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Abstract: To verify the concept of the metasurfaced reverberation chamber (MRC) which was proposed. This 

paper reports on measurements in the reverberation chamber (RC) performance by using a 1-bit random coding 

metasurfaced stirrer. The measurement results are validated and compared with that from two mechanical 

stirrers (horizontal stirrer and vertical stirrer). Figures of merit such as quality factor (Q factor), number of 

samples, standard deviation, angle autocorrelation, average K-factor, total scattering cross section (TSCS) and 

the enhanced back scattering coefficient (eb) are presented. Results indicate the feasibility of the MRC technique 

in the operation frequency of the RC. And it is possible to enlarge the test volume of the RC by using the 1-bit 

random coding metasurface stirrer. 
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1. Introduction 

concept of the metasurfaced reverberation chamber (MRC) was proposed by Sun et al. in 2018 

[1]. The performance improvement by incorporating a coding diffusion metasurface to the RC was 

demonstrated through simulations in that work. Such simulations indicate that a compact rotating 

diffusion metasurface can act as a stirrer with good stirring efficiency. It was demonstrated in 

reference [1] that by using such rotating diffusion metasurface, the test volume of the RC can be 

greatly extended.  

Later on, some research studies have investigated the effects of the metasurfaces on the number 

of modes, field uniformity and lowest usable frequency (LUF) of MRCs [2–4]. The stirring efficiencies 

of different types of the coding metasurface stirrers has been studied in [5]. Generally, a RC is a cavity 

with a high Q factor with changing boundary configurations in order to stir the electromagnetic field 

[6–11]. However, in previous analysis and simulation works, to simplify the simulation process, it 

was assumed that the coding metasurface stirrer was made of media with a low dielectric constant 

and lossless.  

In this paper, in order to experimentally verify the concept of the MRC, a 1-bit random coding 

metasurfaced stirrer was first designed and fabricated, and then it was used in the RC, by replacing 

the conventional metallic stirrer. To highlight the potential of the proposed MRC and validate it from 

the point of view of performance improvement, the results are compared with those of RC equipped 

with mechanical stirrers. 

The parameters of the metasurface stirrer are given in Section II. The system configurations are 

shown in Section III. Measurement results are detailed in Section IV, where the figures of merit such 

as Q factor, number of samples, standard deviation, angle autocorrelation, average K-factor, total 

scattering cross section (TSCS), as well as the enhanced back scattering coefficient (eb), are calculated 

and compared with conventional mechanical stirrers. Section V summarizes the main conclusions of 

the work. 
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2. Coding Metasurface Stirrer Designed 

The designed unit cell of the 1-bit random coding metasurfaced stirrer is illustrated in Figure 1. 

In the figure, the pink parts correspond to the intermediate dielectric layer, i.e., a lossy F4B-2 substrate 

with εr = 2.65, tan δ = 0.001. The yellow parts constitute the top layer metallization, and the bottom 

layer is a metallic film. The invariable size parameters are selected as follows: b = 7.5 mm, c = 5.1 mm, 

g = 7.5 mm, l = 10.5 mm, the width of the strips is w = 2.4 mm, the periodicity of the unit cell is a = 30 

mm, and the thickness of the substrate is d = 10 mm. For the 1-bit case, the two states of the unit cell, 

“0” and “1”, are distinguished by the presence or absence of a gap. The gap, h = 0.8 mm, corresponds 

to the “0” element, whereas h = 0 mm (no gap), gives the “1” element. Figure 2 shows the 1-bit random 

coding sequence obtained by the optimization algorithm of the metasurface and the phase 

distribution of the unit cells [12]. Then, the 1-bit random coding metasurface stirrer was fabricated as 

shown in Figure 3. The radius of the circular metasurface is Rm = 255 mm. 

 

Figure 1. Geometrical structure of the unit cell. (a) Top view of ʺ0ʺ element; (b) Perspective view of 

ʺ1ʺ element. 

 

Figure 2. Schematic diagram of 1-bit random coding metasurface. (a) The coding sequence obtained 

by the optimization algorithm; (b) The simulation model. 

 

Figure 3. Photograph of the fabricated 1-bit random coding metasurface sample. 
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3. Measurement Setup 

The system setup is shown in Figure 4. The LUF of the RC is about 1 GHz [13]. In this system, 

the transmitting and receiving antennas are wideband dipole antennas which are the same as those 

used in [8]; they are connected to a vector network analyzer (VNA, AV3620) through the bulkheads 

on the wall of the RC. A computer controls the movement of the metasurface stirrer and the trigger 

of the VNA. According to the sampling requirements of Ref. [9], one revolution of the metasurface 

stirrer suffices in the whole process of the experiment. For each rotation position, the computer 

records the measured S-parameters. The horizontal stirrer is fixed on the wall, and thereby it is kept 

unmoved when the metasurface stirrer rotates. 

 

Figure 4. Measurement setup. (a) Schematic diagram of the entire system; (b)Photograph of the MRC. 

Dimensions of the chamber are 1.2 m × 1.2 m × 0.8 m; (c) The control device in the system; (c) 

Transmitting and receiving antennas used in the system. 

In the measurement, considering that the 1-bit random coding metasurface stirrer rotates with 

steps of R(θ) = 6°, the number of samples at each position of the receiving antenna is N = 60 (this 

guarantees the accuracy of the results [14–19]). Nevertheless, the rotation step can be reduced, thereby 

increasing the number of samples (as it will be shown later). Figure 5 shows the sample positions of 

the receiving antenna (red points). The region composed by the red dash represents the test volume 

of the MRC, and the region in black dash represents the test volume of the RC with the vertical stirrer. 

