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In this paper, we demonstrated a star-shaped frequency dissemination system
based on fiber optic. By passively eliminating the phase noise at the remote end, we
simplified the configuration of the local end. So that the scalability of the system had
been improved. In addition, a dual-mixer device was implemented to eliminate the RF
leakage caused by the limited isolation of the mixer, which greatly improves the
long-term stability of the dissemination system. The relative frequency stability
reaches 1.35 x 10 at 1 s and 6.32 x 10!7 at 10* s over a 50 km fiber link. Our
scheme provides a simple method for multi-access frequency transfer, which has great
potential in frequency distribution network.
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1. Introduction

High-precision microwave frequency dissemination technology is extensively
applied in areas such as satellite navigation, fundamental physical quantity
measurement, radio astronomy, and etc[1-6]. Owing to its low loss, strong
anti-interference capabilities, and abundant resources, optical fiber has emerged as an
ideal medium for frequency dissemination[7-9]. However, in practical fiber-optic
links, additional phase noise can be introduced to the transfer system by external
environmental disturbances, such as fluctuations in fiber-optic temperature and
mechanical interference. This, in turn, degrades the frequency stability of the received
signal. Since the round-trip phase noise compensation method was proposed[10],
microwave frequency dissemination has shown an instability level of 107'® for
integration time less than 10*seconds[11]. Nevertheless, as the number of users grows,
the conventional point-to-point transmission method, which relies on end-point noise

compensation, is no longer suitable[ 12-15]. This is because an increase in the number



of users leads to a proportional rise in system complexity at the local end, which, in
turn, requires more power to distribute the reference signal to multiple users.

To achieve scalability in frequency transfer, two multi-access strategies were
proposed. The first strategy involved recovering the RF modulation signal at any
arbitrary point along the fiber link[16-18]. While employing different carrier
wavelengths helped suppress backscattering, the inclusion of optical-to-electrical and
electrical-to-optical conversion components significantly increased the system’s
complexity and cost. Moreover, because all users shared the main link, damage to one
link could compromise the accurate reception of frequency for the others. The second
scheme aimed at enhancing scalability involved the use of branch fiber optical
networks with phase noise compensation at each remote end[19-22]. Tree-shaped and
star-shaped frequency distribution networks greatly simplified the local configuration
and supported the central site to send frequency signals to multiple users in different
locations around. However, the use of different carrier wavelengths to distinguish
between users introduced group velocity dispersion (GVD) due to the varying
propagation speeds of different wavelengths of light in optical fibers. This dispersion
effect led to asymmetric phase delays for different wavelengths of light travelling
over the same length of fiber. The greater the wavelength difference, the more
pronounced the asymmetry in phase delay. To address this issue, Li-jun Wang et. al.
demonstrated a transmission scheme where the transmission signal was directly
looped back to the corresponding link, ensuring that each user employed the same
carrier wavelength[23, 24].

In this paper, we proposed and demonstrated a frequency distribution system
based on user-side passive noise compensation. By deploying the “dual-mixer
technique” at the remote end, phase noise was passively mitigated without the need
for active electronic servo feedback. All remote stations shared the carrier of the same
wavelength to circumvent the effects of GVD. The system achieved relative
frequency stabilities of 1.35 x 10! at 1 s and 6.32 x 10'7 at 10* s over a 50 km
dissemination, marking a two-order-of-magnitude enhancement over systems without

the dual-mixer configuration. Experimental findings showed that our frequency



distribution system is resilient to temperature fluctuations. Our approach offers a
valuable reference for cost-effective multi-access frequency transfer over short

distances.
2. Principle

Figure 1 illustrates the schematic diagram of a system that employs remote noise
compensation. The reference signal ( is transmitted by intensity-modulating a
distributed feedback (DFB) laser operating at a ; and transferred to the remote end.
A portion of ; is then modulated to the carrier wavelength , for round-trip
dissemination ( 3), while the remaining portion is frequency tripled ( ,) before
mixed with 3. Consequently, the phase noise introduced by fiber-optic can be

