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1	Introduction
The idea of using a single probe per cluster for OTA testing holds some promise for reduced complexity OTA methodologies for measuring UE demodulation performance in the millimeter wave bands (FR2). Here, it is further investigated by exploring a different UE antenna model, and for CDL models A-E [1]. An improved Shannon channel capacity metric is used [9]. Both capacity and condition number are statistics are measured for each model, and the modified zero ASA technique is used to simulate the single probe per cluster conditions. Comparisons are made between the ideal channel models, and with the modified zero ASA technique. Results are very positive and suggest the single probe per cluster methodology is a valid method for reducing the complexity of OTA models for FR2.
2	Background
The methodology for OTA testing of demodulation performance for NR devices operating in the millimeter wave band is not settled. Other papers have discussed the complexity of extending the LTE MIMO OTA methodologies [1], offered ways to reduce the complexity [3] [4], and whether the models in TR 38.901 are even appropriate in the intended millimeter wave operating conditions [5].
In [4] and related papers, a method is proposed in which a fairly large antenna array is used to create the illusion of multiple clusters propagating in directions representing the angles of arrival specified in the channel model specification. As part of this methodology, we presume that the Laplacian angular spectrum of each cluster is somehow recreated with some knowable degree of accuracy. Unfortunately, there has not been a complete proposal showing how this would work.
In [3], the question was posed asking what would be lost if, instead of an accurate representation of the Laplacian angular spectrum, all rays in the discrete Laplacian were “collapsed” into a single angle of arrival. This would be implemented by a single OTA probe per cluster (two antennas to recreate polarization effects). The justification was that per cluster angular spreads are rather narrow; additionally, due to beamforming, spatial discrimination of antenna arrays is much narrower than for below 6 GHz bands. Many results were presented, answering “what-if” questions for various candidate techniques for producing reduced-complexity channel models (models described in [6]). It was found that the single probe per cluster methodology, as simulated using the “modified zero ASA” technique, could potentially work.
A drawback of [3] is that it assumed that if a UEs possessed eight antennas, it was therefore capable of receiving eight layers. In fact, UEs were expected to support only two spatial layers, hence a more likely implementation would be two subarrays of four antenna elements each. One outcome from the meeting was the WF agreeing that two layers is the right dimension for the UE receiver [7].
Another drawback was the specific choice of Shannon channel capacity metric. The metric assumed that the channel was known perfectly to the receiver but unknown to the transmitter [8]. A somewhat more complicated metric that assumes the channel is known at the transmitter is believed to be more appropriate for these comparisons. This is described in a companion paper [9].
In this paper, we examine the capacity for the CDLs from [1], using the ideal model, and the single probe per cluster model (“modified zero ASA”) [6]. The UE antenna model is examined and selected; this is described in detail in Section 3.1.
3	Simulation Conditions
Simulation conditions are identical to those described in [3], except as described in the next subsections. To reiterate, the primary goal is to evaluate the effects of spatial conditions and the differences between the ideal and the single probe per cluster methodology. For that reason,
· Fading is modelled, but channel realizations are produced at a sampling rate much slower than the coherence time. This ensures there is no time correlation between realizations, and allows shorter simulation runs.
· Multipath effects are modelled through the power delay profile of the CDL, but capacity and condition number are evaluated at only a single frequency per channel realization, so frequency correlation does not affect the result.
Both fading and multipath are important to overall performance, and any actual implementation of this methodology must provide these effects. Fading and multipath are relatively easy to create using a channel emulator; it’s the spatial effects which are new and difficult at millimeter-wave frequencies.
3.1	UE Antenna Array
As mentioned above, [3] assumed the eight-element UE antenna array could support one layer per antenna, for a total of eight layers. Recognizing that mmWave UEs would operate with two layers raises the question of how to treat the eight antenna elements when computing Shannon channel capacity. If we use all eight antennas in the capacity computation, it produces unrealistically high values: it produces the capacity possible with eight independent antennas, not a group of eight antennas organized as two subarrays.
For this reason, the antenna model for the UE array must be carefully considered. One possibility is to model the UE array as two ideal dipole antennas. But because the two dipoles are close to omnidirectional, this configuration will likely produce high estimates of capacity, as such an array would capture energy from more clusters. Also, it does not correctly represent the spatial discrimination of the UE array.
Another option is to model two 4-element subarrays, such as depicted in [12]. The issue now is that the UE arrays will be steered in some direction, and the channel capacity will depend on this. A simple choice for steering vector is the linear phase progression with uniform taper, as discussed for base station arrays in [13]. 
For this paper, we selected the two dipole array – a simple, cross-polarized pair, as shown in the figure below:


[bookmark: _Ref498678553]Figure 1. UE antenna model for results in this paper: “1x1x2”.
The alternate antenna model, that is, the two 4-element subarrays, is still under investigation. It is planned to bring results for this UE array in the next meeting.
