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1 Introduction
It is of great significance to synchronize with the reference clock sources in many areas 
of human activity. Generally, these highly stable clock sources are operated and main-
tained by specialized laboratories and central stations. Then, the stable reference sources 
are transmitted to remote locations or nodes with traceability. Therefore, clock synchro-
nization is the basis of many commercial and scientific applications, e.g., in navigation, 
telecommunication, astronomical, and physical experiments. At present, the operation 
of global navigation satellite systems (GNSS) and telecommunication networks are two 
typical applications of high-precision time and frequency transmission [1], and each of 
them has ambitious requirements regarding accuracy, availability, and security.

Currently, mobile telecom networks are operated according to the long-term evo-
lution-advanced (LTE-A) standard, where time-division duplex (TDD) operation, 
mobile location-based services, and single-frequency network-based multi- and 
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broadcast applications services all require precise clock synchronization. To meet 
the requirements of synchronization accuracy for large-scale telecom networks, each 
node performs local clock synchronization according to a superior hierarchy element 
located closer to the primary clock, and thus, a hierarchical and layered synchroni-
zation network is formed [2]. Especially, at the core level of telecom networks, the 
highest accuracy synchronization equipment is used, which is responsible for pass-
ing down the network reference clock along the hierarchy. Therefore, the stability and 
accuracy of the clock synchronization at the core level of the telecom network play a 
key role in the entire network synchronization system.

The International Atomic Time (TAI) is determined by comparing the atomic clocks 
of different laboratories around the world. From TAI, one obtains coordinated univer-
sal time (UTC), which is the basis of today’s world time system with 24 time zones. In 
the existing telecommunication network and the next-generation network, the clock 
signal is required to be highly synchronized with the UTC. Mainly, the clock syn-
chronization of the core level of the telecom networks is realized by satellite links, 
which have the advantages of convenient access, wide coverage, and long dissemina-
tion distance. However, due to the geometrical distance, ionosphere, and troposphere 
disturbances, the delay of the signal received from the satellite fluctuates randomly 
over time and is not constant. To suppress such effects, where both parties operate 
dedicated GNSS timing receivers, measure the time delay between the local clock and 
the space clock of the individual GNSS satellites, and then correct the propagation 
delay [3]. In other words, in the telecom industry, it is a common practice to directly 
achieve clock synchronization at the core level of the network through a GNSS signal 
that is in good agreement with UTC.

However, the clock synchronization at the core level of the telecom network 
through a local GNSS receiver may cause strategic risks for the network system, 
because they cannot control and manipulate the satellite transmission system. In par-
ticular, in some harsh environments, such as underground and trenches communica-
tion networks, the low signal-to-noise ratio (SNR) of the received GNSS signal causes 
the clock synchronization accuracy to decrease or even fail. In addition, in the strong 
electromagnetic interference and shadow-fading environment, the accuracy of the 
satellite-based clock synchronization will also go down. Besides, the synchronization 
accuracy of these core network nodes is stringent, generally on the order of nanosec-
onds or even higher, which is a challenging task.

Therefore, to provide highly stable and reliable clock synchronization for the tel-
ecom networks, an additional level of synchronization hierarchy is desirable, to moni-
tor and supervise the real performance of the highest-level equipment. An example 
of such a network is shown in Fig.  1, where the integration of the fiber optic clock 
transfer technique into the telecommunication infrastructure will do great help to the 
clock synchronization of telecom networks in enhancing performance and becom-
ing independent of GNSS signals. The integration method is to use dense wavelength 
division multiplexing technology to assign frequency signals and data signals to dif-
ferent frequency channels for transmission. Moreover, differing from the ordinary 
GNSS time transfer, the fiber-optic clock distribution is an online service and can 
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distribute stable frequency and accurate time signals to a remote location without the 
need for the operation of the clock at the remote site.

With the rapid development of atomic clocks and optical communication technol-
ogy, it has been shown that optical fiber has the potential to disseminate stable clock 
signals over long distances due to its low attenuation, high reliability, and immunity to 
electromagnetic interference [4]. The common optical fiber clock transmission refers to 
the electrical clock signal that is transferred to the optical domain through light intensity 
modulation. At the receiver nodes, the modulation is back-converted to the electrical 
domain by direct detection of the intensity of received light using a photodiode.

