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Abstract: In this paper, a microwave phase compensation scheme is adopted. It utilizes microwave
signals of different frequencies for round-trip signal transmission over a 250 km fiber optic link
to mitigate the impact of parasitic reflections. Additionally, dispersion compensation fibers are
employed to compensate for the dispersion in the fiber optic link. Bidirectional optical amplifiers
are utilized to compensate for the losses in long-distance fiber optic links and reduce optical path
asymmetry. By implementing these methods, the transmission stability of the fiber optic microwave
frequency transmission system achieves 5.6 x 1071° at 1 s and 2.8 x 1078 at 100,000 s.
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1. Introduction

With the advancements in atomic clock technology, traditional satellite-based fre-
quency transmission methods no longer meet the requirements for long-distance trans-
mission and comparison of modern atomic frequency standards. Long-distance and high-
precision frequency transmission technology plays a crucial role in various fields, including
radio telescope arrays [1-4], time and frequency synchronization networks [5,6], real-
time comparison and coordination of remote atomic clocks [7-9], geodesy, and basic
science [10,11]. With the continuous development of optical fiber link infrastructure, the
use of optical fiber links for microwave frequency transmission has gained popularity due
to their low loss, strong anti-interference capabilities, and electromagnetic silence, provid-
ing excellent transmission performance. Optical fiber microwave frequency transmission
technology has emerged as an effective method to achieve long-distance and high-precision
frequency transmission.

Currently, there are two main categories of implementation schemes for long-distance
and high-precision fiber optic microwave frequency transmission: optical phase compen-
sation [12] and microwave phase compensation [13,14]. The optical phase compensation
scheme compensates for additional disturbances in the fiber optic link by controlling the
transmission delay of the signal light. For instance, in 2010, the Paris Observatory achieved
9.15 GHz signal transmission over an 86 km fiber using the optical phase compensation
scheme, with transmission stabilities of 1 x 101 at 1 sand 2 x 10712 at one day [15]. In
contrast, the microwave phase compensation scheme directly controls the phase of the
microwave signal transmitted through the electrical part, compensating for disturbances in
the fiber optic link. The compensation actuator typically used is a voltage-controlled crystal
oscillator. In 2012, Tsinghua University realized 9.1 GHz microwave phase compensation
transmission over an 80 km field fiber, achieving transmission stabilities of 7 x 10~1°
at 1sand 5 x 107! at one day [13]. The optical phase compensation scheme generally
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consists of two parts. The first part uses a piezoelectric transducer (PZT) to compensate
for fast and relatively small phase disturbances in fiber optic links; the second part is to
use temperature-controlled compensating optical fibers to compensate for phase distur-
bances that slowly change and fluctuate significantly in the fiber optic link. The structure
of this scheme is relatively complex, with a large volume, and due to the introduction
of temperature-controlled compensating optical fibers, the loss of the entire optical fiber
link increases, making single-stage propagation unsuitable for long-distance transmission;
However, the fiber link symmetry of optical phase compensation is better than that of mi-
crowave phase compensation; The microwave phase compensation adopts a phase-locked
loop to control the voltage controlled oscillator to adjust the signal phase, with a simple
structure and convenient engineering implementation. It is suitable for long-distance fiber
optic microwave frequency transmission.

The aforementioned studies focused on microwave frequency signal transmission
over fiber optic links of approximately 100 km. However, research institutions are also
conducting experiments for longer-distance fiber optic microwave frequency transmission
methods. In 2013, the AGH University of Science and Technology in Poland carried out
the time and frequency transmission experiment of a 420 km fiber link, with a signal
transmission stability of 10 MHz Allan deviation of the order of 4 x 10717 at one day.
In 2021, the Beijing University of Posts and Telecommunications conducted a 1007 km
microwave phase compensation experiment, achieving transmission stability of 8.2 x 1014
at 1sand 7.78 x 10717 at 10,000 s [16]. In 2022, Tsinghua University performed on-site
fiber optic link experiments over a distance of 300 km, with transmission stabilities of
22 x 107" at1sand 2.6 x 10717 at one day, and laboratory fiber optic reel experiments
over a distance of 500 km, with transfer stabilities of 1.7 x 10~ # at 1 sand 6.7 x 10718 at
100,000 s [17]. In 2022, the National Time Service Center (NTSC) achieved 212 km optical
fiber microwave frequency transmission by cascading method and achieved a microwave
frequency transmission stability of 6.2 x 1071° at 1 s and 6.4 x 1078 at 40,000 s through
the on-site link from Lintong site and Chang’an site (both in Xi’an) [18].