compensated.
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Fig. 1. Principle of the fiber link noise compensation.
Without considering its amplitude, the ( is expressed as
0o=cos( o + o) (1)
where o and o represent the angular frequency and initial phase of the signal,

respectively. The signal ; detected at the remote end can be written as
1=c0s( o ¥ ot 1) (2)
where 1 is the phase change induced by the optical fiber during the dissemination.
The triple-frequency signal , and the signal 3 can be expressed as
,=c0s(3 o +3 o+3 ) 3)
s=cos( o + o+ 1+ 2+ 3) “4)
where , and 3 are the phase changes induced in the second and third trip. The

effect of asymmetric delay can be ignored when the difference between wavelengths

A1 and A, is small enough, thatis, ;= ,= ,3.Then , is frequency mixed



with 3 to produce an intermediate frequency (IF) signal
4=C0S(2 o +2 o) (5)
The recovered frequency signal does not include the phase fluctuation term. The
compensated transmitted signal 5 obtained after frequency division can be
expressed as
5 =C0s( o + o) (6)
which is identical to the reference frequency indicating that the reference frequency is

recovered at the remote end.

3. Experimental setup

The schematic diagram of the distribution system is shown in Figure 2. The
experiment was carried out indoor where the temperature fluctuated by approximately
3 throughout the day. The 2.5 GHz reference signal was produced from a signal
generator stabilized to a rubidium clock, and then modulated on an optical carrier ( ;)
using a Mach-Zehnder modulator (MZM) for transmission to the remote end. During
the experiment, a 50 km single-mode fiber was employed followed by a 5 km
dispersion compensation fiber to counteract the dispersion accumulated along the
fiber link. At the remote end, the signal carried on 1 was split in halves by an
optical coupler (OC3). Each portion was optically filtered amplified at ; and 5,
respectively, before being photodetected by PD1 and PD2. A second optical carrier
( ) was transmitted from the remote end back along the same fiber link to mitigate
the effects of backscattering. This was achieved by routing the signal through
circulator 1 and OC2, thus completing the round-trip transmission before it reached
OC3. The wavelengths of the two DFB lasers were 1550.92 nm and 1551.72 nm,
corresponding to International Telecommunication Union (ITU) channels C33 and
C32, respectively. It is worth mentioning that we split the modulated light by using
OC1, with each branch’s signal independently transfer over the link. This ensures that
the returned signals from different users do not overlap, thus mitigating the impact of

group velocity dispersion. In our scheme, using 1x3 OC, we can realize three 50 km



fiber links simultaneously. In addition, we can choose the splitting ratio of the OCl1

based on the distance between different user and the local end.
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Fig. 2. Experimental setup for the frequency distribution system. MZM: Mach-Zehnder modulator.
DFB: distributed feedback laser. OC: optical coupler. C: circulator. OBPF: optical bandpass filter.
PD: photodetector. M: mixer. PS: power splitter. x3: frequency tripler. +2: frequency divider.
EDFA: erbium-doped fiber amplifier. SMF: single-mode fiber. DCF: dispersion compensation
fiber. Ref: RF reference.

Due to the mixer’s limited RF isolation, the signal 4 depicted in Fig. 1
contained frequency harmonics of the input signal[25]. For example, the second
harmonic occurred at 5 GHz, making it difficult to distinguish from the original mixed
signal 4 at 5 GHz. To address this leakage issue, we implemented a dual-mixer
configuration with M1 and M2, along with an additional 5.99 GHz RF reference for
mixing, as shown in the orange-shaded area of Fig. 2. The Ref served as a common
source for both mixing channels. Through heterodyning with the input signals, it
generated new frequency components at sum and difference frequencies. This spectral
relocation enabled effective separation of target signals from harmonic interference
through subsequent filtering, effectively suppressed microwave leakage. Additionally,

the phase noise of Ref was canceled out after dual-mixing. The specific process and

principles were as follow. Given expressed as
= cos ( + ) (7)
where and represent the angular frequency and initial phase of the signal,

respectively. Then, the two output signals from M1 and M2 could be written as



6 =C0s[(3 o— ) +(B o+3 1- )] (8)