However, due to environmental perturbations on fiber links, the transmission delay 
over optical fiber varies, which may degrade the synchronization accuracy of the 
receiver nodes. The external environment perturbations mainly come from the fiber 
temperature variations, and possibly by some varying mechanical tensions which cause 
changes in the external pressure [5]. Generally, the transmission delay of the signal in 
the optical fiber can be expressed as τ = (L · n)

/

c , where L is the fiber length, n is the 
group refractive index, and c is the velocity of light in vacuum. For example, when the 
external temperature of the optical fiber changes �T  , then the transmission delay of the 
fiber link varies �τT = 1 c · n�T∂L ∂T + L�T∂n ∂T  , where the first term 
and the second term on the right side are the deformations of the fiber length and the 
change of the refractive index of the fiber with temperature variation, respectively. Simi-
larly, the length of the fiber and the refractive index of the fiber will also change with 

Fig. 1 The clock synchronization of a telecom network. GNSS, global navigation satellite systems; FO, 
fiber-optic; NTP, network time protocol; UTC, coordinated universal time
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the external pressure. The delay variation of the optical fiber link is related to the laying 
method and the surrounding environment. For example, an optical fiber buried deep in 
the ground may be affected by vibrations caused by underground transportation facili-
ties and changes in soil temperature. The literature has reported that [6], for the 6 km 
fiber buried in the ground within two months, the transmission delay variations of the 
fiber reached 2 ns when the outside temperature changed by about 20 °C. That is, if this 
fiber is used to transmit a microwave signal of 10 GHz, the phase shift will be as high as 
40 π. Therefore, to realize highly stable frequency signal transmission at core network 
nodes, real-time compensation must be carried out for the transmission delay variation 
of the optical fiber link.

The cesium atomic clocks are generally used in laboratories around the world to com-
pare clocks to obtain UTC. At present, the long-term frequency stability of cesium 
clocks can achieve a 1 ×  10–15 level. Therefore, the frequency stability of the optical 
fiber transmission system is required to be better than the frequency stability of the 
cesium atomic clock, to ensure that the stability of the signal does not deteriorate after 
transmission.

2  Related works
The round-trip correction mechanism is one of the methods to achieve signal synchroni-
zation through pre-phase compensation [7–9]. The following describes its principle with 
frequency signal. Assuming that the initial phase of the frequency signal is ϕo , it first 
passes through a controllable phase compensator for phase pre-compensation ϕc . Denot-
ing that the phase jitter caused by the delay variation of the optical fiber is ϕv , the phase 
ϕr of the signal transmitted to the remote end via the optical fiber can be expressed as 
ϕr = ϕo + ϕc + ϕv . At the remote end, part of the signal is transmitted back to the local 
end through the same optical fiber link, ignoring the nonlinearity and non-reciprocity 
of the optical fiber, the forward and backward transmission signals will experience the 
same transmission delay [10]. Therefore, the signal transmitted back to the local end will 
experience twice the transmission delay, that is, twice the phase jitter is introduced, then 
the phase ϕb of the returned signal can be expressed as ϕb = ϕo + 2(ϕc + ϕv) . Then, the 
local frequency signal is used as the reference signal and the returned signal is phase-
detected to obtain the error signal ϕe , which drives the phase ϕc of the compensation 
module so that the error signal is zero, that is, ϕe = ϕc + ϕv= 0 . It can be seen that the 
phase ϕr of the remote end signal is independent of the phase fluctuation induced by 
the fiber link, ϕr = ϕo + ϕc + ϕv=ϕo , and the phase of the remote signal is synchronized 
with the phase of the local signal.

The method of signal synchronization by the round-trip delay correction mecha-
nism includes passive phase conjugate compensation and active adjustable delay line 
or phase pre-compensation. By conjugating the phase of a round-trip signal and its tri-
ple frequency signal, the output signal of the mixer will be immune to the fluctuation 
in the fiber link at the remote end [11–13]. It can achieve infinite phase compensation 
because of its open-loop scheme that avoids the use of phase detection and tunable com-
pensation devices. Unfortunately, establishing such a passive compensation system for 
high-frequency distribution is difficult due to the bandwidth limit of electronic devices. 
Besides, serious harmonic interference between different frequency signals also needs 
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to be paid attention to. So far, previous studies on this technique have demonstrated the 
stabilized distribution for frequencies lower than 10 GHz.

