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1. Introduction
In the Athens meeting the use of a directive antenna for the uniformity test was proposed. There were questions about the influence of this directivity on the measurement uncertainty of the RC measurement. 
In this discussion paper we investigate the impact that the pattern of a TX antenna has on the number of excited modes and, hence, the randomness of the chamber. Furthermore, we investigate how the uniformity test can be improved by using a directive antenna for identifying less-well stirred directions. 

2. Discussion

2.1 [bookmark: _Hlk4762632]Theoretical well-stirred room vs a realistic room
A “good” (or well-stirred) reverberation chamber is a closed metallic cavity with randomized fields inside which presents, averaged over an entire measurement cycle, a rich isotropic environment to the equipment under test. In the theoretical ideal case, an antenna placed at any location in the room receives a complex gaussian distributed signal, with a Rayleigh distributed signal envelope and uniform distributed angles of arrival [1,2]. 
To achieve this in a practical chamber stirring mechanisms are used to randomize the fields, resulting in the excitation of a very large number of independent cavity modes. The more modes are excited (higher mode density, a better stirred room), the measurement approximates the theoretical perfect situation more closely. This is a direct consequence of the central limit theorem [3]. 
The amount of modes that are excited has a direct impact on the quality (and uncertainty) of the measurement. With more excited modes being better. Or rephrased: The more modes we excite, the better the measurement becomes. 
Practical considerations, such as less complex stirring mechanisms to reduce cost, complexity, and runtime, cause the environment in the room to deviate from the theory. The environment becomes less isotropic: some directions could be less-well stirred, resulting in lower randomness. Figure 2.1-1 shows a simplified representation of the angular distribution of a perfect room (theory) and a room with some badly-stirred directions.
 

[image: ]
[bookmark: _Ref4590988]Figure 2.1-1:. Simplified representation of a well stirred room (left) and a room with badly-stirred directions. In the figure on the left, the number of modes excited by the source (represented by the arrows) is independent of direction in all directions equally. In the right room, the number of excited modes depends on the direction.

2.2   Impact of TX antenna directivity on RC operation

Perfect room
To evaluate the impact of the pattern of the TX antenna (or spur from the EUT) on the reliability of the measurement, we first consider an ideal well-stirred room (very-high mode density and uniform angular distribution of the waves around the TX) for two distinctly different radiation patterns of the TX: isotropic and directional.
Figure 2.2-1(left) shown the isotropic antenna in the room: it excites all modes. Following the central limit theorem, the randomness is very high. We get a very reliable measurement result.
The directional antenna, shown in Figure 2.2-1 (right) will only excite a subset of the modes in the room, roughly coinciding with those that match with the antenna’s radiation pattern. In the well-stirred room, the TX still excites a very large number of modes and, following the central limit theorem, the randomness is still high and we get a reliable measurement result nonetheless. There is no impact of the radiation pattern on the reliability of the measurement [4]. 
[image: ]
[bookmark: _Ref4594616]Figure 2.2-1. In a good room the pattern of the antenna has no influence. A large number of modes is excited, regardless of pattern shape, there is high randomness and good RC operation. The reverberation chamber is an isotropic measurement environment and removes the influence of the pattern.

