelength grid. In order to overcome the
influence of coherent Rayleigh backscatter noise, 0.4-nm difference was set between the
wavelength of the laser at the TX end and the laser at the RX end, which were 1550.92 nm
and 1550.52 nm, respectively. In addition, to reduce the effect caused by the chromatic
dispersion (~17 ps/nm/km) of fiber on the frequency transfer, a dispersion-compensating
fiber (DCF) module with a loss of about 10 dB was inserted at the TX end. Behind the
DCF, a bidirectional erbium-doped fiber amplifier (Bi-EDFA) with a gain of about 10 dB
was used to compensate the optical loss caused by the DCF and to improve the SNR at
detection. As demonstrated previously [25], the PMD effect has a slight influence on the
fiber-based microwave frequency transfer using the EPC approach. Therefore, there was
no use of polarization scramblers to average out the PMD effect.

2.2.2. Cascaded Microwave Frequency Transfer

A cascaded system of microwave transfer was established by connecting three single-
span systems with two frequency converters. The cascaded link was composed of three
100-km fiber spools. The whole system was placed within the same laboratory. The
laboratory temperature was about 25 ± 1 ◦C and the period of temperature fluctuations
caused by air-conditioning was about 40 min. The first single-span link was a 10-GHz
transfer system, and the second and third single-span links were both 9-GHz transfer
systems. In the second span, the DCF and Bi-EDFA were not used. The schematic diagram
of the constructed cascaded transfer system is depicted in Figure 3. In order to output a
100-MHz signal at the end of the cascaded system, a low-noise 100-MHz OCXO was phase-
locked to the received 9-GHz signal at the RX end of the third span via a 9-GHz PDRO.
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In order to evaluate the frequency transfer performance of cascaded systems, the
frequency instability of cascaded link was measured by directly comparing the 100-MHz
output signal from the cascaded system to the 100-MHz signal from the PHM with a phase
noise and Allan deviation test set (PN & ADEV TS, Symmetricom 5125A). In addition, the
phase difference between the 9-GHz output signal from the cascaded system and the 4-GHz
reference signal was measured by a home-made phase difference measurement system.

2.2.3. Frequency Conversion for the Cascaded System

The frequency of output signal in the first span was 10 GHz, while the frequency of
reference signal in the second span was 3.6 GHz. Therefore, we needed to use a frequency
conversion module (FC1) to convert the 10-GHz signal to a 3.6-GHz one. Similarly, between
the second span and the third span, a frequency conversion module (FC2) was also needed
to convert the 9-GHz signal to a 3.6-GHz one. Figure 4 shows the simplified schematic of
the frequency conversion. The frequency conversion design was inspired by the harmonic
of low-noise frequency divider. The schematic diagram of FC1 is shown in Figure 4a. The
input 10-GHz signal was frequency-divided by 10 with a low noise frequency divider
(Analog Devices, Wilmington, USA, HMC361 & HMC438) while the 4th (4 GHz) and 2nd
(2 GHz) harmonics were extracted from the divided signal, respectively. The 2-GHz signal
was frequency-divided to 400 MHz with a frequency divider (Analog Devices, Wilmington,
USA, HMC438) and sent into the intermediate frequency (IF) port of the microwave DBM
to be mixed with the 4-GHz signal and to generate the final 3.6-GHz signal. Figure 4b
shows the schematic diagram of the FC2 which was used to convert the 9-GHz signal to a
3.6-GHz one. The 9-GHz frequency signal was frequency-divided by 10 (Analog Devices,
Wilmington, USA, HMC361 & HMC438) and the 4th harmonic (3.6 GHz) was selected, and
amplified to output a power of about 7 dBm.

Remote Sens. 2021, 13, x  7 of 14 
 

 

 

 

(a) (b) 

Figure 4. Simplified schematic of the frequency conversion module. (a) Schematic of FC1; (b) Schematic of FC2. 