7 = cos [( — o) +( — o= 1= 2— 3)] )
When ¢ was mixed with 7, the output became
g =C0S(2 o +2 o) (10)
From the equation (10), the phase noise introduced by Ref had been eliminated
during the mixing process. We carefully chose modulation frequencies to ensure that
all input frequencies and their harmonics were distinct from the output frequency. The
two resulting outputs, ¢ (1.51 GHz) and ; (3.49 GHz), were each passed through
a bandpass filter before mixing, thereby generating a 5 GHz signal. In this way, the
wanted output signal from the mixer at the remote end was well separated from the

harmonics of the input signal before we performed the final phase analysis.
4. Results and analysis

To achieve the dissemination stability over the synchronous link, the phase
difference between the 2.5 GHz reference signal ( g¢) and the 2.5 GHz signal ( )
from the reference was measured using a phase detector. The resulting phase
difference was recorded as a voltage signal (), which represents the phase shift
over time, utilizing a 7-1/2 digit digital multimeter (Keithley DMM7510). Its
measurement bandwidth is 30 Hz, so it will not be affected by the high-frequency
signal output by the mixer. By analyzing the phase difference, we obtained the

relative time delay between the two 2.5 GHz signals as follows:

O
A == —= 11
- "z (11)

here, ¢ is the angular frequency of the 2.5 GHz transmitted signal, and , is the

peak-to-peak value of the phase change () within the 21 range. During the
measurement of the relative time delay, we compare the outcomes with and without
employing the dual-mixer technique. Additionally, to ensure the fidelity of the
measurements, background noise tests and free-running tests were carried out. The

phase fluctuations from these tests are depicted in Fig. 3.
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Fig. 3. (a) Relative time delay under free-running (blue) and compensated with dual-mixer (black).
(b) Relative time delay under compensation with (black) and without dual-mixer (red). (¢) Zoom
in data in (b). (d) Temperature changes in the laboratory in duration of four days.

As depicted from Fig. 3(a), the time delay of the signal in free-running mode
exhibited periodic variations, which were attributed to the limited phase measurement
range of the equipment. The time delay fluctuation for free-running fiber link exceeds
1 ns. However, with the compensation device in place, the time delay fluctuation was
confined to within 2 ps. This demonstrates that the delay fluctuations induced by the
optical fiber were effectively mitigated. The periodic fluctuations represented by the
red line in Fig. 3(b) were a result of the harmonic effect discussed in Section 3. Figure
3(c) shows part of the data from Fig. 3(b), revealing a periodic fluctuation cycle of
1723 seconds, which correlated with the rate of temperature change. To confirm this
correlation, we recorded the laboratory’s temperature variations during the test, as
presented in Fig. 3(d). The temperature changed by approximately 2.5 every 12
hours. Given the measured effective temperature coefficient of phase delay (76 /
(- ) )[24], the temporal evolution of phase fluctuations for a 2.5 GHz

uncompensated signal propagating through 50 km fiber could be expressed as

_ 475
43200

The phase cycle period was determined as 2 =+ (47.5 /43200) =1818.95s,

rad/s (12)



showing excellent agreement with experimental measurements. The stability of the
propagation delay fluctuations indicates that the dual-mixer structure effectively

eliminates the impact of microwave leakage.
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Fig. 4. Overlapping Allan deviation of different frequency transfer system.