There are three main methods to study the scheme of long-distance optical fiber
microwave frequency transmission: first, multiple optical amplifiers are used to amplify
the optical signal to increase the transmission distance, such as Beijing University of Posts
and Telecommunications [16] and Tsinghua University [17]. In order to further reduce
the loss of optical power, Tsinghua University uses Bragg grating instead of negative
dispersion compensation fiber to reduce the power loss caused by dispersion compensation
fiber. However, it increases the asymmetry of fiber optic links. The second method is to
achieve long-distance transmission of fiber optic microwave frequency using cascading
single-stage devices, such as the cascading transmission of the national time service center
on a 212 km fiber optic link [18]. The third method is to increase the distance of fiber
optic microwave transmissions via optical-electrical-optical conversion. Currently, it is
mainly applied in the field of fiber optic communication, mainly by demodulating and
amplifying the microwave signal on the fiber optic link using PD after the optical signal
is transmitted for a certain distance and then directly modulating it to the fiber optic
link for further transmission. Through the conversion of optical-electrical-optical, the
signal-to-noise (SNR) ratio of the microwave signal is improved, enabling them to transmit
over longer distances. Among these three methods, the cascading transfer method has
a wider phase-locked bandwidth compared to the other two methods, which does not
change the existing equipment. The disadvantage is that a single set of equipment is
expensive, and the transmission stability decays as the number of cascading equipment

sets increases in a square root relationship. The expression is as follows: |/0? + - - - + 02,
where 02 is the stability of the ng, set of equipment. The use of multiple bidirectional
optical amplifiers for long-distance fiber microwave frequency transmission is simpler in

structure, lower in cost, and more conducive to long-distance transmission compared to
optical-electrical-optical conversion.
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In this study, a microwave phase compensation scheme is adopted. It utilizes mi-
crowave signals of different frequencies for round-trip signal transmission over a 250 km
fiber optic link to mitigate the impact of parasitic reflections. Additionally, dispersion
compensation fibers are employed to compensate for the dispersion in the fiber optic link.
Bidirectional optical amplifiers are utilized to compensate for the losses in long-distance
fiber optic links and reduce optical path asymmetry. By implementing these methods,
the transmission stability of the fiber optic microwave frequency transmission system
achieves 5.6 x 107 1% at 1 s and 2.8 x 1018 at 100,000 s. This article is mainly divided into
the following parts. In Section 2, we describe the principle of the microwave frequency
dissemination system. In Section 3, the two main factors affecting the distance of fiber optic
microwave frequency transmission links were analyzed: attenuation of optical power and
fiber dispersion; compensation made using bidirectional optical amplifiers and negative
dispersion optical fibers. Based on this, 100 km and 250 km fiber optic microwave transmis-
sion links were designed, respectively. In Section 4, we tested the transmission results of
microwave frequency signals on a 250 km fiber optic link and conducted a simple analysis.
Finally, a summary of the entire article was provided.

2. Theoretical and Experimental Systems

When the frequency signal is transmitted along the optical fiber link, due to the
influence of the external environment (temperature change and mechanical vibration, etc.),
the transmission delay of the signal light is affected, and the phase of the microwave signal
is changed, resulting in the deterioration of the transmission stability of the transmitted
signal. To achieve long-distance and high-precision frequency signal transmission, the
signal light is typically sent back and forth along the fiber optic link, assuming that the
round-trip time delay is consistent. By comparing the phase changes of the round-trip signal
frequency, it is possible to determine the amount of phase disturbance introduced by the
fiber optic link. Phase-locked technology is then applied to real-time compensation for the
phase disturbance, thereby improving the transmission stability of the microwave signals.