3.2	BS Antenna Array
The BS antenna array used is the same 8x4x2 array as used in [3]. It is reproduced below.


[bookmark: _Ref498678569]Figure 2. BS antenna array used in simulations: “8x4x2”.
A document approved in RAN4 #84bis [13] proposed different array dimensions. We do not disagree with the approved document, but the increased size of the array causes double the simulation time. Since, as seen in [9], the capacity increases uniformly by about 2 bps/Hz as the number of BS antennas doubles, and because the same array is used to produce all results, there is no additional value in using the larger array in these simulations.
3.3	Propagation Models
The baseline propagation models considered in this paper are the CDL A-E models from [1]. Models A, B and C are NLoS models; models D and E are LoS models with a K factor of about 9 dB. These are all the ideal implementations from this TR. We compare each of the ideal forms with their reduced complexity counterparts that use the “modified zero ASA” technique ([6], Section 3.5), which will be referred to simply as “MZA”.
It is worth remembering that the MZA technique is not a new channel model, but simply a way to simulate what is going on in an anechoic environment when a single probe is used to represent a cluster, rather than a re-creation of the discrete Laplacian angular spectrum.
3.4	Metrics
Comparisons are made on the basis of these metrics:
· MIMO channel capacity with the channel unknown at the transmitter [8]
· Ergodic capacity vs. SNR
· MIMO channel capacity with the channel known at the transmitter [9]
· Ergodic capacity vs. SNR
· Capacity distribution at a specific SNR
· Condition number
· Rank 2
4	Results
Results are contained in graphs found in the following figures:
· Figure 3. Comparison of ergodic capacity with different UE antenna array sizes: “2x2x2” vs. “1x1x2”.
· Figure 4. Ergodic capacity results; left figure showing the ideal results, right figure showing results using modified zero ASA.
· Figure 5. Capacity distributions for each CDL in [1], compared with the MZA version of the same model.
· Figure 6. Condition number distributions comparing the ideal CDL model with the MZA version.
4.1	Ergodic Capacity
The first graph is designed to show the difference in capacity that results when changing from the channel dimensions in 64x8 MIMO configuration used in [3] to the 64x2 configuration used in this paper. Figure 3 shows a comparison of all capacity curves for the known channel case. The results fall into two clear groups, indicated by red circles labelled “64x8” and “64x2”. The 64x8 case uses the UE array discussed in [3], which is “2x2x2”.
There are several points to note:
· 64x8
· The LoS models (CDL-D, CDL-E), have much lower capacity than the NLoS models
· The capacity of the NLoS models is spread over a wide range (~12 bps/Hz)
· 64x2 
· The LoS models again have lower capacity than the NLoS models, but not extremely low as in the 64x8 case
· The capacity curves of the NLoS models all lie very close to each other
Of these points, perhaps the easiest to understand is that the LoS models should have a lower overall capacity. LoS conditions have long been known to be difficult for multiple spatial streams; this seems to be born out for large antenna arrays also, requiring SNRs more than 11 dB greater to achieve the same rate.
The NLoS models show an interesting behavior. For the 64x2 case, all curves lie very close to each other, while for the 64x8 case, the curves are spread out. This indicates that operating with only two antennas misses out on much of the differences in spatial diversity of these channels. For 64x8, CDL-A seems to have the most diversity because its capacity is the highest, while CDL-C has the lowest of the three. When operated with only two antennas, the theoretical MIMO system is limited to using only two spatial modes; we can say the capacity is limited by the MIMO dimension, so the spatial differences between the actual channel models have much less impact.
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[bookmark: _Ref498547502][bookmark: _Ref498678580]Figure 3. Comparison of ergodic capacity with different UE antenna array sizes: “2x2x2” vs. “1x1x2”.
We turn now to results comparing the ideal CDL models with their MZA versions. Figure 4 shows ergodic capacity results comparing the ideal models (left side) with the same models using modified zero ASA (right side). In each, there are two groups of results indicated by red ovals. The top group shows results for the known channel (same as in Figure 3) and are marked with circular symbols at each data point, the bottom is for the unknown channel and has no symbols on the curves. The color of each curve for the known vs. unknown channel results are the same for each model. The black curves indicate the respective performance with the IID channel as a reference.
The results for the unknown channel case are provided only for comparison with results in [3]. We will not show results for the unknown channel in any other results.
Starting with the results for the ideal CDLs, we see that NLoS CDLs A-C are fairly close to each other. This is true for both the known and unknown channel case, further indicating the limiting nature of the rank 2 channel.
The two LoS CDLs D and E fall below the NLoS results for both the known and unknown channel cases.
The results for the MZA case appear, at least from these graphs, to be very close to the ideal. In [3], we saw that for CDL-A ideal vs. MZA, there was a small degradation. Comparing with the other CDLs reveals some larger differences, for instance, the CDL-B MZA result does look lower compared to the ideal case.