Apart from the passive compensation methods, the active phase compensation 
method based on a tunable optical true delay line, which is composed of a piezoelectric 
fiber stretcher and a temperature controlled fiber spool, has been widely adopted [14, 
15]. Its frequency-independent compensation enables the distribution of high-frequency 
references directly. Nonetheless, the small compensation range and slow response of the 
fiber stretcher would limit the system’s loop bandwidth and applications in long-distance 
distribution whose delay suffers large and fast variations. An alternative method that 
uses voltage-controlled oscillators (VCOs) for phase-drift correction enables phase sta-
bilization with an infinite compensation range and fast response [16–18]. However, it is 
difficult to detect and compensate the phase error of a high-frequency signal (millime-
ter-wave or terahertz wave) precisely since traditional electronic approaches suffer from 
the limited frequency range of phase detection and the insufficient phase control accu-
racy of compensation.

The performance evaluation of the frequency and time signal transmission system is 
mainly characterized by the stability of the signal [19]. In the frequency domain, phase 
noise is used to characterize the stability of the signal. To reflect the signal phase spec-
trum more directly, the phase noise of one of the sidebands is analyzed, that is, the 
single-sideband phase noise is used to describe the phase noise. In terms of the time 
domain, the Allen deviation is used to evaluate signal stability.

3  Methods
3.1  Innovations

To enhance the clock synchronization performance for the core level of telecom net-
works, we carry out frequency signal stable transmission through a branching optical 
fiber, where the performance of the GNSS-based synchronization scheme is limited. 
After the frequency signal is transmitted through the optical fiber, the phase of the signal 
is jittered due to the transmission delay variation, i.e., δϕ = ω · δτ . If the transmission 
frequency ω is increased, it is equivalent to providing a higher gain for the measurement 
of phase fluctuations. In addition, the increase in gain by increasing the transmission 
frequency can in turn weaken the influence of other noises, such as laser phase noise, 
and indirectly reduce the system’s requirements for other noises, thereby increasing 
the sensitivity of signal phase detection. Note that the fundamental phase noise limita-
tions imposed by shot noise and thermal noise do not depend on the frequency of the 
transfer signal, and therefore the resulting instability and timing jitter limitations can be 
improved by the use of a higher frequency [4].

Phase detection and phase correction are two key technologies to realize stable sig-
nal transmission. However, the traditional methods based on intensity modulation and 
direct detection have low sensitivity, and the frequency supported by the phase detec-
tor is limited to tens of GHz, which cannot meet the phase detection requirements of 
high-frequency signals. On the other hand, high-speed photoelectric conversion can 
also cause amplitude-phase conversion noise to deteriorate the accuracy of detection. 
To solve this problem, we proposed a dual-heterodyning phase error transfer (DHPT) 
scheme to detect the phase error of the millimeter-wave signal induced by the fiber delay 
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variation and applied an acousto-optic frequency shifter (AOFS) to cancel the phase 
noise, respectively [20]. The terminal user only needs to convert the received high-fre-
quency signal into the required frequency range through down-conversion and other 
means. Furthermore, the theoretical analysis reveals the relationship between the system 
instability and the frequency of the transmitted signal, which testifies to the potential 
high stability obtained thanks to the higher frequencies of the transmitted signals [21].

In this article, we present the simultaneous dissemination of the terahertz signals to 
multiple independent remote sites on a branching optical-fiber network. The transmit-
ted terahertz wave signal over the fiber link is obtained by extracting two optical carriers 
from an optical frequency comb. The phase fluctuation due to the optical carrier separa-
tion link and fiber link is compensated by a feedback network, which includes a phase-
locked loop (PLL) and a fast response AOFS. The phase noise within the loop bandwidth 
is effectively suppressed; thus, the high phase-stable terahertz signal is achieved at the 
remote end. The results obtained show that the frequency transmission based on optical 
fiber can achieve high precision clock synchronization, which can be used for accurate 
clock synchronization for the core level of telecom networks. Besides, the factors that 
cause the performance limitations of the photonic terahertz signal distribution system 
are further analyzed.

