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𝑣𝑔 =
𝑑𝜔

𝑑𝑘

Group Velocity of a dispersive wave

𝜔 – angular frequency
𝑘 – wavenumber

𝜙 = −𝑘𝑙

Phase shift according to propagation constant

𝜏𝑔 = −
𝑑𝜙

𝑑𝜔
= 𝑙

𝑑𝑘

𝑑𝜔

𝑙 – physical length

Group delay: 

𝑣𝑔 = −𝑙
𝑑𝜔

𝑑𝜙
=

𝑙

𝜏𝑔

𝑘 = −
𝜙

𝑙
𝑑𝑘 = −

𝑑𝜙

𝑙
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Calculation:
𝜔0 = 2𝐺𝐻𝑧
𝜅 = 700𝑀𝐻𝑧
𝛾 = 1𝑀𝐻𝑧
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New measurement method

VNA

Directly measure the group delay time and unwrapped phase: 

Group delay

Unwrapped phase

S21



The fast and slow light

𝑣𝑔 ≪ 𝑐

The slow light is defined as: 

The speed of light is slowed can be slowed to:

𝑣𝑔 ≈ 10−5𝑐 = 2𝑘𝑚/𝑠

This can be achieved using anomalous dispersion near an absorption line. [2]

𝑣𝑔 > 𝑐 or 𝑣𝑔 < 0
What does it mean a negative delay or negative wave speed? 

Unwrapped phase

Group delay
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The fast light is defined as: (superluminal group velocities)
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→ Evidence of negative damping 

R

AR

R

Positive and negative damping

Resonance with positive damping: 
S21 minimum & negative Group delay 

Anti-Resonance: 
S21 maximum & positive Group delay 

Resonance with negative damping : 
S21 minimum & positive Group delay 

The phase plays an important role to determining the damping rates. 



[1]

𝑣𝑔 = 8𝑚/𝑠
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[1]

𝑣𝑔 = −𝑐/310

The group velocity of a laser pulse in this region exceeds c and 
can even become negative. 

It can be understood by the classical theory of wave propagation 
in an anomalous dispersion region where interference between 
different frequency components produces this rather 
counterintuitive effect.

The true speed at which information is carried by a light pulse 
should be defined as the "frontal'' velocity of a step-function-
shaped signal which has been shown not to exceed c.
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[2]
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Bit Error Rate

𝑣𝑖 = 0.4𝑐𝑣𝑔 = −𝑐/20



Summary

Fast light (𝑣𝑔 > 𝑐 or 𝑣𝑔 < 0)

1. This counterintuitive phenomenon is a consequence of the wave nature of light.

2. The speed of the information 𝑣𝑖 is less than c and does not violate Relativity. 

Slow light (𝑣𝑔 ≪ 𝑐)

1. Has been intensively studied since 1998. 

2. Potential applications on electronic computer such as new generation optical switch. 

In coupled system around ZDCs / BICs

1. The rapid transition between slow light and fast light.

2. The negative damping do exist if we take the phase into consideration.
9