Realistic room
Now consider a room that is less-well stirred. The angular distribution is no longer uniform: some directions have good stirring (many modes excited in these directions), an a few are not-well stirred at all (very few modes exited) [5]. 
An isotropic antenna excites all modes in the room, regardless of the direction, shown in Figure 2.2-2.  Seeing there are only a few badly-stirred directions the number of excited modes is still high. We get high randomness again and the measurement is still reliable.
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[bookmark: _Ref4595061]Figure 2.2-2: A room with directions that are not well-stirred. Despite the presence of the unfavourable directions, an omnidirectional antenna excites a many mode and the total randomness high.
For a directional antenna the orientation makes a difference. If the antenna is oriented towards a well-stirred part of the room. This is depicted in Figure 2.2-3(left). It still excites a large number of modes, leading to high randomness and a reliable measurement. We note that the practice of optimizing the orientation of a directive antenna is adopted to achieve measurements with very low MU [6,7,8]. This is relevant for coherent emissions beamformed by the EUTs antennas, such as is the case in-band [9] 
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[bookmark: _Ref4657411]Figure 2.2-3: Two different scenarios for a directive antenna in an RC: oriented towards a well-stirred and badly stirred part of the room. The outcome of the left measurement (pointed to well-stirred direction) and the right (not well-stirred) will be different.
But if the antenna is oriented towards a sub-optimally stirred direction, like in Figure 2.2-3 (right), the number of excited modes is reduced. There is reduced lower and the assumptions on which the measurement principle is build no longer hold. In this case there is a higher measurement uncertainty. We can also see that if we were to sequentially rotate the antenna to cover all directions and average out over the rotation cycle, we will get the same result as an omnidirectional antenna. This so-called positional stirring of the TX can be used to improve the number of modes that gets excited by a directional antenna [1,2,7,8,10]. By smearing out the pattern of a directional antenna over all angles it effectively makes it resemble an isotropic antenna. This comes at a cost of increased measurement time.
The directional antenna is representative for spurs, as can be seen by comparing Figure 2.2-3 and Figure 2.2-4. The latter illustrates what the challenges are for measuring spurs: there is no a-priori knowledge of the pattern nor the orientation of the emission [11]. It is not possible to know if it will be in a good or suboptimal direction. Therefore, this uncertainty needs to be considered during the characterization of the room.
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[bookmark: _Ref4595329][bookmark: _Ref4657304]Figure 2.2-4: A spur pattern (from [11]) in an RC. Like for the directional antenna, the outcome of the measurement can be different if the main lobe is pointed to a well- or badly-stirred direction. The additional challenge for spurs is that the pattern (and directions in which most energy is transmitted) is not a-priori known. 

2.3   Uniformity test with a directive antenna
In a well-designed reverberation chamber the randomness is so high (such a large number of modes is excited) that the measurement result is independent of the location and orientation of the TX antenna. In a realistic room the fields are no longer distributed perfectly like the theory and a major contributor to the uncertainty is due to this reduced spatial uniformity [2]. The uniformity test is designed to test specifically this. By repeating the same measurement with a reference TX antenna at different locations and with different orientations and calculating the standard deviation of the outcome, the reliability of measurements in the room can be assessed.
It is clear from the analysis above that it is important that the uniformity test resembles the actual measurement conditions as close as possible. Or at least the worst case, which is shown to be a directional spur oriented towards a badly-stirred direction of the room.
Using a directional reference antenna (with gain comparable to that of the highest expected spur) both well-and badly-stirred directions are assessed under the right conditions. The presence of badly-stirred directions will reduce the chamber uniformity, and this will impact the outcome of the uniformity test: an increased the standard deviation. An omnidirectional antenna will excite good- and badly-stirred directions at the same time and the increased uncertainty remains undetected.
Observation 1
Measurement reliability improves with more exited room modes 
Observation 2
The outcome of the measurement in a well-stirred room is not influenced by the pattern of the TX. The outcome of a room that is not well-stirred will be sensitive to the pattern and orientation of TX.
Observation 3
Spurs have an unknown pattern and can be in any direction. A worst-case scenario is a directional spur into a badly-stirred direction of the RC. This needs to be considered in the uniformity test.
Observation 4
A uniformity test with a directive reference antenna pattern sequentially assesses subspaces of the room and takes the effect of non-well stirred directions correctly into account. 
Observation 5
A directional antenna excites the modes in the room in a similar way as the spur. 
Observation 6
Positional stirring (varying the orientation of the EUT in the room) can be used to further reduce the influence of the pattern on the outcome of the measurement. 


3. Conclusion
Because spurs can have an unknown pattern shape and orientation there is a chance that its lobe is into a non-well stirred direction of the room. This would lead to a measurement error and needs to be captured in the MU correctly.
In this contribution we have shown that in a well-stirred room the radiation pattern has no influence on the RC operation. 
Spatial uniformity, which is a major contributor to the uncertainty in RCs, can be evaluated better by using a directive antenna for the uniformity test. This is because a directive antenna is better at identifying less well-stirred directions of the room. Furthermore, a TX REF antenna with a directive pattern excites the modes in a room in a similar way as a spur.  
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