Figure 1 illustrates the structure of the optical fiber microwave frequency transmission
system, which is divided into two parts: the local end and the remote end. After modulating
the microwave signal to the optical carrier, it is transmitted from the local end to the remote
end through a fiber optic link, demodulated to obtain the received microwave signal at
the remote end, filtered, and amplified. Then, the signal is quartered, modulated to the
fiber optic link, and transmitted back to the local end for PD detection. The demodulated
microwave signal will carry the phase delay introduced by the fiber optic link’s round-
trip propagation. Finally, on the local end, the detection and compensation of fiber optic
link noise is achieved by detecting the phase difference between the transmitted signal
and the returned microwave signal. Due to the fact that the amplitude of the microwave
signal does not affect the stability of the transmitted signal during fiber optic microwave
frequency transmission, the amplitude factor of the microwave signal is ignored in the
following analysis process. The reference signal V. at the local end is 4 GHz, generated by
a commercial signal source (Keysight E8257D).

Vref = Sin(wreft + @ref) (1)

wyer is the frequency of the local reference signal, and ¢,y is the phase of the reference
signal. The transmission signal frequency V, at the local end is 10 GHz, generated by a
voltage-controlled oscillator (DRO) locked in a 100 MHz Oven Controlled Crystal Oscillator

(OCXO), denoted as follows:
Vo = sin(wot + @) (2)

where ¢y, is phase disturbance introduced by optical fiber link. The 10G signal demodulated
from the remote application PD signal is expressed as follows:

V, = sin(wot + @0 + @) @)



Photonics 2023, 10, 872 4o0f 11

After dividing V; by four frequencies, the signal is obtained as follows:

. +
Vimt = s1r1<(iot+ o Pp 1 (Pp> 4)

T Phase noise H
&stability analysis

Measurement H Remote
H

Figure 1. Scheme of the microwave frequency dissemination system.

Similarly, it is transmitted back to the local end through intensity external modulation,
and Vj, is demodulated using a high-speed photodetector at the local end. Due to the
phase fluctuation introduced by the fiber optic link being proportional to the transmission
frequency, Vj,cr can be expressed as follows:

. (W ¢
Viack = sm(ft + % + TF)) ®)

The phase of V},, contains the phase fluctuations caused by the round-trip link. The
specific scheme of link phase noise detection and compensation is as follows: V; is ob-
tained by quartering the signal after mixing the reference signal V,, s with the transmission

signal V.
Wy —w —
Vv, = sin( 0 ; reft + Po 4§0ref) ®)

The receiving signal Vy, at the local end mixes with the reference signal V,, ¢ to obtain
V}, as follows:

@)

4w,y — 49,05 — @o — 2
Vb_sin<wef wo,  Aref = o q);:)

4 4
After mixing V; and V},, the error signal V, is obtained. V, not only contains the phase

difference introduced by the link but also contains the phase difference between V, and
Vier, which is expressed as follows:

V. = Sin<2wo - 5wreft 4 2¢, + Z(PP - S(Pref)

1 1 ®)

When the phase-locked loop is closed, the loop filter controls the phase of the trans-
mitted signal so that V, = 0, then there is the following equation:

_5
Wo o 2tref ©)
Po = 5Pref — Pp
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Therefore, the received signal at the remote end can be expressed as follows:

. (5 5
V, = 51n<2wreft + 2§0r6f> (10)

It is locked in phase to the reference signal V., the compensation of fiber optic link
noise is completed, achieving long-distance transmission of microwave signals.

In addition, the transfer stability can be computed directly from the phase noise S(f)
as follows [19]:

o(t) = \/2 /:O(é;)S(f)sin4(7TTf)/(7TTf>2df (11)

where S(f) is the phase noise of the receive signal referred to as the reference signal
of the local site, which is determined by the system noise floor of the dissemination
system Sjoor (f) and residual phase noise introduced by the fiber link S,osig,01 (f)- o is the
frequency of the measured signal.