2.3. Phase Difference Measurement System 
The performance of frequency transfer is normally evaluated by the comparison of 

the phase of the reference signal and the received signal in the compensated link. In the 
fiber-based microwave transfer, it is impossible to directly measure the phase difference 
between microwave signals using commercial devices. Therefore, we designed a heter-
odyne system to measure the frequency transfer instability. Figure 5 presents the sche-
matic diagram of the heterodyne phase measurement system. The received 10-GHz or 
9-GHz signal was frequency-divided by 10 or 9, bandpass-filtered at 4 GHz to select a 4 
GHz signal, and amplified with LNA. The output signal of LNA was mixed with the 
4-GHz reference signal delivered via the 4-GHz PDRO in a DBM to produce a direct 
current (DC) voltage ( ). It should be noted that the DBM operated in a saturated 
mode, and thus the ( ) became nearly independent of input signal level variations and 
was only proportional to the phase difference between two input signals. In addition, the 
input signals of DBM were in quadrature using a phase shifter (not shown in Figure 5), so 
that ( ) was the most sensitive to the phase difference between two inputs of DBM and 
was approximately equal to 0. We measured ( ) using a multimeter (Keysight, Santa 
Rosa, USA 3458A) with an effective measurement bandwidth of about 3 Hz. The relative 
normalized phase fluctuations ( ), also known as propagation delay fluctuations in the 
fiber link, is given by ( ) ≈ 1⁄ ⋅ ( ) 2⁄⁄ , ( ) ≈ 0, (12)

where  represents the peak-to-peak voltage of the ( ) when the phase of the 4-GHz 
reference signal changes for 2 . The time domain instability of the frequency transfer, 
expressed in terms of overlapping Allan deviation, is concerned with characterizing the ( ). 

 
Figure 5. Schematic of heterodyne phase measurement system. 

3. Results 
3.1. The Single-Span Link 

The performance of each single-span link was evaluated by a home-made meas-
urement system prior to the cascaded frequency transfer. The transfer instability of each 
compensated single-span link in terms of overlapping Allan deviation was calculated 
from the propagation delay fluctuations of fiber, as shown in Figure 6a. These results are 
compared with previous results over a 112-km urban fiber with a controlled temperature 
of electronics package (violet trace) [25]. Figure 6a also shows the instability of the 
100-km free-running spooled fiber link (black trace) to highlight the effect of the com-

Figure 4. Simplified schematic of the frequency conversion module. (a) Schematic of FC1; (b) Schematic of FC2.

The additional noise of the frequency conversion module, which is expressed in terms
of overlapping Allan deviation, was measured by heterodyne frequency measurement with
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two identical frequency conversion modules. It should be noted that two identical modules
were used, with each connected to a common power supply and a common input signal.

2.3. Phase Difference Measurement System

The performance of frequency transfer is normally evaluated by the comparison of the
phase of the reference signal and the received signal in the compensated link. In the fiber-
based microwave transfer, it is impossible to directly measure the phase difference between
microwave signals using commercial devices. Therefore, we designed a heterodyne system
to measure the frequency transfer instability. Figure 5 presents the schematic diagram of
the heterodyne phase measurement system. The received 10-GHz or 9-GHz signal was
frequency-divided by 10 or 9, bandpass-filtered at 4 GHz to select a 4 GHz signal, and
amplified with LNA. The output signal of LNA was mixed with the 4-GHz reference
signal delivered via the 4-GHz PDRO in a DBM to produce a direct current (DC) voltage
V(t). It should be noted that the DBM operated in a saturated mode, and thus the V(t)
became nearly independent of input signal level variations and was only proportional to
the phase difference between two input signals. In addition, the input signals of DBM
were in quadrature using a phase shifter (not shown in Figure 5), so that V(t) was the
most sensitive to the phase difference between two inputs of DBM and was approximately
equal to 0. We measured V(t) using a multimeter (Keysight, Santa Rosa, USA 3458A)
with an effective measurement bandwidth of about 3 Hz. The relative normalized phase
fluctuations x(t), also known as propagation delay fluctuations in the fiber link, is given by

x(t) ≈ 1/ωr · V(t)/
(
Vpp/2

)
, V(t) ≈ 0, (12)

where Vpp represents the peak-to-peak voltage of the V(t) when the phase of the 4-GHz
reference signal changes for 2π. The time domain instability of the frequency transfer, ex-
pressed in terms of overlapping Allan deviation, is concerned with characterizing the x(t).
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3. Results
3.1. The Single-Span Link

