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1. Introduction
The Reverberation Chamber (RC) Technology provides efficient testing for Total Radiated Power (TRP) based requirements for BS type 1-O and BS type 2-O in TS 38.141-2 [1]. Compared to using the Indoor Anechoic Chamber (IAC) or the Compact Antenna Test Range (CATR) the RC is order of magnitudes faster which is crucial to practically manage to measure, e.g., spurious emissions over large bandwidths. The RC technology is based on providing a spatially uniformly distributed field, by using one or many stirring mechanisms. The needed RC measurements are captured in the following four steps:
1. Characterization, see TR 37.941, Subclause 7.8.1
2. Calibration, see TR 37.941, Subclause 8.8
3. Ambient noise measurement, see TR 37.941, Subclause 8.8
4. TRP measurement, see TR 37.941, Subclause 8.8
A new characterization is needed when changes in the chamber or DUT could lead to reduced spatial degrees of freedom, quantified as number of independent samples. For example, when a new stirring mechanism is introduced or the loading in the chamber is increased by using a larger DUT or using more absorbers to get enough bandwidth for the measurement. A crucial result in the characterization is to reliably determine the number of independent samples in order to control the accuracy in the estimation of the TRP. Methods for accomplishing this are discussed.  
In a companion contribution [2] a CR to TR 37.941 updating the technical background information is provided for approval. 

2. Discussion
Correctly identifying the number of spatially uncorrelated (independent) samples Nind in a reverberation chamber is essential for accurately estimating TRP and the corresponding uncertainty. If Nind is incorrectly overestimated the uncertainty may be underestimated, which could lead to passing a device that should have failed the corresponding TRP test. On the other hand, if Nind is underestimated, the chamber/stirring/DUT combination could be deemed not appropriate, whereas in reality it could be. Thus, a concise yet accurate method for finding Nind is critical.
Observation 1: Estimation of the number of independent samples is part of the characterization procedure for the Reverberation Chamber and needs to be revisited after adjustments that could lead to a reduction of the number of independent samples. 
Observation 2: Inaccurately estimating the number of independent samples implies either passing of faulty devices or prohibition of the use of acceptable test environments.
The current method determines the separation (offset) k between uncorrelated samples from the minimum k-value satisfying r(k)≤rlim. Here, r(k) is the autocorrelation of the stirring sequence. Nind is then found by dividing the total number of acquired samples N by k. This method makes sense for stirring sequences where the correlation becomes successively smaller when comparing samples with increasing offset k between measured samples. An example is a stirring sequence with a rotating mechanical mode-stirring paddle measured at consecutively increasing angles.
[image: ]
Figure 2-1: Autocorrelation for a stirring sequency consisting of a single rotating paddle. After [3].
Observation 3: The current method to calculate spatially independent samples is correct for stirring sequences in which the spatial correlation becomes successively smaller for values greater than rlim for increasing values of separation (offset k) between samples in the data record. 
The current method based on the autocorrelation function, using a circular shift of the measurement samples, makes sense for RCs that use repeating stirring sequences, such as rotational mode stirrers. Section A.3 of IEC 61000-4-21, from which the 3GPP autocorrelation method is derived, states that the method is limited to “equidistant tuner positions … for sufficiently high frequencies and for one tuner” [2][4]. 
Other mode-stirring mechanisms such as antenna switches may work differently and often more efficiently, saving test time and money. Such stirring sequences obtain equal or lower uncertainty within the same amount of test time because multiple stirring mechanisms randomize the fields in the chamber more effectively. Thus, a more general method should be adopted to account for differences in mode-stirring sequences and thereby improvements in reverberation-chamber technology. 
Observation 4: The current method is not applicable for general stirring sequences, limiting the development of innovative, more efficient stirring sequences.
For chambers that employ multiple stirring mechanisms, it may be the case that spatial correlation is not monotonically decreasing with increasing sample separation k. In these chambers, the current definition may overestimate the number of independent samples, and, thus, underestimate the uncertainty.
Below in Sequence A is an example of an efficient mode-stirring sequence for a chamber that has mechanical stirrers and a switch that selects between four receive antennas. In Sequence B, the switch has been disabled to purposely disrupt the stirring sequence to test the proposed thresholded correlation-matrix-based method.
Table 2-1: Example mode-stirring sequence of N states and with a switch to select between four receive antennas.
	Mechanical stirrer position
	Switch position (receive antenna)
Sequence A
	Switch position (receive antenna)
Sequence B