Unfortunately, this form of graph, while concisely showing a large amount of data, does not make close comparisons between ideal and MZA easy. For this, we turn to the graphs of capacity distribution at a single SNR.
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[bookmark: _Ref498511301][bookmark: _Ref498678589]Figure 4. Ergodic capacity results; left figure showing the ideal results, right figure showing results using modified zero ASA.
4.2	Capacity Distribution at 10 dB SNR
The capacity distributions in Figure 5 show the results for each CDL in the TR, comparing the ideal result with the MZA result. The metric is channel capacity when the channel is known to the transmitter, measured at 10 dB SNR. The lower-right plot contains the results for both CDL-D and E because they are clearly separated.
CDL-A shows an almost exact match of ideal and MZA result. CDL-E MZA results fall next closest to the ideal, followed by CDL-C. All three show pretty much an exact match. CDL-B shows a small degradation (about 0.2 bps/Hz), and CDL-D shows about 0.3 bps/Hz degradation.
Overall, the results are very positive, showing that for this UE antenna array and these models, the degradation in capacity is minimal.
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[bookmark: _Ref498517729][bookmark: _Ref498678600]Figure 5. Capacity distributions for each CDL in [1], compared with the MZA version of the same model.
4.3	Condition Number
The condition number CDFs are presented in Figure 6, with each graph showing the result for the ideal CDL and the CDL with MZA. A curve that is more to the right represents more difficult channel conditions than a curve that is more to the left, because channels with lower condition numbers are easier to correctly demodulate. Again, the lower-right plot contains the results for both CDL-D and E because they are clearly separated.
The match between the ideal and MZA results follows that of the capacity CDFs. CDL-A is the best, followed by CDL-E, then CDL-C. CDL models B and D show a more significant difference between the ideal and MZA versions. The MZA versions show a condition number CDF slightly worse than the ideal model, which likely accounts for the reduced capacity CDFs in Figure 5 for these models.
It is important to note that small differences in the condition number CDF have a proportionally small impact on performance. A large difference, for instance, an order of magnitude, would cause a very large performance difference, potentially forcing a receiver to use rank 1 much more often than rank 2 transmission.
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[bookmark: _Ref498523914][bookmark: _Ref498678605]Figure 6. Condition number distributions comparing the ideal CDL model with the MZA version.

5	Discussion
The simulation results for the single probe per cluster methodology look remarkably good. In three cases, both NLoS and LoS, the difference between the ideal and the MZA versions were almost negligible, and the other two cases were very close. This was borne out for channel capacity and the condition number CDFs.
Observation 1: The difference in modelling performance is small, weighted against a large reduction in complexity.
Switching to a smaller UE antenna array has produced more realistic capacity bounds, and the MZA technique has held up in this change. In fact, looking back at the condition number results for the rank 2 case in [3], the ideal CDL-A and MZA versions suggested this could happen.
Observation 2: With the different UE antenna model, the complexity reduction is still valid.
Expanding the study to investigate all the CDLs defined in [1], it appears that the MZA technique produces fairly consistent effects; mainly, a small reduction in capacity, which is correlated with a small increase in the condition number CDF. However, as pointed out in other papers, the CDL models in [1] are viewed by some to be inappropriate for millimeter-wave environments because they offer too much spatial diversity [5]. Unfortunately, we can analyze no better alternative at this time.
Observation 3: With the additional CDL models, complexity reduction is still valid.
Observation 4: This study may be biased by the CDL models of [1], but there are no better alternatives at this time.
The work to date has shown that using a single probe per cluster, which creates a line-of-sight to the UE under test, can serve as a valid approximation to the discrete Laplacian angular spectrum. The complexity in comparison to methodologies employing multiple antenna probes to recreate the discrete Laplacian might be orders of magnitude lower. It also enjoys the freedom of placing probes nearly anywhere on the sphere, allowing complete spatial representation of currently-accepted channel models.
Proposal 1: The single probe per cluster methodology should be allowed and incorporated into the baseline demodulation test system.
Having said this, there is still room for more investigation. We propose to continue to study at least the two-subarray configuration described in Section 3.1. Other array configurations are also possible; participants are asked for their recommendations.
Proposal 2: Study should continue using different multi-antenna UE arrays.
6	Conclusion
The following observations were made:
Observation 1: The difference in modelling performance is small, weighted against a large reduction in complexity.
Observation 2: With the different UE antenna model, the complexity reduction is still valid.
Observation 3: With the additional CDL models, complexity reduction is still valid.
Observation 4: This study may be biased by the CDL models of [1], but there are no better alternatives at this time.
The following proposal was made:
Proposal 1: The single probe per cluster methodology should be allowed and incorporated into the baseline demodulation test system.
Proposal 2: Study should continue using different multi-antenna UE arrays.
We ask the group for endorsement of these proposals.
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