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Supplementary Figures 
 

 
 

 

 

Supplementary Figure 1 | Detailed dimensions of the experimental platform: (a) the exploded view of the whole 

structure, (b) detailed geometries of the metal cavity and (c) detailed geometries of the B-field probe. 
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Supplementary Figure 2 | Simulated power flows in ideal and equivalent ENZ media: (a) the power flow in an 

ideal 2D ENZ medium with no loss. The waveguide is filled with air while the dopant’s permittivity is 36.0. (b) the 

power flow on the center plane of the proposed 3D waveguide structure.  

 

 

Supplementary Figure 3 | Comparison between the structure with a full metal cover and a metal grid cover: 

(a) Simulated transmission coefficients from Port 1 to Port 2, (b) and (c) the simulated Poynting vectors of these 

cases. 



 4 

 
 

 
 

 

 

 

 

 

Supplementary Figure 4 | Setup of the measuring system: Photos of (a) the entire measuring system in which the 

coupling coefficient from input port to the probe is measured. (b) The inner structure of the waveguide section. (c) 

The detailed structure of the B-field probe and zoomed view of the metal loop at the end of the probe. 

 

 

Supplementary Figure 5 | Simulated and measured transmission coefficients from Port 1 to Port 2 of the total 

structure: (a) simulated and measured magnitude of the transmission coefficient and (b) the simulated and measured 

phase of the transmission coefficient. 
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Supplementary Figure 6 | Comparisons between the exact field distribution and the transmission coefficients 

from input port to the probe: (a) The simulated x-component’s magnitude of the surface magnetic field, simulated 

and measured magnitude of coupling coefficients between Port 1 and Port 3 along line 1 (blue) on which 𝑦 = 7.5𝑚𝑚. 

(b) The simulated y-component’s magnitude of the surface magnetic field, simulated and measured magnitude of 

coupling coefficients along line 2 (green) on which 𝑥 = 12.5𝑚𝑚. All the data are normalized to the maximum, 

respectively. 

 



 6 

 

 

Supplementary Figure 7 | Comparisons between simulated and measured transmission coefficients at different 

points as an example: (a) and (b) simulated and measured magnitude and phase of the transmission coefficients 

from the input port to the probe at point (2,5) and (6,2). In these cases, the x-component of the surface magnetic field 

is measured. (c) and (d) simulated and measured magnitude and phase of the transmission coefficients at point (3,4) 

and (9,4). In these cases, the y-component of the surface magnetic field is measured. 
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Supplementary Figure 8 | The simulated and measured or retrieved field distributions in each step of the 

normal medium with a dopant: (a) and (b) vector distribution of simulated and measured surface magnetic field, 

(c)-(f) phase distribution of simulated and measured surface magnetic field’s x and y components. Notice that the red 

and blue color represent the same phase. (g) and (h) vector distribution of simulated and retrieved electric field on 

the center plane, (i)-(l) phase distribution of simulated and retrieved electric field’s x and y components on the center 

plane, (m) and (n) magnitude of simulated and retrieved magnetic field on the center plane, (o) and (p) phase of 

simulated and retrieved magnetic field on the center plane. All the results are measured at 3.9 GHz. 
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Supplementary Figure 9 | The simulated and measured or retrieved field distributions in each step of the 

undoped ENZ medium: (a) and (b) vector distribution of simulated and measured surface magnetic field, (c)-(f) 

phase distribution of simulated and measured surface magnetic field’s x and y components, (g) and (h) vector 

distribution of simulated and retrieved electric field on the center plane, (i)-(l) phase distribution of simulated and 

retrieved electric field’s x and y components on the center plane, (m) and (n) magnitude of simulated and retrieved 

magnetic field on the center plane, (o) and (p) phase of simulated and retrieved magnetic field on the center plane. 
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Supplementary Figure 10 | The simulated and measured or retrieved field distributions in each step of the 

normal medium without dopant: (a) and (b) vector distribution of simulated and measured surface magnetic field, 

(c)-(f) phase distribution of simulated and measured surface magnetic field’s x and y components. Notice that the red 

and blue color represent the same phase. (g) and (h) vector distribution of simulated and retrieved electric field on 

the center plane, (i)-(l) phase distribution of simulated and retrieved electric field’s x and y components on the center 

plane, (m) and (n) magnitude of simulated and retrieved magnetic field on the center plane, (o) and (p) phase of 

simulated and retrieved magnetic field on the center plane. All the results are measured at 3.9 GHz. 
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Supplementary Note 1. Detailed dimensions of the experimental platform’s configuration. 

