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Abstract ─ In this paper, a compact multi-probe 

reverberation chamber (RC) is proposed for over-the-air 

(OTA) testing. 16 probe antennas are used to reduce the 

measurement time. Typical parameters of the RC, such 
as field uniformity (FU), quality factor (Q factor), and 

independent samples are given. Total radiated power 

(TRP) and pattern correlation measurements have been 

performed to validate the RC system.  

 

Index Terms ─ Compact, multi-probe RC, OTA. 
 

I. INTRODUCTION 
Reverberation chamber (RC) is an electrically large 

shielded cavity, which utilizes the rotation of mechanical 

stirrers to create a statistically uniform, isotropic, and 
randomly polarized fields [1-2]. Initially, an RC was 

widely applied to electromagnetic compatibility (EMC) 

testing [3-4].  

With the development of the fifth-generation (5G) 

wireless system and various discoveries of new 

statistical electromagnetics in recent years, researchers 

have introduced RC into over-the-air (OTA) wireless 

device testing gradually [5]. In contrast with multi-probe 

anechoic chamber (MPAC) [6] and radiated two-stage 

(RTS) [7], RCs are more cost-effective and has larger 

test area in some applications. Thus, well-developed 

standards have been proposed in industry for OTA 
testing, such as IEC 61000-4-21and CTIA [8, 9]. RC  

has been generally used to perform total radiated  

power (TRP), total isotropic sensitivity (TIS), pattern 

correlation, diversity gain, throughput measurements of 

a device under test (DUT), and other fields [10-13]. 

Typical simulation methods of an RC are Monte-Carlo 

method, time domain simulation, and frequency domain 

simulation [14-16].   

In previous work, multi-probe systems are generally 

used to evaluate the performance of RC or anechoic 

chamber (AC) [17-20]. In this paper, a compact multi-
probe RC for OTA testing is designed and fabricated  

to meet the needs of large scale and rapid measurement 

of wireless devices. Compared with conventional RCs 

equipped with limited receiving (Rx) antennas [8], 

multi-probe Rx antennas can measure more samples 

rapidly and enhance the testing efficiency. A vertical 

stirrer is also used to have a hybrid stirring. 

Section II presents the parameters of the proposed 

RC. A brief introduction of measurement setup and 
results are shown in Section III. Finally, Section IV 

concludes this article. 

 

II. DESIGN AND ANALYSIS 
The design of the proposed RC is introduced in Fig. 

1, with internal dimensions of 0.6 m×0.45 m ×0.46 m. 

16 probe antennas are optimized to have a good isolation 

and are placed on the walls of the RC. A radio frequency 
(RF) switch is used to switch received power from 

different probes. In this section, typical figures of  

merit: field uniformity (FU), quality factor (Q factor), 

independent sample number of the multi-probe RC are 

investigated to characterize its performance. 

 

 
 

Fig. 1. The multi-probe RC, the inner dimensions are  

0.6 m×0.45 m×0.46 m.  

 

A. Field uniformity  

The FU is a fundamental parameter of an RC, which 

characterizes the statistical uniformity of an RC. It is 

defined as the relative standard deviation of the 
maximum values obtained at the eight positions in RC 

[2]. When the standard deviation (dB) is lower than the 

field uniformity tolerance requirements given in [8], the 

field in RC can be regarded as statistically uniform. The 
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lowest usable frequency (LUF) is the lowest frequency, 

which occurs three to six times the first chamber 

resonance f1st. The f1st is 410MHz and the theoretical LUF 

is about 1.23 GHz~2.46 GHz. The possible mode is 72, 

which meets the requirements in the RC [8]. 
In this measurement, transmitting (Tx) antenna is 

placed at 5 different positions within the corner and the 

center of the working volume, as shown in Fig. 2. In Fig. 

3, the FUs obtained from the mean received power (Pr) 

and the maximum Pr, are lower than the FU tolerance 

from 0.94 GHz to 14 GHz. Furthermore, the LUF is 

0.94GHz, lower than the theoretical value, which means 

the multi-probe Rx antennas system enhances the stirring 

efficiency.  

 

 
 

Fig. 2. FU measurement setup. 

 

 
 

Fig. 3. The FU in the RC compared with the tolerance 

requirements. 

