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Abstract—The remote regeneration of coherent optical
frequency technique finds increasing applications in the fields
of large-scale optical clock networks, precision spectroscopy,
very-long baseline interferometry, and high-sensitivity tests of
fundamental physics. Meanwhile, with the improvements of
coherent optical frequency generation, the requirement of
stable transfer is more and more demanding. Here, we
demonstrate a regeneration system of coherent optical
frequency based on bidirectional phase locking, in which the
locking loop at the local site is for eliminating optical phase
noise over the link, and the locking loop at the remote site is for
locking to the incoming coherent optical frequency.
Preliminary experiment over a 1.5 km fiber link indicates that
the additional frequency stability can reach 5.9X10'7 and 7.0
X 10" at an averaging time of 1 s and 10° s, respectively. This
method can be further extended to remote optical frequency
comparisons for multiple users.
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1. INTRODUCTION

With the rapid development and performance
improvement of ultra-stable laser and optical clocks, accurate
and stable optical frequency transfer links are constantly
upgrading to accommodate the increasing demand in
fundamental physics applications [1-3]. At present, optical
frequency transfer through fiber is the only effective method
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long-haul fiber links, hence additional link noise is inevitably
introduced [7, 8]. Meanwhile, the placement and gain of the
amplifier need to be optimized according to the link
attenuation and bidirectional incident laser power. Here,
accurate and stable coherent regeneration of optical
frequency is achieved based on bidirectional laser heterodyne
detection loop. Only the incoming laser power needs to be
considered, since no optical amplifier is used at the remote
site. Over 1.5 km urban fiber link, the fractional instability
can reach the level of 1077/s.

II. METHODS

Figure 1 shows the bidirectional optical frequency
locking loop principle scheme. A laser heterodyne phase-
locked loop is formed by the incoming light and the local
light at the local site and the remote site, respectively. The
additional noise over the link is eliminated by means of
acousto-optic modulation frequency stabilization. At the
remote site, the output frequency of the narrow linewidth
coherent laser is controlled by adjusting the pump current to
follow the incident laser signal.

During the locking state, the coherent optical frequency
can be precisely regenerated at the remote site, serving either
as the local reference or being transferred to the subsequent
site. The laser heterodyne frequency denoted as fi. and fr, of
the two sites are both determined by the laser frequency
difference and the acousto-optic shift frequency:

to achieve remote optical frequency comparison and 11 = faomn T oo T AV (1)
measurement [4-6]. Optical amplifications are usually o= Foown + Frows —AV
. . . . . . R = JAOMI AOM2
required to ensure the interferometric signal-to-noise ratio of
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Fig. 1.
AMP: amplifier, FG: function generator, LF: loop filter, CL: coherent laser.
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Principle of regeneration of coherent optical frequency over fiber link. USL: ultra-stable laser, PD: photodetector, AOM: Acousto-optic modulator,



III. RESULTS

We evaluate the regeneration performance of coherent
optical frequency by measuring the out-of-loop beat
frequency between the ultra-stable laser and the coherent
laser. A Il-type frequency counter is used to record the
frequency data. And the fractional optical frequency
instability comparison is shown in Fig.2. With the phase
noise compensation, the fractional frequency instability is
improved to 5.9X 10717 and 7.02X 10"'° at an averaging time
of 1 s and 10 s, respectively.
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Fig. 2. Fractional optical frequency instability comparison.

An FFT spectrum analyzer is used to measure the beat
linewidth, as illustrated in Fig. 4. With adequate suppression
of the fiber link, the fractional linewidth of the Lorentz fit
significantly decreases to 26.7 mHz.
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Fig. 3. RF spectrum of the optical beat frequency.
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IV. CONCLUSIONS

In this paper, we achieve regeneration and subsequent
amplification of coherent optical by employing a
bidirectional locking method without optical amplifier. The
laser frequency difference and link noise are precisely
compensated. The results indicate that the fractional coherent
optical frequency transfer instability reaches 5.9 X107 and
7.0X 10" at an averaging time of 1 s and 10° s, respectively.
The measured fractional linewidth is 26.7 mHz. This
approach provides a powerful ultra-stable optical frequency
regeneration solution for future large-scale optical clock
network and optical frequency reference applications.

REFERENCES

C. W. Chou, D. B. Hume, J. C. J. Koelemeij, D. J. Wineland, and T.
Rosenband, “Frequency comparison of two high-accuracy Al+ optical
clocks,” Phys. Rev. Lett., 2010, vol. 104, p. 070802.

D. G. Matei et al., “1.5um lasers with sub-10 mHz linewidth,” Phys.
Rev. Lett., 2017, vol. 118, p. 263202.

S. M. Brewer et al., “’Al+ quantum-logic clock with a systematic
uncertainty below 1078, Phys. Rev. Lett., 2019, vol. 123, p. 033201.

L. S. Ma, P. Jungner, J. Ye, and J. L. Hall, “Delivering the same
optical frequency at two places: accurate cancellation of phase noise
introduced by an optical fiber or other time-varying path,”. Opt. Lett.,
1994, vol. 19, pp. 1777-1779.

N. R. Newbury, P.A. Williams, and W.C. Swann, “Coherent transfer
of an optical carrier over 251 km,” Opt. Lett., 2007, vol. 32, pp. 3056-
3058.

P.A. Williams, W. C. Swann, and N.R. Newbury, “High-stability
transfer of an optical frequency over long fiber-optic links,” J. Opt.
Soc. Am. B, 2008, vol. 25, pp. 1284-1293.

S. Droste et al., “Optical-frequency transfer over a single-span 1840
km fiber link,” Phys. Rev. Lett., 2013. vol. 111, p. 110801.

C. Clivati et al., “Coherent Optical-Fiber Link Across Italy and
France,” Phys. Rev. Appl., 2022, vol. 18, p. 054009.

(1]

(3]

(6]

(7]



	MAIN MENU
	Search
	Print
	View Full Page
	View Page Width
	Author Index
	Table of Contents


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 12.60 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20170126085122
       792.0000
       US Letter
       Blank
       612.0000
          

     Tall
     1
     0
     No
     675
     322
     Fixed
     Up
     12.6000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     2
     1
     2
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move up by 5.40 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     322
     Fixed
     Up
     5.4000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

      
       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     2
     0
     1
      

   1
  

 HistoryList_V1
 qi2base