To evaluate the performance of frequency transfer, a heterodyne system (shown in
Figure 1) is designed to measure the phase difference between the reference signal V,.; and
the received signal V; in a closed loop. In the measurement system, the 4 GHz reference
signal Vi, is split into two arms. In the first arm, V,, is directly mixed with the 5 GHz
signal generated from V; using a low-noise frequency divider (Analog Devices, HMC364) to
generate a 1 GHz signal. In the second arm, V; is also frequency-divided to another 1 GHz
signal using another low-noise frequency divider (Analog Devices, HMC365). The phase
difference between V,,r and V; is down-converted to a direct current (DC) voltage V(f)
by mixing the two 1 GHz signals, which is then measured using a multimeter (Keysight,
3458A) with an effective measurement bandwidth of about 3 Hz. V(t) represents the phase
difference between the measured signal and the reference signal. From the change in the
phase difference, the delay jitter of the optical fiber transmission link can be solved, and
then the stability of the optical fiber microwave transmission can be calculated. The specific
process is as follows: A multimeter (3458A Keysight) is used to measure the voltage signal
V(t), and the voltage data are recorded at a 1 s sampling interval. The voltage signal V()
data are converted into transmission delay difference data At = ﬁarcsin%, through
the following formula conversion, where A is the peak—peak value of V() when the phase
of the measured signal V(t) changes in the range of 271, and wy is the angular frequency of
the transmitted signal at 10 GHz. The Allan variance of At can be calculated to characterize
the stability of the fiber transmission link.

3. Experimental Setup

When using fiber optic links for fiber optic microwave frequency transmission, atten-
uation is one of the most important characteristics of fiber optic links. Fiber attenuation
determines the maximum direct connection distance of the fiber optic link without the use
of an optical amplifier. In order to increase the distance of optical fiber microwave frequency
transmission, after the signal light transmission has a certain distance decay, the bidirec-
tional optical amplifier of Bigger Company is used to amplify the signal light to make its
transmission distance longer. The structure of bidirectional EDFA is shown in Figure 2. The
980 nm pump light is divided into two beams with the same power by a 50/50 beam splitter,
which is, respectively, injected into the erbium-doped fiber from the wavelength-division
multiplexing (WDM) on both sides. In this way, the bidirectional pumped EDFA can be
realized. Compared with the bidirectional optical amplifier composed of the traditional
two unidirectional EDFAs, this pumping mode ensures the symmetry of the transmission
link, and, at the same time, the utilization rate of erbium particles is also higher.
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Figure 2. Structure of bidirectional EDFA.

Meanwhile, in the process of fiber optic microwave frequency transmission, fiber
dispersion is one of the main factors affecting the transmission distance of fiber optic links.
The RF signal is intensity modulated to an optical carrier, with two sidebands occurring
on the optical carrier. During fiber transmission, these two sidebands will experience
different amounts of phase accumulation caused by dispersion [20]. When detected using a
photodetector (PD), the recovered RF power will change periodically according to the phase
difference between the two sidebands. As a result of the dissemination length, dispersion
parameter, and frequency of the RF signal, the recovered RF power is formulated as follows:

iDL
cos (C/\%flz{P> ‘ (12)

where L is the length of the fiber, c is the vacuum light speed, frr is the frequency of the RF
signal, Ac is the optical carrier wavelength, and D is the fiber dispersion coefficient. The
detected RF power changes periodically with the dissemination length, and the complete
extinction occurs at the length of the following;:

PRF X 201g

Nc
Loyt = ————,N=1,3,5--- 13
ext ZD)\%fRF ( )

For the radio frequency signal transmitted via a 1550 nm optical carrier on a single
mode fiber link with a dispersion coefficient of 17 ps/nm/km, the extinction period length
is 3673 km when the frequency of the radio frequency signal is 1 GHz. But when the
frequency of the radio frequency signal increases to 10 GHz, the cycle length will decrease
to 36.7 km. This means that for a specific fiber length, a higher radio frequency will result
in more power extinction points, which limits its application in actual fiber links.