 

B. Quality factor  

Q factor represents the ability of a cavity to store 

energy, which is defined as the ratio of the dissipated 

power Pt to the stored power U: 

 .
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Here, we use the time domain (TD) method to 

calculate Q factor [2]. The chamber decay constant 𝜏𝑅𝐶  

is obtained from the trace of the received power in TD, 

thus Q factor can be calculated from: 

 ,RCQ =  (2) 

where 𝜔  is the angular frequency. The coherence 

bandwidth ∆𝑓 can be obtained as: 
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f

f
Q
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where f is the frequency of interest. The 𝜏𝑅𝐶, Q factor  

and ∆𝑓 are demonstrated in Figs. 4 (a) and (b), which  

can be changed through different loading conditions. An 

appropriate value in RC is useful to realize a stable link 

for OTA testing. 
 

  
   (a) 

 
    (b) 
 

Fig. 4. Measured 𝜏𝑅𝐶  , Q factor and ∆𝑓 in the RC. 
 

C. Correlation coefficient and independent sample 

number 

To calculate the correlation coefficient among the 

probe antennas, we select two of 16 probes randomly, 

with a total of 120 combinations. The correlation 

coefficients from 1 GHz to 14 GHz are given in Fig. 5. 

When the frequency is larger than LUF, the R among 
typical groups is almost stable below 0.37, indicating 

that the probe antennas are mutually independent. 

Then, the correlated angle and independent sample 

number for the V-stirrer are calculated. The correlation 

coefficient is to assess the performance of the stirrer, 

which is obtained as [8]: 
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where n is the sample number over one rotation period, 

𝑥𝑖  is the received power at each stirrer position, 𝑦𝜃,𝑖 is a 

shifted version of 𝑥𝑖 by angle 𝜃, 𝑢𝑥  and 𝑢𝑦 are averaged 
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received powers. The correlated angle ∆𝜃 is decided by a 

threshold 𝑒−1 ≈ 0.37. The independent sample number 

𝑁𝐼𝑛𝑑 is 360/∆𝜃. The results are shown in Fig. 6. 
 

   
    (a) 

 
    (b) 
 

Fig. 5. The correlation coefficient between different 

probe antennas from 1 GHz to 14 GHz. 
 

 
 

Fig. 6. Correlated angle and independent sample number. 
 

D. K-Factor  

The K-factor is the ratio between the direct power and 

the stirred power in RC [21]. When K=0, the channel is 

an ideal Rayleigh channel. To improve the accuracy of 

measurement, it is optimal to decrease the contribution 

of direct power. In this measurement, the K-factor is 

obtained from (5), 

 

2

21

2

21 21

.
S

K
S S

=
−

 (5) 

S parameters (16 × 180=2880) for different  

frequencies are measured between the Tx antenna and 

the Rx antenna. The measured K-factor is illustrated in 

Fig. 7, K-factors with typical probe 1, 7 and 9 are given, 

K-factor with hybrid stirring is also presented. Note that 

the mean value of the K-factor is lower than -20 dB using 

a hybrid stirring in the frequency range of (1 GHz -13 
GHz), which means an equivalent high total scattering 

cross section is achieved (i.e., high stirring efficiency). 

 

 
 

Fig. 7. Measured K-factors in the RC. 

 

III. MEASUREMENTS AND RESULTS 

A.  Total radiated power 

TRP is one of the performance indicators in OTA 

testing, which usually reflects the transmitted power of 

wireless devices. Here, we utilize multi-probe RC to 

realize fast and accurate measurements in 5G FR1 band. 

As shown in Fig. 8, the test procedure of TRP is as 
follows: 

1. Conduct the transfer function characterization 

procedure with the reference power [8]. 

2. Put the DUT (a WIFI device) into the RC. With 

the power meter and RF switch, measure and record 16 

powers received by different probe antennas in each 

stirring sample. 

3. TRP can be calculated from (6): 
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where N is the total sample number,  𝑃𝑛  is the nth 

measured power, 𝐺ref  is the power transfer function, 

𝐺cable  is the loss of the cable and 𝑒mismatch,meas is the 

antenna mismatch factor.  
 

