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Abstract—We proposed and experimentally demonstrated a
high-precision frequency transmission based on IQ modulation
on silicon. The silicon photonic chip (SIPC) includes a photonic
1Q modulator and some couplers. According to the calculated
Allan deviation of discriminated phase, the stability of the
500MHz microwave frequency signal after EO-OE based on
SIPC is 3.6x10"'* @1s and 5.4x10"'7 @10000s. After 82km fiber
link transmission, the transmission stability of S500MHz
microwave frequency signal is 7.4x10* @1s and 7.0x10°'°
@10000s separately. With the noise compensation of the fiber
transmission, the stability of S00MHz microwave frequency
signal is improved to 5.6x10"* @1s and 9.9x10-'® @10000s
respectively.

Keywords—high-precision frequency transmission, noise
compensation, IQ modulation on silicon

1. INTRODUCTION

At present, the development of silicon photonic chips
(SIPC) is very rapid, and it has achieved a very wide range of
applications. In terms of devices, SIPC can be used to make
modulators, lasers, passive devices [1-3], and in terms of
application systems, it also plays a very important role in laser
communication, sensing and many other fields [4-6]. Time-
frequency transmission based on optical fiber is a key laser
communication technology in the field of space-time
reference [7], optical clock comparison[8] and optical-
definition of seconds in the future [9-10]. Therefore, SIPC are
introduced into time-frequency transmission based on optical
fiber, hoping to fully exerting its advantages, the system will
develop in the direction of miniaturization, low power
consumption and low cost.
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There are two main types of compensation schemes used
in optical fiber microwave frequency transfer systems: optical

phase compensation [11-13] and electrical phase
compensation [14-16]. In this article, we choose the electrical
phase compensation system. The electrical phase

compensation scheme can be realized by electrical devices,
and has the advantages of fast compensation, large dynamic
range, low implementation cost and easy control [17-18].

In this article, a high-precision frequency transmission
based on IQ modulation on silicon is proposed. After 82km
fiber link transmission, it can reach frequency transmission
stability of S00MHz microwave frequency (MF) signal of
7.4x10* @ls and 7.0x10""° @10000s. Improved by the
electronic phase compensation system of the fiber
transmission, it’s stability of S00MHz MF signal can reach
5.6x10* @ls and 9.9x10""7 @10000s respectively. It has
been confirmed that silicon photonic chips can indeed carry
out high-precision optical fiber frequency transmission, and it
will greatly simplify the system structure.

II. DESIGN AND PRINCIPLE

A. Design and Fabrication of the SIPC

Fig. 1 shows the design and fabrication of the SIPC, which
integrates an 1Q modulator, couplers, variable optical
attenuators, beat coupler and other devices. The IQ modulator
is composed of two symmetrical Mach-Zehnder modulators
(MZMs) nested in an external Mach-Zehnder interferometer
(MZI). Fabricated on standard 8" 220nm silicon-on-insulator
(SOI) wafer, SIPC has high resistivity Si handler and 3um
BOX. The input light is coupled into SIPC through EC1. VOA
is used to compensate for the power loss caused by the
coupling on chip.
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Fig. 1. The schematic (a), package (b) and microscope image (c) of the
SIPC. OC: optical coupler, EC: edge coupler, VOA: variable optical
attenuator, IM/QM: I/Q modulation.

B. Experimental prove of frequency transmission
SIPC
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Fig. 2. Principle and provably experimental diagram of fiber optic
microwave frequency transmission of modulation and demodulation.
OE: optic-electro conversion.

As shown in Fig. 2, an experimental frequency
transmission system of modulation and demodulation is
based on IQ modulation of SIPC. NKT 1550nm laser is
coupled to the light of SIPC. A 500MHz frequency signal
locked on the rubidium clock is used to divide two channels,
one of which is modulated by the IQ modulator on SIPC, and
demodulated by a photodetector as an optic-electro
conversion. The other channel microwave frequency signal is
used as a reference signal for phase discrimination.
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Fig. 3. Principle and provably experimental diagram of fiber optic
microwave frequency transmission with noise compensation of 82km fiber.
FRM: Faraday rotator mirror, PS: phase shifter, PLL: phase-locked loop.

In Fig. 3, there is a reference signal V. at S00MHz at the
local end, which is modulated to the carrier laser using 1Q
modulation and coupled into the fiber link by a fiber coupler
to transmit to the remote end. Since the signal amplitude has
no effect on the transmission stability of the microwave signal,
the amplitude of the signal is ignored in the following equation
analysis. The formula of the reference signal V, is expressed
as follows:

V,=sin(o,t+¢ ) )
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where w, is the frequency of the reference signal, and

@, is the phase of the reference signal. After the phase shifter,
the signal V" is expressed as follows:

V,'=sin(ot+¢ + ) )

where . comes from the phase shifter. The signal
modulated on SIPC is also V., because splitter doesn’t add
additional phase noise on the phase of the signal. After 82km
optical fiber transmission at remote end, the signal Vg after
OE is expressed as follows:

V=sin(w,t+o +¢_+¢,)

3)

where @¢ is caused by 82km optical fiber transmission.
While the signal Vg’ after OE at local end is expressed as
follows:

V. '=sin(o,t+o +¢ +2¢,) @)

At local end one of the split signal V.’ mixes with the
signal V', and the mixed signal V,, is expressed as follows:

&)

Then the frequency of the mixed signal V,,, is divided by
a frequency divider, where the signal V; is expressed as
follows:

Vi=sin((Zo)t+2¢, +2¢ 12¢,)

Vi=sin(o, t+e, +¢ +¢,)

(6)

which conducted in PLL with the reference signal V., and
it turns out that

(pr:_q)c_(pf (7)

which can compensate for the phase noise of 82km optical
fiber transmission.