The performance of each single-span link was evaluated by a home-made measure-
ment system prior to the cascaded frequency transfer. The transfer instability of each
compensated single-span link in terms of overlapping Allan deviation was calculated
from the propagation delay fluctuations of fiber, as shown in Figure 6a. These results
are compared with previous results over a 112-km urban fiber with a controlled tempera-
ture of electronics package (violet trace) [25]. Figure 6a also shows the instability of the
100-km free-running spooled fiber link (black trace) to highlight the effect of the compen-
sation, which was measured by comparing the 100-MHz OCXO for noise compensation
at the TX end with the 100-MHz OCXO at the RX end of third span in closed loop using
5125A. Figure 6b shows the instability of the frequency conversion module FC1 (wine
trace) and FC2 (orange trace). The bump around 2000 s is due to a periodic fluctuation
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in the laboratory temperature while the slope change around 1000 s is due to laboratory
temperature drift.
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While the fiber link noise was compensated, the transfer instability of the first span
(blue trace) and the third span (red trace) was 3 × 10−15 at 1 s and better than 2 × 10−17 at
104 s. It was observed that the second span exhibited an instability (magenta trace) that
was less than the performance of the other two spans, which is mainly due to the absence
of DCF. In addition, the ratio of the transfer instability between each span was irregular.
The main reason is that the first and the second spans were more sensitive to temperature
due to the direct frequency division scheme in the absence of phase lock loop (PLL) at
their RX end as well as the absence of DCF in the second span. The additional noise of the
frequency conversion module, especially for FC1, was equivalent to that of the first span,
and is therefore not negligible for the cascaded link.

3.2. The Cascaded Link

Figure 7 presents the frequency transfer instability of the 200-km cascaded compen-
sated link composed of a first span and a third span. An instability of 6.8 × 10−15 at 1 s
and 5.1 × 10−18 at 105 s (black trace) was obtained by measuring the phase difference
between the 4-GHz reference signal and the 9-GHz output signal with the home-made
system. The transfer instability of the 100-MHz signal measured directly by 5125A with a
0.5 Hz noise equivalent bandwidth (blue trace) was roughly consistent with the instability
of microwave signal as measured by the home-made system. The difference between the
transfer instability of the 100-MHz signal and that of the microwave signal was mainly
caused by temperature-dependent contributions of PDRO which generate 4 GHz reference
signal, PDRO at the end of the cascaded system, and the home-made system. The combina-
tion of the first span, the second span, and FC1 contributions in a root-sum-square process
(red trace) is basically in agreement with the experimental result.

Figure 8 shows the frequency transfer instability of the 300-km cascaded compensated
link. We could obtain a frequency instability of 1.1 × 10−14 at 1 s and 6.8 × 10−18 at 105 s
(black trace) as measured by the home-made system. The transfer instability of 100-MHz
signal measured directly by 5125A was 9.0 × 10−15 at 1 s and 9.0 × 10−18 at 105 s (blue
trace). The frequency transfer instability of the 300-km cascaded link also basically agreed
with the root-sum-square of each span and frequency conversion contributions (red trace).
A summary of the relevant references and the present work is outlined in Table 1. Our
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results clearly demonstrate either better performance or feature longer distance at the
comparable performance. In addition, it is reasonable to expect that the performance of
the 300-km cascaded compensated link could be improved by using DCF in the second
span link.
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Table 1. Characteristics of cascaded fiber-based microwave frequency transfer compared with
previous studies. L: length of fiber link; N: numbers of single-span; σy(1 s): fractional instability at
1 s; σy(104 s): fractional instability at 10,000 s; MF: measurement frequency.

Works L (km) N σy (1 s) σy (104 s) MF (GHz)

Ref. [33] 430 2 19 × 10−14 13 × 10−17 1
Ref. [32] 204 2 6 × 10−14 ~20 × 10−17 1
Ref. [36] 145 1 3 1.3 × 10−14 4.1 × 10−17 0.1

This work 300 1 3
1.1 × 10−14 5.3 × 10−17 9
9.0 × 10−15 3.8 × 10−17 0.1

1 spooled fiber.

The residual phase noise power spectral density (PSD) of the 300-km cascaded link
(blue trace) and the 200-km cascaded link (red trace) measured at 100 MHz are both
shown in Figure 9, which were obtained simultaneously with the transfer instability of the
100-MHz signal. These results were compared with the noise of the 100-km free-running
spooled fiber link (black trace) together with the residual phase noise of the third span
(magenta trace). The rejection frequency bandwidth of the cascaded link was less than
500 Hz, which is in agreement with the limit due to the propagation delay of the single-
span link. It is possible to conclude this on the basis of the noise of the 300-km cascaded
link, the 200-km cascaded link (composed of the first span and the third span), and the
third span link. The first peak of the 300-km cascaded link noise at about 337 Hz was
caused by the feedback loop of the first span. Meanwhile, the second peak at about 384 Hz
and the third peak at about 454 Hz were caused by the feedback loop of the third span and
the second span, respectively.
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4. Discussion

The whole system was located in the same laboratory so that the transfer instability of
the signal could be conveniently measured. However, due to microwave leakage, part of
the transmitted signal at the TX end will be directly coupled to the RX end without passing
through the optical fiber, which will result in parasitic phase shifts and the performance
degradation of the frequency transfer. For the system deployed with urban fiber links, the
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coupling between the TX end and the RX end is impossible due to the two ends located in
distant laboratories.