The overlapping Allan deviation, calculated according to the phase drift, is
shown in Fig. 4. The stability of the free-running system is 1.05 x 10'% at 1 s gate
time and 1.07 x 10-'* at 10* s. The blue curve represents the instability of the
compensation system without the dual-mixer. The peak observed in the blue curve
around 100 s was attributed to periodic phase fluctuations induced by temperature
variations. When the dual-mixer was implemented, as indicated by the red curve, this
peak was effectively suppressed, and the frequency stability was enhanced by two
orders of magnitude at around 100 s. The long-term stability achieved was 6.33 %
10-'7 for an averaging time of 10,000 s.

Table 1

Performance comparison with others works.

Measuring Short-term Long-term
Reference  Frequency  Distance
equipment stability stability
50 km — 447 x 108@1 s 6.3 x 107@10%*s
[20] 1 GHz
50 km — 5.5x108@1 s 3.02 x 10'%@10*s
2 km 7-1/2 digit 42 x10%@1 s 2.5x10@10%s
[21] 2 GHz

5 km multimeter 5.9 x105@1 s 4.8 x 107@10*s




10 km 6.2 x 105@1 s 7.1 x 107@10%s

50 km 3.1 x10%@1 s 2.7 x107@10°s
[26] 1 GHz 5125A
50 km 3.7x10%@1 s 3.0x 107@10° s
8-1/2 digit
[19] 1 GHz 55 km 2x10@1 s 1.6 x 101@10%s
multimeter
[22] 1 GHz 55 km 5125A 1.3x104@1 s 8.1 x 10 8@10*s
7-1/2 digit
Our work 2.5 GHz 50 km 1.35 x 104@1 s 6.32 x 10"@10% s
multimeter

In addition, we compared our work with previously published results related to
multiple-access fiber microwave frequency transfer, as presented in Table 1. All the
studies listed employed the noise compensation module at the remote end. The
implementation of passive compensation in Ref. [20] and [21] enabled the
achievement of long-term stability on the order of 1077, while also significantly
reducing system costs. However, since distinct wavelengths were necessary to
differentiate each remote site, the long-term stability would degrade as the number of
remote sites increased. In our implementation, distinct signals were routed through
separate return branches. This configuration prevented spectral overlap between user
channels, effectively suppressing group velocity dispersion effects. The dual-mixing
scheme exhibited inherent temperature stability, improving the system's long-term
stability from 1 x 1073 to 6.33 x 10-'7 (Allan deviation, 10* s averaging). The reference
signal operated with standard specifications, as its phase noise was suppressed
through differential signal processing. Compared with Ref. [26], which used the
compensation method involving a phase-locking loop (PLL) and oven-controlled
crystal oscillator (OCXO), our dual-mixer approach is expected to further decrease
system complexity and cost. Ref. [19] and [22] integrated a scheme for extracting
signals from intermediate nodes. To mitigate the impact of backscattering, Ref. [22]
employed optical-to-electrical and electrical-to-optical conversions at the local site,
achieving a long-term stability of 8.1 x 10-'® at 10* s. In contrast, our simplified local

structure is more suitable for star-shaped frequency distribution networks. Overall,



our system is straightforward, cost-effective, and possesses high engineering value.

Moving forward, we plan to explore the miniaturization of its design.

5. Conclusion

In summary, we proposed a fiber-based radio frequency propagation scheme
based on passive phase noise cancellation. The remote simple mixing structure not
only facilitates multi-user frequency distribution, but also helps to reduce the cost. By
directly reflecting the transmission signal on the corresponding link, we increase
scalability while maintaining the symmetry of multi-user dissemination. To address
the issue of RF device leakage, we employ a dual-mixer approach to separate different
frequencies. The stability of the RF signal reproduced at the remote end, after being
transmitted over 50 km, is measured at 1.35 x 10'* at 1 s and 6.32 x 10"'7at 10* s. The
results indicate that our scheme features a simple structure and effectively suppresses
environmental noise. It offers significant reference value for the engineering of

frequency transfer networks extending from central cities to surrounding areas.
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