Therefore, we adopt a dispersion compensating fiber (DCF) with a large negative
dispersion coefficient to solve the dispersion problem in fiber optic links. Compared to
reference [18], the research team at Tsinghua University used Bragg gratings to compensate
for fiber link dispersion and unidirectional EDFA to amplify optical power when con-
ducting long-distance fiber microwave frequency transmission. Although Bragg gratings
compensate for dispersion and reduce optical power loss compared to negative dispersion
optical fibers, this method can increase the asymmetry of fiber propagation links and affect
long-term stability.

In this experiment, we set up a 100 km optical fiber microwave frequency transmission
link and a 250 km optical fiber microwave frequency transmission link. The 100 km fiber
frequency transmission link consists of two 50 km fiber reels with attenuations of 11 dB and
10 dB, respectively. Between the two reels, a bidirectional EDFA is used to amplify the signal
light. At the output end of the signal light, 100 km dispersion compensation fiber is used to
compensate for the fiber dispersion in the link, and the loss of the dispersion compensation
fiber is 7 dB. The connection diagram of optical fiber links is shown in Figure 3.

In the process of building a 250 km fiber optic microwave link, four rolls of 50 km
fiber are first composed of two pairs of 100 km fiber optic spools. Then, the last roll of 50
km fiber optic spools is added to the link, and the losses of these three fiber optic spools
are measured. The corresponding optical power loss values are shown in Table 1. In
order to reduce the impact of fiber dispersion on fiber optic transmission links, a negative
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dispersion compensation fiber that matches 250 km was inserted at an appropriate position
in the fiber optic link for fiber optic link dispersion compensation. The loss value of the
dispersion compensation fiber was measured, as shown in Table 1. According to Table 1,
the total optical power loss of the fiber optic transmission link is 73 dB. In order to ensure
that the optical power of the fiber optic transmission link meets the detection range of the
photodetector, four pairs of low noise bidirectional optical power amplifiers are used for
signal light power amplification, with each amplifier set with a round-trip amplification
gain of 15-20 dB. The specific optical path connection diagram is shown in the following
Figure 4.
Negative

50km fiber Bi-EDFA 50km fiber dispersion
link link fiber

Local W Remote

Figure 3. Scheme of 100 km fiber optic link.

Table 1. Details of the 250 km fiber link.

No. 1 3 5 6 7 8
Category Optical fiber link Compensation lengt}'l of the dispersion
compensation fiber
Length (km) 100 km 100 km 50 km 100 km 100 km 50 km
Attenuation (dB) 21 22 11 7 8 4

100km Negative
dispersion  Bi-EDFA ~ 100km Bi-EDFA
fiber link

fiber

Local

100km Negative
dispersion

fiber

Bi—-EDFA

.. 50km Negative

50km fiber dispersion Bi-EDFA . IOOkm. ]
link fiber fiber link

Renote -—(((O~@O—KI~(O—

Figure 4. Scheme of 250 km fiber optic link.

4. Experimental Results and Analysis

Figure 5 displays the transmission delay fluctuations of the microwave signals on the
250 km optical fiber link. The blue curve represents the delay test data of the free-running
link, corresponding to the left axis. The red curve represents the delay test results of the
compensated link, corresponding to the right axis. For the 250 km free-running link, the
test results over three days indicate that the transmission delay fluctuation is approximately
17 ns per day. After closed-loop compensation, the peak-to-peak value of the transmission
delay jitter is less than 0.8 ps, and the compensation suppression ratio exceeds 20,000.
These results demonstrate that the phase of the remote 10 GHz received signal is well
synchronized with the local reference source, and the phase delay disturbance introduced
by the optical fiber link is effectively compensated.
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Figure 5. Delay fluctuation of the 250 km.

Figure 6 depicts the residual phase noise power spectral density (PSD) of the 250 km
optical link, both in the free-running state (blue trace) and after compensation (red trace),
measured at 10 GHz using Symmetricom 5125A. The residual noise PSD of the free link is
obtained by measuring V; and V,, while the residual phase noise after locking is obtained by
measuring V; and V,,r. The compensation peak value of the 250 km optical fiber link, after
the phase-locked loop, is approximately 130 Hz, which is less than 1/4t [21], consistent
with the reference. Additionally, the transmission system effectively compensates for the
phase noise introduced by the fiber optic link within the compensation bandwidth range.

