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光周波数標準技術の進展

• 光周波数標準の周波数不確かさがセシウム
（マイクロ波）の不確かさを超えて 10-18.
の桁に達している。

• 「秒」の再定義が議題に上っており、光周
波数標準機関の比較が必要。

Riehle F., et al, 2018

Riehle F., et al, 2018

Secondary Representation of Second

■Cesium Freq. Std.
●Optical Freq. Std.(related to Cs.)
●Optical Freq. Std.
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Project Overview
目的: SI単位の1秒の再定義に向けた、精密周波数比較

Broad Radio Frequency：3.2-14 GHz (Almost VGOS compatible)
Transportable Station: Node-Hub Style VLBI
High data-rate acquisition： 4 band (1024MHz width/band)
Effective Bandwidth：3.3GHz (10 times wider than conventional）
Absolute delay :Free from ambiguity
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独自で広帯域受信機を開発

～120deg.
～34deg.

要求性能：
Broadband Frequency and 
Narrow beam width

Eleven Feed QRFH     



• Broadband VLBI, 3-14 GHz range
One order large bandwidth
→ one order fine delay precision.

Broadband Feed and RF-Direct Sampling

• RF Direct Sampling
• Digitized without analog Frequency Conversion
• Advantage at Phase stability



Sr-Clock

新しい遅延観測量の利用
Node-Hub Style (併合遅延を利用)

Cancel effect: Large station(Grav. Deformation, Cable delay)
Easy deployment(Small antenna): low-cost, transportable
Potential advantage: mitigation of radio source structure delay 

𝝉𝝉𝟐𝟐𝟐𝟐 = 𝝉𝝉𝟏𝟏𝟏𝟏 − 𝝉𝝉𝟐𝟐𝟐𝟐

INRiM
INAFYb-Clock

Fiber-Link

𝜏𝜏21𝑁𝑁𝑁𝑁𝑁𝑁(𝑡𝑡1) = 𝜏𝜏23(𝑡𝑡1) − 𝜏𝜏13 𝑡𝑡1 + 𝜏𝜏13 𝑡𝑡1 𝜏̇𝜏21(𝑡𝑡1)
SNR ∝ 𝑆𝑆 𝐷𝐷1𝐷𝐷2

𝜂𝜂1
𝑇𝑇sys1

⋅ 𝜂𝜂2
𝑇𝑇sys2

𝐷𝐷𝑛𝑛 : Diameter
S     : Radio Flux
𝜂𝜂𝑛𝑛 : Efficiency 
𝑇𝑇sys: System noise.

𝜏𝜏21NHS − 𝜏𝜏21true = (𝜏𝜏31str+𝜏𝜏23str) − 𝜏𝜏21str.
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Yb/Sr 光格子時計間の周波数リンク
y(Yb/Sr)=2.5(2.8)x10-16Best precision for 9000 km distance



2.4m-2.4mアンテナ間のNHS VLBI 観測は、 IVS-R1,R4 セッションの観測
と同等のBLRを実現した。

基線長再現性 (BLR)

BLR 𝐵𝐵 = 𝑘𝑘1 + 𝑘𝑘2 � 𝐵𝐵2
Teke et al. (2008)

M.Sekido et al.(JoG, in printing)



Uncertainty Budget of our Broadband VLBI (Atmosphere)

Error Source uncertainty
Sensitivity
(∝1/SNR) 6.4 ps

Instrumental 12.7 ps
Atmosphere 7.9 ps
Ionosphere 1.7～17 ps

Radio Source Structure 22-33 ps

VMF3 Dry, Wet and Grad. applied as a priori. 
天頂大気遅延残差の平均が小さい(<数10ps)

→ VMF3の精度の良さ. 
The VMF3 (Vienna Mapping Function)
Based on ECMWF(European Centre for 
Medium-Range Weather Forecasts) 
numerical weather model
• Dry, Wet, and Gradient every 6hours.

𝜎𝜎𝜏𝜏,obs
2 = 𝜎𝜎𝜏𝜏,SNR

2 + 𝜎𝜎𝜏𝜏,inst
2 + 𝜎𝜎𝜏𝜏,atm

2 + 𝜎𝜎𝜏𝜏,ion
2 +𝜎𝜎𝜏𝜏,str
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Correlation between TEC and Group Delay

Fringe Phase= 2𝜋𝜋𝜏𝜏𝑔𝑔 � 𝑓𝑓 + 𝐴𝐴 𝐓𝐓𝐓𝐓𝐓𝐓
𝑓𝑓

Uncertainty Budget of Broadband VLBI (Ionosphere)
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-17.2 ps/TECU

Due to limited SNR of small 
antenna, TEC error was 0.1-1 TECU.

Total Electron Content (TEC) is column 
density of electrons in the line of sight. 
1 TECU =1016 electrons/m2

Error Source uncertainty
Sensitivity
(∝1/SNR) 6.4 ps

Instrumental 12.7 ps
Atmosphere 7.9 ps
Ionosphere 1.7～17 ps

Radio Source 
Structure 22-33 ps



Error Source uncertainty
Sensitivity
(∝1/SNR) 6.4 ps

Instrumental 12.7 ps
Atmosphere 7.9 ps
Ionosphere 1.7～17 ps

Radio Source 
Structure 22-33 ps

Uncertainty Budget of our Broadband 
VLBI (Source Structure)

Frequency dependent source structure and barycenter shift cause 
group delay error. In addition, it also couple with ionospheric TEC.

6.0 GHz 8.5 GHz

10.4 GHz 13.3 GHz

Radio Source:1928+738
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Summary

Achievement: Baseline length repeatability (BLR) was comparable 
with IVS-R1,R4 sessions. 
Freq. link of Yb/Sr optical clock was made about 2.8x10-16

uncertainty on 9000km .

Accepted at J. of Geodesy

Development: Broadband VLBI system(Feed, 
RF Direct-Sampling) and transportable VLBI 
with Node-Hub Style scheme.

Nature physics (Pizzocaro,2020)
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