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Introduction
Testing of immersive communication systems is a more challenging task than testing conventional communication systems. While all the important aspects of conventional systems are still of interest, there are additional degrees of freedom that an immersive system offers which need to be considered in the test design. We previously presented both the approach to rely on reference scenarios in [1] and acoustic measurements of a conferencing situation to provide an example of such a reference scenario in [2].
This contribution presents a brief analysis of the behaviour of two simplified communication systems in the aforementioned conferencing situation. The communication systems are described and measurement results for the two systems are presented – mostly focusing on the resulting frequency responses. The main point in this investigation is not the performance of the systems as such but the question if an analysis of the frequency responses is capable of assessing the system performance with respect to the spatial properties.
Conferencing Setup
The conferencing setup consists of multiple talking and listening head and torso simulators (HATS) in a static arrangement. Figure 1 illustrates the situation: a circular distribution with three talking HATS and three listening HATS located around a table. The table has a diameter of 100 cm and the HATS are positioned in the group audio terminal position from ITU-T P.341 [3] (i.e., at a distance of 80 cm from the center of the table). The three positions on the talking side of the table are denoted A1, A2 and A3 in the following. The three positions on the listening side are B1, B2 and B3.
The angles between neighboring positions on the talking as well as on the listening side are 45°. There are obvious symmetries in the setup. If only the conferencing setup itself is considered, e.g., the transmissions from A1 to B3, from A2 to B2 and from A3 to B1 would be completely identical. The entire setup is placed in a rectangular measurement chamber with little reverberation, though. Accordingly, the measurement results are closely matched but not identical as the room is not rotationally symmetric.
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[bookmark: _Ref29887570]Figure 1: Example communication scenario

The devices are positioned where they are supposed to be positioned relative to the talkers and listeners, e.g., for group audio terminals, this would be in the middle of the table. The two simplified communication systems in this evaluation are a mono transmission and an A-B-stereo transmission. The setups for the talking and the listening side are shown in Figure 2 and Figure 3, respectively.
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[bookmark: _Ref62660432]Figure 2: Talking HATS and the two microphone arrangements for the simplified communication systems – left: mono, right: stereo
The omnidirectional microphone for the mono transmission is positioned in the middle of the table. The two omnidirectional microphones for the stereo transmission are placed 30 cm to the left and to the right of the middle of the table, respectively.
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[bookmark: _Ref62660434][bookmark: _Ref62673121]Figure 3: Listening HATS and the two microphone arrangements for the simplified communication systems – left: mono, right: stereo
For both systems, the loudspeaker(s) for the receiving side are positioned at the same position where the microphone(s) for the sending side are located. The loudspeakers are facing the listening HATS as depicted in Figure 3. The playback levels of the loudspeakers were manually adjusted to achieve about the same overall level for the transmission from A2 to B2 as it was in the original acoustic scene. The loudspeakers were not equalized to any specific frequency response target as the interaural differences are the most important aspect that is analyzed here and these differences are not influenced by any equalization that is identical for both loudspeakers.
Example Measurement Results
As outlined before in [1], the critical aspect that separates an immersive communication system from a regular communication system should be the capability to convey a realistic spatial perception. It is known from studies on human perception that interaural differences are among the strongest features that are used to localize sound sources. These features can be derived from an analysis of the frequency responses from a sound source to the ears of the listener. Accordingly, it is very important that an immersive communication system can replicate the inter-aural features to a high degree, which implies that the frequency responses should be replicated as well.
Three different transfer paths are considered exemplarily here:
· From A1 to B1 (talker to the left of the listener)
· From A2 to B2 (talker opposite to the listener)
· From A2 to B3 (talker slightly to the right of the listener)
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Figure 4: The three considered transfer paths
The binaural frequency responses for the three paths are depicted in Figure 5, Figure 6 and Figure 7. The figures always present the frequency response for the original, acoustic recording on the top, the mono system is in the middle subfigure and the stereo system on the bottom.