It is apparent that the test volume of the MRC can be significantly increased by using the metasurface 

stirrer. In particular, it has been extended to 61.47%, as compared to the volume of the conventional 

RC with both mechanical stirrers. 

4. Measurement Results 

The quality factor (Q factor) is defined as the ratio between the stored energy and the dissipated 

energy in one cycle [14–19]. The Q factor results of the traditional RC (with one metallic stirrer) and 

the RC with metasurface stirrer are presented in Figure 6. It can be clearly seen that the Q factor 

increases in the frequency range from 500 MHz to 2 GHz when the RC is loaded with the metasurface 

stirrer. This is explained by the resonance characteristics of the metasurface under the designed 

frequency range. When the frequency increases, the dielectric loss has a greater influence on the Q 

factor and it drops to 60% compared with the traditional RC. 
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Figure 6. The measured results of Q factor in the RC. (a) Traditional RC; (b) MRC. 

To verify the field uniformity of the maximum test volume, three cases, with different number 

of samples, N, of the metasurface stirrer were considered: N1 = 60, N2 = 90 and N3 = 360. The maximum 

test volume is determined by considering three planes of different height, H1 = 360 mm, H2 = 620 mm 

and H3 = 980 mm. Figures 7 to 9 show the results of standard deviation calculated for the different 

number of considered samples (indicated in the caption). From these results, the LUF has been 

decreased to around 700 MHz, which satisfies the standard request. It means that the MRC can reduce 

the LUF effectively while expanding the test volume. 

 

Figure 7. The standard deviation of the MRC when the sample of number is N1 = 60. 
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Figure 8. The standard deviation of the MRC when the sample of number is N2 = 90. 

 

Figure 9. The standard deviation of the MRC when the sample of number is N3 = 360. 

In general, the angle autocorrelation of the stirrer in the RC is a parameter that can be obtained 

by quick measurement. It provides an easy way to evaluate the performance of the RC [20–23]. To 

ensure the same environment in this experiment, all the stirrers must be loaded into the RC, but only 

one of them needs to be operated at one time (see Figure 10). Figure 11 shows the relationship 

between the S-parameter of the receiving antenna and the rotation angle of the metasurface stirrer at 

different frequencies. The normalized angle autocorrelations R(θ) are shown in Figure 12. As it can 

be seen, the angular correlation of the metasurface stirrer gives smaller correlations and better than 

the horizontal stirrer. However, the vertical stirrer is better, which is caused by its abnormally 

irregular blades and the larger stirring surface. 
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Figure 10. The sketch map of the angle autocorrelation experiment setup (a); Photograph of the system 

(b). 

 

Figure 11. Measured S-parameters of the metasurface stirrer at different frequencies. 

 

Figure 12. Comparison of normalized angle autocorrelation of three stirrers for different frequencies: 

(a) 707 MHz, (b) 1 GHz, (c) 3 GHz. 

Measurement can also be used to obtain the K factor and the total scattering cross section (TSCS). 

The K factor (or Rician K factor) is defined as a ratio between the direct power and the stirred power 

in the RC. K factor has also been used to characterize the performance of the RC [24,25]. Figure 13 

gives the K factors averaged over the frequency (〈K〉f) of three stirrers. The average autocorrelation 

and the K-factor are equivalent [26]. Thus, the K factor of metasurface is better than the horizontal 

stirrer, but worse than the vertical one. 

Besides the autocorrelation and K-factors, TSCS is a better quantity to quantify the stirring 

efficiency [27–31], because the loss in the RC can affect the K-factors [33] but not TSCS. The chamber 

decay time τRC and the TSCS obtained and are illustrated in Figure 14. The situation is like before, 

the metasurface stirrer is at the middle level. 
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Figure 13. Comparison of K factor of three stirrers. 

 

Figure 14. Comparison of measured (a) chamber decay time and (b) TSCS of three stirrers. 

 

Figure 15. Comparison of K factor of three stirrers. 

5. Conclusions 

A planar rotatable 1-bit random coding metasurface has been used to realize an MRC, which 

was designed and fabricated. The metasurface stirring efficiency has been characterized by using the 

Q factor, the number of samples, the standard deviation, the angle autocorrelation, the average K-

factor, the TSCS and the enhanced back scattering coefficient. Measurement results have shown that 

the metasurface stirrer can reduce the LUF while extending the maximum test volume. However, the 

Q factor will be decreased at high frequency caused by the medium loss of the metasurface. In the 

meanwhile, the stirring volume for the metasurface stirrer is π × (255 mm × 255 mm × 10 mm) while 

the metallic stirrers have stirring volumes of about 450 mm × 450 mm × 1000 mm for the vertical 

stirrer and 250 mm × 250 mm × 500 mm for the horizontal stirrer, respectively. Thus, advantageously, 

the metasurface stirrer has much smaller stirring volume. By comparing the three stirrers, the angle 

autocorrelation, the average K-factor and the TSCS results show that the stirring efficiency of the 

metasurface stirrer is better than the horizontal stirrer, and worse than the vertical stirrer. This may 

be solved by increasing the size of the metasurface when designing it. However, during the enhanced 

backscatter experiment, the enhanced back scattering coefficient proved the MRC has a well stirred 

environment. 

6. Patents 

There is a Chinese patent resulting from the work reported in this manuscript. 
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