\ \ \
—— 250-km compensated link
—— 250-km free-running link

NI
NN

~100 \5’\\/\. | |

Phase noise PSD(dBc/Hz)

10" 107 1072 10! 10° 10! 10° 103
Frequency (Hz)

Figure 6. Residual phase noise PSD of the 250 km.

Figure 7 illustrates the transient stability of the system. The blue curve represents
the transient stability of the free-running link, calculated using the delay data from the
blue curve in Figure 2. The red curve represents the frequency transmission stability of the
compensated link, obtained after a week of continuous operation of the microwave signal
transmission system in the closed-loop configuration. By calculating the Allan variance, the
results are determined to be 5.6 x 107 ° at 1 s and 2.8 x 10718 at 100,000 s. The black curve
represents the background noise or bottom noise of the system, obtained from the test of a
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0 km fiber after closed-loop operation. It can be observed that the transmission stability of
the 250 km compensated link is slightly worse than the system’s bottom noise. This can be
attributed to two main factors: (1) as the link length increases, the ability to suppress noise
decreases, resulting in reduced transmission stability; (2) microwave leakage from the local
and remote microwave modules, being placed in the same room during the experiment,
can affect signal stability.

—#— 250-km compensated link
—e— 250-km free-runing link o—o
—&— (Okm compensated link

1072 3

10712 -
1071 4
[ E
S 3
o
p=pr
104
>
&)
o
% 10716 A
E \\“i\-\-\-\!
—
© \

X

10° 10! 10? 10° 10? 10°
time (s)

Figure 7. Frequency transfer instability of each segment.

In Figure 8, the blue curve shows the frequency transfer stability of a 100 km fiber optic
link, which was 3.98 x 1071° at 1 s and 1.4 x 10718 at 100,000 s. The red line is the result of
the 212 km field fiber optic cascade test described in reference [18], which was 6.2 x 10~ at
1sand 6.4 x 10715 at 40,000 s. The black line represents the frequency transmission stability
of a 250 km fiber optic link, which was 5.6 x 10~1% at1sand 2.8 x 1018 at 100,000 s. From
the figure, it can be seen that the 250 km fiber optic reel link exhibits poor second stability
and long stability compared to the 100 km fiber optic reel link. This is mainly due to the
introduction of the corresponding noise in fiber dispersion, signal-to-noise ratio, and fiber
amplifier as the distance of light increases. At the same time, it can be seen from the figure
that the frequency transmission stability of the 250 km fiber optic reel is better than that
of the 212 km field fiber optic cascade transmission, mainly due to the following reasons:
firstly, the 212 km fiber optic transmission link uses field fiber optic, and its fiber loss is
greater than that of the fiber optic reel; secondly, 212 km of on-site optical fibers are more
affected by the environment than 250 km of optical fiber reels. At the same time, in this
reference, 212 km of field optical fiber was directly amplified using EDFA, and the results
of frequency transfer stability were worse than those of two-stage cascades. The main
reason is that the parameters of the phase-locked loop have not been adjusted. For longer
fiber transmission links, the compensation bandwidth is narrower, so the corresponding
parameters of the phase-locked loop need to be optimized.
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Figure 8. Transmission stability of fiber optic microwave links using different methods.

5. Conclusions

In conclusion, this article demonstrates the effectiveness of a microwave phase com-
pensation scheme in achieving a 250 km fiber optic link frequency transmission system
with transmission stabilities of 5.6 x 107 1% at 1 s and 2.8 x 10718 at 100,000 s. Further
experiments will focus on studying the method of microwave frequency transmission
through even longer distances of hundreds or thousands of kilometers of optical fiber. With
the continuous improvement of fiber optic links, long-distance and high-precision fiber
optic microwave frequency transmission systems will continue to play a crucial role in
various applications and scientific research endeavors.
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