3.2  The proposed stable terahertz signal distribution system

In this section, we will introduce the proposed terahertz signal stable distribution on 
branching optical-fiber networks in detail. The schematic diagram of the terahertz wave 
distribution on branching optical-fiber networks is shown in Fig. 2. An optical frequency 
comb generator (OFCG) based on a Fabry–Perot electro-optic modulator [22] with 
2.5 GHz free spectral range is driven by a 25 GHz microwave synthesizer, which pro-
duces a low phase noise OFC with a 25-GHz frequency interval and more than a 10-THz 
spectral span. The microwave synthesizer is synchronized to a Rubidium reference. The 
Rubidium clock is synchronized with the standard time scale assigned by UTC.

Microwave
Synthesizer  

OFCG AOFS1

OF

AOFS2

AOFS3

OF

SSMF1 THz wave 1PMC

Faraday 
mirror

AOFS4

DHPTPLL
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Fig. 2 The schematic diagram of the terahertz wave distribution on branching optical-fiber networks. 
OFCG, optical frequency comb generator; PMC, polarization maintained coupler; OF, optical filter; AOFS, 
acousto-optic frequency shifter; PLL, phase-locked loop; DHPT, dual-heterodyne phase error transfer; SSMF, 
standard single-mode fiber
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The OFC is divided into three branches by passing through polarization-maintained 
couplers (PMCs). The two branches are the reference for detecting the phase error 
induced by the optical carrier separation link and transmission fiber link. The last branch 
is frequency shifted by AOFS1, which is used to obtain two phase-locked optical carri-
ers with terahertz frequency spacing. Then, the OFC shifted by AOFS1 is subdivided 
into three paths. Each optical carrier that generates a terahertz signal can be filtered out 
by an optical filter (OF), or replaced by a polarization-maintaining arrayed waveguide 
grating. To avoid homodyne mixing in the phase measurement of the two terahertz sig-
nals, the two optical carriers are shifted to different frequencies by AOFS2 and AOFS3, 
respectively.

The selected optical carriers from the OFC shifted by AOFS1 can be written as,

where ω1 is the selected optical carriers’ angular frequency, ϕ1 is the initial phase. ωIF1 is 
the angular frequency of the AOFS1 drive signal. The AOFS1 is driven by the rubidium 
reference clock. The ω2 is selected optical carriers’ angular frequency, ϕ2 is the initial 
phase. ωIF2 and ϕIF2(t) are the angular frequency of the AOFS2 drive signal and its phase, 
respectively. ωIF3 and ϕIF3(t) are the angular frequency of the AOFS3 drive signal and 
its phase, respectively. Both AOFS2 and AOFS3 are driven by the VCO and are used as 
part of the PLL to compensate for the phase fluctuations induced by the optical path. 
Since signal amplitude has a limited impact on the system, it is omitted for the sake of 
simplicity.

Since the frequency distribution of the proposed terahertz signal in the branch optical 
fiber network is two relatively independent systems, the working principle can be intro-
duced by taking one of them as an example. The photonic terahertz signal is formed by 
coupling the filtered optical carriers through two different separate links and then trans-
mitted to the remote via a fiber optic link. At the remote nodes, the photonic terahertz 
signal passing through the fiber link can be expressed as,

where ϕv(t) = (ω2 + ωIF1 + ωIF2)τb(t)− (ω1 + ωIF1)τa(t)+ (ω2 − ω1 + ωIF2)τlink(t) . 
The τlink(t) is the delay change of the transmitted optical fiber link due to external tem-
perature and pressure. The τa(t) and τb(t) are time-varying transmission delays of the 
optical carriers due to the different separated paths. Therefore, it is necessary to com-
pensate for the phase fluctuations caused by the optical fiber link and the carrier separa-
tion link to achieve stable transmission of the photonic terahertz signals.