III. EXPERIMENTAL RESULTS

Based on the above experimental setups, the frequency
stability of 500 MHz signal, as shown in Fig. 4.
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Fig. 4. Allan deviation of transmission stabilities of 500MHz.

According to the calculated Allan deviation of
discriminated phase, the stability of the SO0MHz microwave
frequency signal after EO-OE based on SIPC is 3.6x10* @1s
and 5.4x10""7 @10000s. Compared to 7.4x10"* @ls and
7.0x107"> @10000s of the frequency transmission stability
after 82km fiber link transmission, the stability of S00MHz
microwave frequency signal is improved to 5.6x107* @1s and
9.9x10°'7 @10000s respectively by the noise compensation of
the fiber transmission.



IV. CONCLUSION AND OUTLOOK

A high-precision frequency transmission based on IQ
modulation on silicon is proposed and experimentally
demonstrated in this article. The SIPC includes a photonic 1Q
modulator and some couplers. After 82km fiber link, the
transmission stability of 500MHz microwave frequency
signal is 7.4x10""* @1s and 7.0x10"° @10000s separately.
With the noise compensation of the fiber transmission, the
stability of S00MHz microwave frequency signal is improved
to 5.6x10°* @1s and 9.9x10°'® @10000s respectively. In the
next step, we will continue to improve the SIPC to make the
whole system into a perfect state.

V. EFFERENCE

Wang HZ, Ji P F, He W F,et al. Design of Electronic-PhotonicHybrid
Integrated ~ Transmitter ~Based on  Silicon-Photonic =~ MZ
Modulator[J].Information & Communications,2020(03):1-4.

Sheng W H. Research on Key Technologies for Mode Division
Multiplexed Photonic Integrated Interconnection[D].Shanghai Jiao
Tong University,2022.

Zhang Z 'Y, Zhu H L, Li H Q,et al. High Efficiency and Low Upward
Reflection Silicon Nitride Grating Coupler[J]Journal of Liaocheng
University(Nat. Sci.),2018,31(04):31-36.

Ou X P, Yang Z L, Tang B, et al. Silicon Photonic 2.5D/3D Integration
Technology and Its Applications[J]. Study on Optical Communications,
2023(1):1-16.

Zhang Q. System Simulation and Application Research of Silicon
Photonics Integrated Components[D].Central South University,2023.

(1

(2]

(5]
[6] Wang C. Study of Dense-on-chip Multifunctional Sensing Technology
Based on High Performances Silicon Photonics Metasurfaces[D].
Beijing university of Posts and Telecommunications,2024.

Hu T, Li X F, Yang R Q, et al. Reasearch on the
Establishment,Synchronization and Maintenance Technology of

(7]

71

Satellite Constellation space-time reference Based on “GNSS+Inter-
satellite Link”,2024:4.

Zhang P, Zhang Y Y,Li M S,et al. All polarization-maintaining Er:fiber-
based optical frequency comb for frequency comparison of optical
clocks[J].Chinese Physics B,2022,31(05):425-430.

Wang Y B. Development and evaluation of the strontium optical lattice
clock[D].University of Chinese Academy of Sciences,2020.

Zhang H Q.Development and application of a transportable “°Ca* ion
optical clock[D].University of Chinese Academy of Sciences,2022.

(8]

(9]
[10]
[11] Li D L, Lu L, Zhang B F, et al. New microwave frequency
dissemination method over optical fiber based on the phase fluctuation

compensated at remote sites[J].Acta Optica Sinica, 2014, 34(7):
0706001.

Chang L, Dong Y, Sun D N, et al. Influence and suppression of
coherent Rayleigh noise in fiber-optic-based phase-stabilized
microwave-frequency transmission system[J].Acta Optica Sinica, 2012,
32(5): 0506004.

Lopez O, Amy-Klein A, Lours M, et al. High-resolution microwave
frequency dissemination onan86-km urban optical link [J].Applied
Physics B, 2010, 98(4): 723-727.

Wang B, Gao C, Chen W L, et al. Precise and continuous time and
frequency synchronisation at the 5x10-19 accuracy level[J]. Scientific
Reports, 2012, 2: 556.

Xue W X, Zhao W Y, Quan H L, et al. Microwave frequency transfer
over a 112-km wurban fiber link based on electronic phase
compensation[J]. Chinese Physics B, 2020, 29(6): 064209.

[16] Ning B, Zhang S Y, Hou D, et al. High-precision distribution of highly
stable optical pulse trains with 8.8x10-19 instability[J].Scientific
Reports, 2014, 4: 5109.

DROSTE S,0ZIMEK F,UDEM Th,et al.Optical-frequency transfer
over a single-span 1840 km fiber link[J].Physical Review
Letters,2013,111:110801-110801-5.

Cheng N, Chen W, Liu Q,et al.Frequency transfer and time
synchronization via urban fiber[C].Proceedings of 2015 Optical
Society of American.2015:1-2.

[12]

[13]

[14]

[15]

[17]

(18]



	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
      

        
     3
     2
     3
      

   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
      

        
     3
     0
     1
      

   1
  

 HistoryList_V1
 qi2base