 

The detailed geometry parameters of the experimental platform are labelled on the configuration shown in 

Supplementary figure 1. As depicted in Supplementary figure 1a, the whole structure contains an aluminum cavity 

with a 2-mm thick sidewall and a 50-mm height, which is about half the wavelength. The Γ-shaped cross section of 

this cavity is shown in Supplementary figure 1b. On its sidewall, two 10-mm thick slots are etched for the input and 

output waveguides. Each waveguide is composed by coating copper foils on a Teflon brick with dimensions of 

50.080.010.0 mm3. For connections to the coaxial cables, two SMA connectors are soldered to the input and output 

waveguides, denoted as Port 1 and 2. Inside the cavity we place a dielectric block with a size of 11.011.050.0 mm3, 

on which 12 metal wires with widths of 1mm are printed for the suppression of degenerated resonances. This dielectric 

block, made of ceramics with a permittivity of 37.0, serves as a dopant embedded in ENZ media with a relative 

permittivity of 36.0. The geometry of the metal grid cover is also shown in Supplementary figure 1a, from which one 

can observe that the square hole’s size is 44 mm2 and the pitch in both x and y directions is 5 mm. In addition, 

Supplementary figure 1c depicts the detailed configuration of the B-field probe. On its top layer, a metal loop is printed 

with one end connected to a microstrip line and another to the ground by a metalized post. This probe is soldered to a 

semi-rigid coaxial cable, denoted as Port 3. The fabrication and assembling of this platform is explained in the 

Materials and Methods part specifically. 

 

 

Supplementary Note 2. Numerical validation of the metal-grid-covered waveguide as an effective 

ENZ medium. 

 

In this Supplementary Note, we numerically investigate the Poynting vector within both the proposed structure and in 

an actual ENZ medium. We have demonstrated in the main text that the metal grid cover serves as a PEC boundary 

approximately so that the cavity is equivalent to an ENZ medium4. Here a comparison between an ideal 2D ENZ 

medium and the proposed equivalent ENZ medium has been completed and plotted in Supplementary figure 2. Both 

cases share the same cross section and the same dopant. For the ideal ENZ medium used in Supplementary figure 2a 
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as a reference, we assume that there were no losses within this medium. The power flow on the center plane of the 

proposed configuration is exhibited in Supplementary figure 2b from which one can observe that although there may 

be leakage from the grid cover, the power flow resembles the ideal one well because the radiation loss out of the grid 

is relatively small. This ultra-low loss feature ensures both n∙SR=0 and ∙SR=0, making an analogy between the power 

flow and an inviscid and incompressible fluid. Since the vorticities do not exist neither, it is analogous to an ideal 

fluid. To further investigate the property of the metal grid cover, we make another comparison in Supplementary 

figure 3 between a waveguide with full metal cover and the proposed one with grid cover. The transmittance presented 

in Supplementary figure 3a demonstrates that a minor deterioration of 2.5 dB is introduced by the grid cover, 

decreasing the S21 parameter from -0.8 dB to -3.3 dB. We consider this reduction in transmittance inevitable for the 

reason that an open structure is required for the measuring system so the radiation loss is unavoidable. In addition, the 

grid cover serves as a reactive boundary so that there would also be a slight mode mismatch that increases the 

reflection. Nevertheless, the electromagnetic field distribution along with the Poynting vectors are barely affected 

according to Supplementary figures 3b and 3c, supporting that this system is capable of measuring the fields within 

an ENZ medium.  

 

 

Supplementary Note 3. Derivation of Eq. (1) in the main text. 

 

In this Supplementary Note, we derive the general mathematical expressions between the electromagnetic fields on 

the surface and center plane of a rectangular waveguide. To start with, we consider a waveguide with an arbitrary 

cross section in the xy plane and a height h in the z direction, as discussed in Fig. 1 and Supplementary figure 1. Under 

a TE10 incidence, no z-polarized electric fields are excited and the electric fields within the waveguide is consequently 

expressed as 

ˆ ˆ( , , ) ( , , ) ( , , )x yx y z E x y z E x y z E x y                                                         (S1) 

Due to the boundary conditions, the tangential electric fields at z=h/2 and z=-h/2 are zero, which can be written as  

( , , / 2) ( , , / 2) 0x y h x y h  E E .                                                          (S2) 

Since the electric field only has a non-zero value between z=h/2 and z=-h/2, it is reasonable to perform a Fourier 

transformation along the z direction so that the electric field can be expanded as a Fourier series 
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Notice that the waveguide is excited under the incidence of TE10 mode and we have an expression of the incident 

wave within the input waveguide that follows 

inc

0
ˆ( , , ) cos( )

n z
x y z E

h


E y                                                                     (S4) 

The incidence is orthogonal to the higher even modes Ee,n (n>1) and all the odd modes Eo,n. Consequently, only the 

basic mode Ee,1 is excited in the waveguide as LSEz
10 mode and we can rewrite the electric fields in the waveguide as  

ˆ ˆ( , , ) cos( )[ ( , ) ( , ) ]x y

z
x y z E x y E x y

h


 E x y                                                   (S5) 

This equation analytically describes the electric fields at any locations with relations to the center plane. Moreover, 

when applying the Faraday’s law E=iωμH to Eq. (S5), the magnetic field within the waveguide is calculated to be 

0 0
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On the surface z=-h/2, the z component of the magnetic field is zero according to Eq. (S6) and a simpler form of Eq. 