In this paper, the round-trip correction mechanism is adopted for phase compensa-
tion. Then, the remote terahertz signal is power split into two branches by PMC. One is 
down-converted after being converted by the photo-detector (PD) and provided to the 
user, the other is frequency-shifted by an AOFS4 to avoid the Rayleigh backscattering 

(1)Ea(t) = exp
{

j[(ω1 + ωIF1)t + ϕ1]
}

(2)Eb(t) = exp
{

j[(ω2 + ωIF1 + ωIF2)t + ϕ2 + ϕIF2(t)]
}

(3)Ec(t) = exp
{

j[(ω2 + ωIF1 + ωIF3)t + ϕ2 + ϕIF3(t)]
}

(4)ETHz(t) = cos {(ω2 − ω1 + ωIF2)(t)+ ϕIF2(t)− ϕv(t)}
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and transmitted back to the local end through the same fiber link. Since the fiber delay 
changes slowly, the forward transmission time and the backward transmission time are 
the same. Then, the returned optical carriers exhibit double the one-way fiber-induced 
phase noise. Based on the proposed DHPT scheme, the phase fluctuation induced by 
the separated path and the optical fiber transmission delay variations is mapped onto an 
intermediate frequency (IF) signal EIF(t),

where ωRb is the angular frequency of the rubidium oscillator, and ϕRb is its initial phase 
which is considered a constant. It should be noted that the phase of the IF EIF(t) signal 
and the phase of the remote terahertz signal ETHz(t) are coherent.

Based on the phase-locked loop theory [23], the EIF(t) signal is discriminated by a 
digital phase and frequency detector compared with the rubidium oscillator. Then, the 
error signal is integrated into a loop filter to control the phase of VCO. When the loop 
is locked, the steady-state error is zero. Then, the locked remote node’s terahertz wave 
signal can be expressed as,

where the number N  is determined by the frequency of the AOFS2 drive signal and the 
frequency of the rubidium clock reference. It can be seen that E′

THz(t) is independent 
of the phase fluctuation induced by the separated path and the optical fiber transmis-
sion delay variations. Thus, a high phase-stable terahertz signal is obtained at the remote 
core-level nodes.

4  Experiment results and analysis
In this section, the performance of the stable terahertz-wave signal distribution system 
will be analyzed and discussed through the experimental data collected by the instru-
ment. The experimental setup and the phase measurement are shown in Fig.  3. The 
lengths of the local and two remote ends of the fiber branch network are 20.5 km and 
21  km spooled standard single mode fiber (SSMF), respectively. Both the local and 
remote ends of the frequency distribution system are placed in the same laboratory to 
facilitate phase noise measurements. The continuous-wave laser (NKT-E15) operating 
at 1550  nm with less than 1  kHz linewidth is fed as a seed into the OFCG. The syn-
chronous microwave synthesizer (E8267D) generates a 25-GHz signal and then launches 

(5)EIF(t) = cos {(2ωIF2 − ωRb)t + 2ϕIF2(t)− 2ϕv(t)− ϕRb}

(6)E′
THz(t) = cos [(ω2 − ω1 + ωIF2)t + NϕRb]
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Fig. 3 Experimental setup for the stable terahertz-wave signal distribution system and the phase 
measurement. OFCG, optical frequency comb generator; PD photo-detector
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to drive the OFCG generating a low phase noise OFC with a 25-GHz frequency inter-
val. The erbium-doped fiber amplifiers are applied after transmission to compensate for 
the power loss caused by the transmission link. Amplified spontaneous emission noise 
of the erbium-doped fiber amplifier (EDFA) is suppressed by an OF. To avoid Rayleigh 
backscattering, the returned signal is first passed through an AOFS and then returned to 
the local end through the same fiber link. To alleviate the polarization varying effect, the 
polarization tracker is used before the heterodyne detection.

In this paper, two frequency signals of the same local oscillator are transmitted to 
different remote ends through a branched optical fiber network to achieve clock syn-
chronization between users. To verify the accuracy of the clock synchronization of 
the proposed frequency distribution system, it can be characterized by measuring the 
phase noise and frequency stability between the two frequency signals transmitted to 
the remote end. Then, the residual phase noise and the frequency stability of the pro-
posed frequency distribution system are obtained by measuring the phase noise of the 
5-MHz heterodyne beat note between the remote two terahertz signals with a phase-
noise test set (Microsemi 5125A). Moreover, to guarantee that the residual phase noise 
measurements are taken under equal conditions, the same loop bandwidth of about 
800 Hz is used. The loop bandwidth of the PLL is mainly determined by the length of the 
transmission link. A large bandwidth may cause loop instability; a small bandwidth may 
hinder the system’s ability to suppress higher frequency link fluctuations. A large loop 
bandwidth may cause the phase-locked loop to fail to work and increase the instability 
of the system, while a small loop bandwidth will reduce the system’s ability to suppress 
high-frequency phase noise.