In addition, in our system, to suppress the influence of coherent Rayleigh scattering,
the wavelength of the forward laser is different from that of the backward laser by 0.4 nm.
Consequently, the stability of frequency transfer can be reduced due to nonreciprocal
noise caused by the chromatic dispersion in the optical fiber. Especially for urban fiber
links with larger temperature fluctuation, the degradation of frequency transfer stability
is more obvious. The propagation delay difference ∆τ between forward and backward
signals caused by wavelength detuning ∆λ, combined with chromatic dispersion, can be
expressed as:

∆τ = ∆λ · (D · L + DDCF · l), (13)

where D and DDCF represent the chromatic dispersion coefficients (expressed in ps/nm/km)
of fiber link and DCF, respectively, and L and l denote the length (expressed in km) of fiber
link and DCF, respectively. For urban fiber link, the wavelength detuning and DCF are
independent of the link temperature. The sensitivity coefficient of ∆τ with respect to link
temperature T is calculated by the partial derivation of Equation (13):

∂∆τ

∂T
= ∆λ ·

(
∂D
∂T

· L +
∂L
∂T

· D
)
= ∆λ · L · (κ + D · α), (14)

where α = (∂L/∂T)/L represents the fiber thermal expansion coefficient, and κ = ∂D/∂T
is the thermal coefficient of chromatic dispersion. For commercial SMF-28 fiber conform-
ing to the ITU-T G.652 standard, α = 5.6 × 10−7/K [37], D = 17 ps/(nm · km), and
κ = −1.45 × 10−3 ps/(nm·km·K) [38] at 1550 nm. Assuming a temperature fluctuation of
20 K in a day, the propagation delay difference of round-trip signal will fluctuate by 1.2 ps
in one day over a 100-km fiber link. According to Equation (9), the received signal contains
half of the link nonreciprocal noise in closed loop. Thus, there is 0.6 ps of residual delay
fluctuation after link noise compensation, which will degrade the long-term instability of
the frequency transfer. In order to reduce the impact caused by wavelength detuning, one
effective approach is to use tunable lasers to tune the wavelength difference of less than
20 pm between forward and backward lasers by temperature tuning.

The fluctuation in laser wavelength will lead to the change of ∆λ in Equation (13), and
will also reduce the stability of frequency transfer. This problem can be overcome by better
control of laser diode temperature and injection current. In addition, the DCF inserted in
the fiber link can make D · L + DDCF · l ≈ 0, which can also significantly suppress the
influence of laser wavelength fluctuation.

Similarly to the nonreciprocal noise caused by the chromatic dispersion in the optical
fiber, the noise induced by MZM cannot be compensated by our scheme either. Further
improvement in frequency transfer instability can be obtained by improving the scheme to
convert the additional noise of MZM into compensable noise.

5. Conclusions

We have demonstrated a 300-km cascaded link consisting of three single-span links
for microwave frequency transfer using electronic phase compensation. In this system, a
frequency transfer instability of 1.1 × 10−14 at 1 s and 6.8 × 10−18 at 105 s was achieved.
Using the PLL method, a 100-MHz signal delivered by PMH was transferred indirectly
with an instability of 9.0 × 10−15 at 1 s and 9.0 × 10−18 at 105 s. The rejection frequency
bandwidth of the cascaded link was limited by the propagation delay of the single-span
link. Therefore, the cascade transfer scheme had better noise rejection than the single-
span transfer over the same length fiber link. The transfer instability of the cascaded link
agrees with the root-sum-square of each span and frequency conversion contributions. It
is considered feasible to extend the fiber-based microwave frequency transfer length up
to 1200 km with instability values better than 5 × 10−14 at 1 s and 5 × 10−17 at one day
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using 4 stages of our 300-km transfer system, which is still sufficient to transfer modern
cold atom microwave frequency standards.

As demonstrated previously [25], our scheme (see Figure 1) also works for a single-
span urban fiber link that is longer than 100 km, and the long-term transfer instability will
be even better than that of the spooled fiber link (see Figure 6a) due to the temperature
controlled of the electronics package. Hence, for cascaded frequency transfer over an urban
fiber link, the active temperature stabilization of each electronics package is needed to
achieve better long-term instability. In the future, we aim to focus on microwave frequency
transfer over a 1000-km urban fiber link with a cascaded system and the construction a
fiber-based microwave transfer network.
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