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Supplementary Note 

Note 1: The calculation of the critical angle θc 

As discussed in the main text, the z-component of the group velocity can be expressed by vgz= 1/Re[dkz/dω], and 

the critical angle θc is then the solution of the equation Re[dkz/dω]=0
 
within the interval (0, π/2). Expand Re[dkz/dω] 

by 
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Note 2: Determining the transition zone 

The transition zone defined in the main text refers to the frequency band where the slope of curve of Re[kz] is 

negative. Intuitively, it can be determined by calculating the curve of Re[kz] versus the angular frequency, and then 
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look for the negative slope in the figure.  

Here we give an example to determine the transition zone for the simulated uniaxial plasma medium that 

follows a Drude model with ωp=10 GHz and γe=0.02ωp, and with an incident angle θ=10°. Based on 

2 2
z r x rzk ε (ω/c) -k /µ= ± , the curve of Re[kz] versus frequency is shown in Fig. S1, and thus the transition zone can 

be estimated to be between 9.925 GHz and 10.16 GHz. To obtain the accurate boundary of the transition zone, 

derivative with respect to ω can be performed and the boundary of the transition zone can be determined by the two 

zeros of the derivative. 

 

Supplementary Figure S1 | Determining the transition zone for the uniaxial medium simulated in the main 

text. 

 

Note 3: Bandwidth of the transition zone with respect to loss and incident angle 

To illustrate how the damping frequency γe (denoting the loss of material) impacts the bandwidth of the 

transition zone, we give two examples of Re[kz] for comparison, in which the damping frequencies are different 

(γe=0.02ωp and γe=0.05ωp, respectively) while the incident angle (θ=10°) and plasma frequency (ωp=10 GHz) 

remain the same. As shown in Fig. S2a, we see that the bandwidth of the transition zone changes from 235 MHz to 

450 MHz when γe increases from 0.02ωp to 0.05ωp, showing that an increased loss spreads the bandwidth of the 

transition zone. Similarly, we show two cases for comparison to illustrate the influence of incident angle to the 

bandwidth of the transition zone, where the incident angles are different (θ=10° and θ=15°, respectively) but with 
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the same damping frequency γe=0.02ωp and plasma frequency ωp=10 GHz. As shown in Fig. S2b, the transition zone 

changes from 235 MHz to 353 MHz when θ increases from 10° to 15°, implying that the bandwidth of the transition 

zone increases with an increased incident angle. 

 
Supplementary Figure S2 | Illustration of the bandwidth of the transition zone with respect to loss and 
incident angle. (a) Bandwidth with respect to loss. (b) Bandwidth with respect to incident angle. 

 

Note 4: Coherence measurement of the demodulated envelope signals 

Using the experimental setup shown in Fig. 3b in the main text, we show bellow how the group delay between 

points ‘a’, ‘b’ and ‘c’ can be accurately measured by using one monopole antenna. 

As illustrated in Fig. 3b, the original envelope signal generated by the signal source (Agilent 33210A) is 

simultaneously used as the trigger signal for the oscilloscope (Tektronix MSO 4104B), to synchronize the 

demodulated envelope signal detected by the monopole antenna. With a phase noise of lower than -120 dBc/Hz, the 

trigger signal (and the original envelope signal) is very stable without perceptible jitter. Using this trigger signal as a 

time reference, the detected envelope signals measured at different points will locate at different, fixed positions 

with respect to the trigger signal, and therefore the group delays can be calculated after sampling all the detected 

waveforms and comparing the time delay between each other, as shown in Fig. 4a and 4b in the main text. 

In Fig. S3, we show the detected envelope signals and the trigger signal displayed on the screen of Tektronix 

MSO 4104B measured at point ‘a’ (Fig. S3a) and point ‘b’ (Fig. S3b) when the carrier frequency is 9.5 GHz and the 

incident angle is 15°. The blue curves are the trigger signals, and the yellow ones are the demodulated envelope 

signals. In Fig. S3a, two cursors (vertical yellow lines) are adjusted to the two knots of the envelope signal detected 
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at point ‘a’, and in Fig. S3b, we see that the two knots of the envelop signal detected at point ‘b’ appear before the 

cursors, meaning that the envelope signal appears at point ‘b’ before point ‘a’, implying a negative group velocity. 

 

Supplementary Figure S3 | The demodulated envelope signals detected at different points displayed on 
the screen of the oscilloscope with respect to the fixed trigger signals when the frequency is in the 
transition zone. (a) Detected at point ‘a’. (b) Detected at point ‘b’. 

For a comparison, we show in Fig. S4 the envelope and the trigger signals measured at point ‘a’ (Fig. S4a) and 

point ‘b’ (Fig. S4b) when the carrier frequency is 10 GHz, which is outside the transition zone. We see that in this 

case the two knots detected at point ‘b’ appear after the cursors, meaning that the envelope signal appears at point ‘b’ 

after point ‘a’, implying a positive group velocity.  

 

Supplementary Figure S4 | The demodulated envelope signals detected at different points displayed on 
the screen of the oscilloscope with respect to the fixed trigger signals when the frequency is outside the 
transition zone. (a) Detected at point ‘a’. (b) Detected at point ‘b’. 

 

 


