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𝑑 ෤𝑎1
𝑑𝑡

= 𝑖𝜔1 − Γ1 − 𝛾1 ෤𝑎1 + 𝑖 𝛾1 ሚ𝑆𝑖𝑛 + 𝑖 𝜅 + 𝑖 𝛾1𝛾2𝑒
−𝑖𝜙 ෤𝑎2

𝑑 ෤𝑎2
𝑑𝑡

= 𝑖𝜔2 − Γ2 − 𝛾2 ෤𝑎2 + 𝑖 𝜅 + 𝑖 𝛾1𝛾2𝑒
−𝑖𝜙 ෤𝑎1

Far field 
coupling

Near field 
coupling 

Driving force

Γ1,2 - dissipative loss / intrinsic damping  (Origin from Ohmic loss [1])

𝛾1,2 - radiative loss / extrinsic damping (Origin from structure [1] )

𝜙 = 𝑘𝑙 - phase difference from the separation 𝑙 and wave number 𝑘

Bright atom

Dark atom

Dynamic equations 
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The dynamic equation becomes: 

The solution of the amplitude: 

𝑎1 =
dirving

bright atom +
coupling
dark atom

𝑎2 =
dirving

(bright atom)(dark atom) + coupling



S21 = 1 −
𝛾1

𝑖 𝜔 − 𝜔1 + Γ1 + 𝛾1 +
𝜅 + 𝑖 𝛾1𝛾2𝑒

𝑖𝜙 2

𝑖 𝜔 − 𝜔2 + Γ2 + 𝛾2

𝑟 =
𝑖 𝛾1 𝑎1

𝑆𝑖𝑛

𝑡 = 𝑒−𝑖𝜙 +
𝑖 𝛾1 𝑒

−𝑖𝜙𝑎1
𝑆𝑖𝑛

S11 =
𝛾1

𝑖 𝜔 − 𝜔1 + Γ1 + 𝛾1 +
𝜅 + 𝑖 𝛾1𝛾2𝑒

𝑖𝜙 2

𝑖 𝜔 − 𝜔2 + Γ2 + 𝛾2

The reflection and transmission relation

S11

S21

𝑒−𝑖𝜙 = 𝑖 Coherent / near field coupling

𝑒−𝑖𝜙 = 1 Dissipative / far field coupling

𝑟 =
𝑖 𝛾1 𝑎1 + 𝛾2𝑒

−𝑖𝜙𝑎2
𝑆𝑖𝑛

𝑡 = 𝑒−𝑖𝜙 +
𝑖 𝛾1 𝑒

−𝑖𝜙𝑎1 + 𝛾2𝑎2
𝑆𝑖𝑛

(1 driving term) (2 driving term)



Field distribution measurement setup

Long distance EIT has been achieved

CST simulation

Measurement

C = 0.1pFC = 30pFC: capacitors on Hyperbolic Metamaterials (HMM) 
This changes  the 𝒌 in HMM, therefore 𝒆𝒊𝝓



Dynamic equations 

Additional driving term

g𝜔1

𝜔2



Why the sign of 𝜅 change



S11

S21

Problem of this model
: Reflection

Simulation 
use CST

Experiment

Calculated Agarwal’s Model (1 driving term)

Calculated Chen Hong’s Model (2 driving terms)

S11

S21

𝑒𝑖𝜙 = 1

𝑒𝑖𝜙 = 1

Experiment &
Simulation setupEquivalent to YIPU’s model



Calculated Chen Hong’s Model (2 driving term without coupling)

𝒈 = 𝟎 !

Conclusion

1. Line shape of the level attraction can be explained in two different point of views.

• Dissipative coupling (1 driving term)

• Superposition of  two Lorentzian resonance (2 driving term)

2. Currently, these models have difficulties explaining the reflection of the system.

𝑖𝜙 = 1.545𝜋



𝛾1 ≈ 700 𝑀𝐻𝑧
𝛾2 ≈ 14 𝑀𝐻𝑧
Γ1 ≈ 10.2 𝑀𝐻𝑧
Γ2 ≈ 2.5 𝑀𝐻𝑧
𝜅 𝐽 𝑖𝑛 𝑌𝐼𝑃𝑈′𝑠 𝑚𝑜𝑑𝑒𝑙 = 14 MHz
𝜔1 ≈ 2.5 𝐺𝐻𝑧
𝜔2 ≈ 2.6 − 2.8 𝐺𝐻𝑧

Parameter I used for calculations 