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[bookmark: _Ref62589437]Figure 5: A1 to B1 (relative position: listener to the right of the talker) – top: original, middle: Mono, bottom: Stereo
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[bookmark: _Ref62589439] Figure 6: A2 to B2 (relative position: listener opposite to the talker) – top: original, middle: Mono, bottom: Stereo
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[bookmark: _Ref62589445]Figure 7: A2 to B3 (relative position: listener slightly to the left of the talker) – top: original, middle: Mono, bottom: Stereo
It can be seen that the frequency responses differ quite clearly between the acoustic path and the two transmission systems – not a major surprise given that both transmission systems were neither equalized nor optimized in any way. It can also be observed though, that the differences between the frequency responses to the left and right ear show the impact of having a multichannel transmission compared to a single channel transmission. This is particularly visible in Figure 5, where the acoustic recording (left subfigure) has a clear difference between the two ears: The listener is to the right of the talker, thus the amplitude of the frequency response to the left ear is higher than to the right ear. This feature is almost completely gone for the mono system (middle subfigure) where the two frequency responses are almost identical. The stereo system (right subfigure) is capable of reproducing this difference to some degree – even though the differences are not as nicely distributed across the entire frequency range as they are for the acoustic recording.
Since this difference between the frequency responses to the left and right ear is the main carrier of spatial information, the inter-aural difference between the frequency responses is depicted in Figure 8, Figure 9 and Figure 10 for the three transfer paths. In all figures, the left subfigure contains the interaural frequency response difference for the mono system in blue and the interaural frequency response difference for the original, acoustic scene in orange. Correspondingly, the right subfigure contains the same information for the stereo system in comparison to the original, acoustic scene.
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[bookmark: _Ref62629885]Figure 8: ILDs for A1 to B1 (relative position: listener to the right of the talker) – left: Original vs. Mono, right: Original vs. Stereo
The first transfer path from A1 to B1 has the strongest differences with an average difference between the two sides of 4.76 dB. In particular for higher frequencies, there is a pronounced difference between the frequency response to the left ear and to the right ear. Looking at the two transmission systems, there is almost no average difference for the mono system while the stereo system maintains a difference between the left and right side that is on average slightly smaller than the original transfer path at 3.11 dB. Even the shape of the interaural frequency response difference is similar to the original scene: smaller difference for lower frequencies, higher difference for higher frequencies.
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[bookmark: _Ref62629887]Figure 9: ILDs for A2 to B2 (relative position: listener opposite to the talker) – left: Original vs. Mono, right: Original vs. Stereo
The second transfer path has no major differences between the left and right frequency response in the original scene with an average of 0.00 dB – there are some differences in individual frequency bands but no systematic trend visible. Note that even though the talker and the listener are on opposite sides of the table, the entire acoustic scene is not completely symmetrical due to the room not being symmetrical around the table.
This situation is the only case for which the mono system outperforms the stereo system: The mono system is not capable of transmitting spatial information in a controlled manner and closely matches the original acoustic scene mostly due to the inherent symmetries of the setup. There are some differences visible for the stereo system but overall, the curves are still quite similar.
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[bookmark: _Ref62629888]Figure 10: ILDs for A2 to B3 (relative position: listener slightly to the left of the talker) – left: Original vs. Mono, right: Original vs. Stereo
The final transfer path is from A2 to B3, the average value for the interaural frequency response difference in this case is -0.75 dB. The negative sign indicates that the amplitude of the frequency response to the right ear is larger than that to the left ear which matches the setup as the listener is slightly to the left of the talker.
The mono system does not match the original scene very well in this case. The difference is systematically too large and the average value for the difference that should be a small negative value is actually 2.78 dB. The stereo system closely matches the original scene very well in many frequency bands and the average value of -1.18 dB is also quite close to the original scene.
Conclusions
An example for a possible reference scenario for an immersive communication system was presented in an earlier contribution. Two simplified communication systems were used in this contribution to evaluate if an analysis of the binaural frequency responses of a communication system is capable of assessing its quality. 
The two simplified communication systems are a mono and a stereo transmission that are used for three different paths in the conferencing setup. These three paths cover the three possible relations between talker and listener that are possible in this setup.
A comparison of the interaural frequency response differences for the original scene and for the two transmission systems shows that such an analysis is capable of assessing the performance of a communication system with respect to basic spatial properties. The next steps should try to identify which criterion is most suitable for this assessment task. This could, e.g., include repeating the investigation with other systems to get more insight. A first step might be to equalize the loudspeakers in the two simplified setups and analyze if this makes the frequency responses more similar.
It is not yet possible to derive performance criteria from the analysis of the simplified systems, but a similar analysis of the performance of realistic systems (once they are available) might help in identifying these criteria.
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