(S6) is written as 

0
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which is equivalent to Eq. (1) within the main text. 

 

 

Supplementary Note 4. The measurement system and additional measured results for validation. 

 

Photographs of the measuring system including the experimental process and the detailed structure of the components 

are all shown in Supplementary figure 4. In Supplementary figure 4a the entire measuring system is pictured while 

the photos of the assembled experimental platform and the B-field probe are both shown in Supplementary figures 4b 

and 4c. To begin with, we first measured the transmittance from the input waveguide to output, denoted as S21. The 

simulated and measured transmittance is depicted in Supplementary figure 5, in which a total reflection at 3.01 GHz 
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and a supercoupling at 3.06 GHz are both observed, corresponding to the doped ENZ medium’s property8. The 

measured peak transmittance is -5.6 dB, which is about 2.3 dB lower than the simulated one mainly due to fabrication 

errors and a higher dielectric loss of the dopant. Furthermore, the metal grid cannot maintain a perfect planar geometry 

when screwed with the cavity, resulting in a varying height of the cavity and a minor frequency shift of the 

transmission peak. 

 

When measuring the magnetic fields on the surface, we connect the input port (Port 1) and the B-field probe (Port 3) 

to the vector network analyzer, as shown in Supplementary figure 4a. In this situation, a 50-Ohm load is connected to 

the output Port 2 to achieve a perfect absorption. We adopted a laser aligning system in addition to the original 

experimental platform as depicted in Supplementary figure 4. The alignment method ensures a constant penetration 

depth and a similar location for each window. We put the experimental platform between a laser emitter and a ruler 

standing on the optical table. Before the measurement process of each column, we make sure that the laser propagates 

exactly over the middle line of each square window. In terms of z axis, the light spot on the ruler reads 52 mm, which 

is the height of the probe when the penetration depth is exactly 2 mm. In this case, we can ensure that the probe locates 

exactly at the middle of the window while the penetration depth is always 2 mm as long as the laser is illuminating on 

the probe. In this case, the measured S31 is strictly proportional to the local magnetic field. Here a validation is provided 

in Supplementary figure 6 by comparing the normalized magnitudes of the simulated magnetic fields, simulated S31 

and the measured data. Supplementary figure 6a shows these three quantities with variation s to x locations along line 

1 on the second row at 3.06 GHz. Both the measured and simulated S31 parameters agree well and maintains a 

proportion with the simulated fields. For the y direction, we plot them in Supplementary figure 6b.  

 

Furthermore, here we show that the simulated and measured spectra of S31 agree very well. As depicted in 

Supplementary figure 7, we investigate the S31 at four different locations. The coordinates (y0, x0) refers to the center 

of the hole in y0-th row, x0-th column. In Supplementary figures 7a and 7b, the x-polarized magnetic fields at the two 

points labelled by triangles are measured by putting the probe in yz plane and shown together with the simulations. 

For the points labelled by dots, the y-polarized magnetic fields are measured using similar method and compared with 

the simulated results in Supplementary figures 7c and 7d. In every cases the experimental results match well with the 

numerical ones. 



 14 

 

 

Supplementary Note 5. The measured electromagnetic fields for undoped ENZ medium or normal 

media with or without dopants. 

 

In the main text, we deal with the full measurement and retrieving process of the doped ENZ case, which is of the 

main focus of this paper. Here, in this Supplementary Note and Supplementary figures 8-10, the intermediate results 

of the electromagnetic fields of the three other cases are presented and discussed. Supplementary figure 8 shows the 

electromagnetic fields measured at 3.9 GHz. According to Supplementary figure 8, a resonance is excited in the corner 

for the electromagnetic fields only exist there, offering an explanation to the blockage by the obstacle. The simulated 

and measured or retrieved fields in this region match each other well. However, in other areas where the magnitude is 

relatively small, the measured and retrieved phase distribution are not so accurate. Nevertheless, the imaged Poynting 

vectors, as shown in Fig. 4 of the main text, proves that a vortex exists in the normal medium and supports that the 

irrotational power flow is a characteristic feature of NZI medium as demonstrated in ref. (31) and the main text. The 

measured and retrieved field distributions at either 3.06 GHz or 3.9 GHz are depicted in Supplementary figures 9 and 

10 as the reference results for undoped media. In Fig. S9, the simulated and measured surface magnetic fields, together 

with the electric fields and magnetic fields on the center plane at 3.06 GHz are shown in the first, second, and third 

columns. Agreements are noted between the simulated and measured results both the vector and phase distributions. 

From the third column, one can observe that the magnetic fields on the center plane remains a constant magnitude and 

phase distribution, corresponding to the ENZ property.  
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