 
 
Fig. 8. Configuration of the multi-probe RC for TRP 

measurement. 
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We recorded 720 power values (8° one step and 45 

stirrer positions) at 2.4 GHz and 5.18 GHz. When the  

V-stirrer rotates once, the RF switch turns to 16 probe 

antennas in sequence, therefore, 16 samples can be 
measured in one step. Multi-Probe could obtain 16 

samples within 2.1 seconds, while conventional probe in 

RC needs 128 seconds. It only takes 5 minutes to get 720 

samples. Thus, the method can effectively decrease the 

testing time and obtain much more samples rapidly and 

accurately in the same period.  
 

 
    (a) 

 
   (b) 

 
   (c) 
 

Fig. 9. (a) CDFs of the measured and theoretical 

normalized power samples at 2.4 GHz; (b) 5.18 GHz; (c) 

average TRP at 2.4 GHz, 6.03 dBm and 5.18 GHz, 3.00 

dBm.  
 

The bandwidth of signal transmitted from DUT is 

not much larger compared with the coherence bandwidth 

of the proposed RC shown in Fig. 4 (b) [22]. So that, the 

cumulative distribution function (CDF) of the measured 

normalized power p(x) is gamma distribution in (7): 
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where 𝛼 ≈ BW/Δ𝑓, BW is the bandwidth of the signal, 

𝛽 is the mean value of measured power samples. 

As shown in Figs. 9 (a)-(c), the measurement results 

agree well with the theoretical CDF at 2.4 GHz and  
5.18 GHz. We also calculate average TRP of DUT in   

the above frequency. The theoretical lower limit of 𝜎rTRP 

is 4.21% at 2.4 GHz, 4.17% at 5.18 GHz.  
 

B. Pattern correlation 

The pattern correlation can be used to check the 

antenna status for a DUT with multiple antennas. 

Suppose we have a reference device (which we know  

the performance is good), by comparing the pattern 

correlations between the DUT antenna and the reference 
device (with the same port), we can identify the 

similarity between the radiation pattern of the DUT and 

the reference. If the pattern correlations deviate from 

reference values significantly, there should be something 

wrong for the antenna performance.  

According to the conclusions given in [11], the 

angular correlation can be defined over the measured 

received power. Therefore, we can calculate the pattern 

correlation by the received powers of the multi-probe 

antennas. The testing setup of pattern correlation is 

similar to the measurement of TRP. The only distinction 

is that the pattern correlation measurement does not need 
a reference antenna. The procedure is executed using the 

following steps: 

1. Place the reference device into the valid test 

volume of the chamber. Turn on the power meter, the 

measured radiated powers for all probe antennas and  

each mode-turn sample can be obtained, which is 

𝑃11 , 𝑃12, … 𝑃1𝑛(n represents mode-stirring numbers).  

2. Replace the reference device with the DUT in  

the same position. Rotate the mode-stirring paddle as  

the same sequence determined by the standard-part 

procedure. The measured radiated powers 𝑃21 , 𝑃22 , … 𝑃2𝑛  

can be received. 

3. Calculate the value of radiated pattern correlation 

𝑅 by taking an average of all power samples and formula 

(8): 
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where 𝑃𝑛 is the measured power for the 𝑛𝑡ℎ sample and 

N is the total number of mode-stirring samples, 〈𝑃1〉 and 
〈𝑃2〉 are the average of the standard part and DUT total 

mode-stirring samples respectively. As shown in Fig. 10 

(a), the pattern correlation coefficient R is close to 1, 

therefore DUT1 works well as expected. In (b), there 

should be something wrong of antenna 1 in DUT2. 
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   (a) 

 
   (b) 
 

Fig. 10. Pattern correlation between different antennas: 

(a) R=0.9520; (b) R=0.1552. 
 

IV. CONCLUSION 
A compact multi-probe RC is manufactured in this 

paper. Typical figures of merit in the compact multi-

probe RC are presented to assess the performance of RC. 

The FU satisfies the FU tolerance in [8] and the LUF is 

about 0.94 GHz. The correlation coefficient shows that 

16 probe antennas are independent of each other.  

We have shown that when the radiated spectrum is 

wider than the coherence bandwidth, the measured TRP 

has a Gamma distribution in the frequency band of 2.4 

GHz and 5.18 GHz. The average TRP and 𝜎rTRP have 
been measured. The proposed system is very efficiency, 

in the TRP measurement, the measurement duration of 

16 samples is about 2.1 seconds (with 0.13 s/sample). 

The pattern correlations between different antennas of 

the DUTs have also been measured. 
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