	1
	1
	1

	1
	2
	1

	1
	3
	1

	1
	4
	1

	⁞
	⁞
	⁞

	
	1
	1

	
	2
	1

	
	3
	1

	
	4
	1



Looking at the autocorrelation plot in Figure 2-2, which corresponds to Sequence A in Table 2-1, we can see that the change of receive antenna effectively reduces autocorrelation between immediate neighbouring samples in the sequence. But when the same switch position is resumed at the next mechanical position, we see that the autocorrelation is increased.  This gives rise to a pattern with multiple spikes in autocorrelation with a spacing of four samples. This stirring sequence is not currently described in the 3GPP technical background [2], and naïve application of the autocorrelation approach provides an Nind that is four times too high. To capture correlation between non-physically adjacent samples in the record, all stirring-sequence samples should be compared on a pairwise basis.
[image: ]
Figure 2-2: Autocorrelation plot for a stirring sequence with a four-port antenna switch and mechanical mode stirrers. After [3].
Observation 5: The current method to calculate independent samples can lead to underestimated uncertainty and an incorrect pass verdict. 
Instead of using the single circular-shift autocorrelation function as in the current approach, an approach using a full correlation matrix can be used to assess the correlation between all pairs in the stirring sequence. For this case, the correlation matrix consists of an N×N matrix of complex correlation coefficients representing the pairwise spatial correlation between all N measured samples, even those recorded at non-spatially adjacent locations [3].
With σ the covariance matrix, the Pearson correlation coefficients are then calculated pairwise between the observations as:
,
where  represents the stirring-sequence sample column index and j the stirring-sequence sample column index for i = 1, …, N and j = 1, …, N. In many computational packages, the set of N × N complex correlation coefficients may be readily obtained using built-in functions.
The threshold  defined in the current standard is applied to the magnitude squared of each element in the correlation matrix by setting rij to zero if | rij |2 ≤ rlim. The number of independent samples in the stirring sequence is then calculated as
.
To illustrate the importance of using the correlation matrix method, we consider Sequence B from Table 2-1, where the switch was intentionally disabled in order to create strong correlation between every four samples. Because of the order in which the samples are stored, this correlation appears every 150 samples in one row of the correlation matrix(see Figure 2-3, a representation similar to the autocorrelation curve of Figure 2-2). 
[image: ]
Figure 2-3: One row of the correlation matrix at a center frequency of 650 MHz for Sequence B from Table 2-1. Note that because of the order in which the samples were stored, the correlation peaks appear every 150 samples. From [3].
For the case shown in Figure 2-3 (see [3]), with N = 600, the correct value for Nind is N/4 = 150. Figure 2-4 compares Nind calculated with the current method and the thresholded correlation-matrix method as a function of frequency. Both methods are averaged over a 400 MHz bandwidth. The chamber is designed for operation above 750 MHz. Above 750 MHz, the current method incorrectly estimates Nind = 600, whereas the correct value for this case is 150. If the current method were used, a device that should fail may actually pass the corresponding TRP test. Note that below 750 MHz, the frequency response of the chamber is evident, where a smaller number of independent samples are supported.
[image: ]
Figure 2-4: Independent samples  predicted by the current 3GPP approach (circles) and the thresholded correlation-matrix based method (squares). Every four samples were duplicated, yielding a true value of . This stirring sequence intentionally fails to provide the minimum number of uncorrelated samples . The upper curve is the existing 3GPP autocorrelation matrix approach, which overestimates the value of  and would significantly underestimate the uncertainty. Using the existing 3GPP approach, this stirring sequence would be allowed. The lower curve is the thresholded correlation-matrix-based method, which provides the correct value for , After [3].
Observation 6: The thresholded correlation-matrix-based method accurately estimates the number of independent samples from general stirring sequences, which is key for obtaining a controlled uncertainty.
The thresholded correlation-matrix-based method is backward compatible with the existing 3GPP autocorrelation method, that is, it provides the correct number of independent samples for stirring sequences based on rotational stirrers. This is shown in Figure 2-5, where good agreement is seen between the existing 3GPP method and the thresholded correlation-matrix-based method (“Full Corr”).
[image: ]
Figure 2-5: Number of independent samples  for a reverberation chamber stirring sequence consisting of only rotational stirring mechanisms. Good agreement is seen between the existing 3GPP autocorrelation matrix approach and the thresholded correlation-matrix-based method denoted “Full Corr” in the graph. After [3].
Observation 7: The thresholded correlation-matrix-based method to calculate independent samples also works for the case of monotonically decreasing correlation (i.e., is backward compatible).
Use of the thresholded correlation-matrix-based method allow the development of innovative, efficient stirring sequences that can provide equal or lower uncertainty without increasing test time due to the enhanced randomization of the fields in the chamber.


















3. Conclusion
A generalized method, the “thresholded correlation-matrix-based method”, for characterization of an RC test environment has been presented. This method removes limitations of the current method and provides a more accurate result in terms of the number of independent samples, which is instrumental for controlling measurement uncertainty. The following observations have been made:
Observation 1: Estimation of the number of independent samples is part of the characterization procedure for the Reverberation Chamber and needs to be revisited e.g., when the chamber is adjusted for measurements over larger bandwidths.
Observation 2: Inaccurately estimating the number of independent samples implies either passing of faulty devices or prohibition of the use of acceptable test environments.
Observation 3: The current method to calculate spatially independent samples is correct for stirring sequences in which the spatial correlation becomes successively smaller for increasing values of separation (offset k) between samples in the data record. 
Observation 4: The current method is not applicable for general stirring sequences, limiting the development of innovative, more efficient stirring sequences.
Observation 5: The current method to calculate independent samples can lead to underestimated uncertainty and an incorrect pass verdict. 
Observation 6: The thresholded correlation-matrix-based method accurately estimates the number of independent samples from general stirring sequences, which is key for obtaining a controlled uncertainty.
Observation 7: The thresholded correlation-matrix-based method to calculate independent samples also works for the case of monotonically decreasing correlation (i.e., is backward compatible).

Based on the observations we propose following:
Proposal 1: Add the thresholded correlation-matrix-based method for calculation of number of independent samples in reverberation-chamber measurements to TR 37.941.
Proposal 2: Keep the current method and add text to TR 37.941 to describe its limitations and applicability.
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