Figure  4 shows the residual phase noise measurement of the phase-locked distribu-
tion system, the free running system (no round-trip correction mechanism, VCO locked 
to the rubidium oscillator), and a short fiber system (the spooled fiber link replaced 
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with a 1-m fiber optic patch cord). The measurement shows that the residual phase 
noise between the two phase-locked terahertz signal distribution systems reaches −8 
dBc/Hz and −45 dBc/Hz at 0.01 Hz and 1 Hz frequency offset from the carrier, respec-
tively. Comparing the phase-locked system with the free-running system, we can see 
that the residual phase noise reduces phase noise by 15 dB at 1 Hz frequency offset and 
over 35  dB at 0.01  Hz frequency offset. It presents that the phase noise is effectively 
suppressed in the loop bandwidth. The noise suppression capability within the loop 
bandwidth is related to the ambient environment and may be more obvious in realis-
tic scenarios than the slight changes in the laboratory. However, the delay self-hetero-
dyne interferometric noise and the amplified spontaneous emission noise of the EDFA 
dominate the high-frequency part of the residual phase noise. Due to the use of opti-
cal attenuators in the short fiber system to ensure the same test conditions, the delay 
self-heterodyne interferometric noise causes other different noises at higher frequency 
components.

The long-term frequency stability of the distribution system is shown as an Allan 
deviation in Fig. 5. The relative frequency stability of the two terahertz signals distrib-
uted to the remote end by free-running is 1.45 ×  10–14 at 1000 s averaging time. While 
the phase-locked system improves its frequency stability by more than two orders of 
magnitude to 8.35 ×  10–17 at 1000 s averaging time. A plateau around the 3–30 s range 
should be caused by polarization mode dispersion (PMD). Meanwhile, due to the 
noise of the source signals and electronic components, and PMD, the frequency insta-
bility of the phase-locked system slightly exceeds that of the short fiber system. The 
long-term stability of the distribution system is dominated by the temperature sen-
sitivity of the electronic components in the phase compensation feedback network. 
Moreover, based on the photonic-delay technique for phase noise measurement [24], 
the degradation of the delayed self-heterodyne characteristic will reduce the phase 
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coherence between the microwave signal and its delayed signal, thus affecting the 
performance of the distribution system.

In the future, to improve the performance of photonic distribution systems, micro-
wave synthesizers with lower phase noise and lasers with narrower line widths need 
to be employed to generate OFC. It is also crucial to optimize the noise floor of the 
optical fiber transmission system. In particular, reducing thermal noise and shot 
noise of optical and electrical components in the transmission system loop, as well as 
amplitude to phase noise and amplifier noise during signal processing.

5  Conclusion
In this article, to realize the robust and reliable clock synchronization for the core 
level of telecom networks, we report the idea of stable frequency transmission 
through branching optical fiber, which is an auxiliary or alternative method for clock 
synchronization based on the satellite link, whose accuracy may decrease or fail in 
harsh environments. However, the transmission delay varies due to environmental 
perturbation on fiber links, which may degrade the synchronization accuracy of the 
receiver nodes.

Then, we experimentally demonstrate the simultaneous dissemination of the tera-
hertz signals to multiple independent remote sites on a branching optical-fiber net-
work. Particularly, the phase fluctuation of the terahertz signal caused by the optical 
carriers separation link and the fiber link is identically transferred to an IF signal by 
using the DHPT scheme. Accordingly, a phase compensation system based on optical 
frequency tuning is adopted, which uses a high-precision VCO in the PLL to drive 
the AOFS for fast phase correction. Finally, compared with the free running situation, 
it can be seen that the residual phase noise of the phase-locked distribution system 
is reduced by 35 dB at 0.01 Hz frequency offset from the carrier, and the frequency 
stability of 1.45 ×  10–17 at 4000 s averaging time is achieved. The experimental results 
show that the fiber-based frequency transfer scheme can be used as a reliable method 
for clock synchronization for telecom networks.
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