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1	Introduction
This contribution continues to address the two highlighted items related to the NR Testability SI [1] OTA testing methodology. Specifically,
· For UE demodulation testing methodology
· Define the baseline measurement setup
· Define how to model propagation conditions between the DUT and the emulated gNB sources
· Define the measurement uncertainty budget and related test tolerances for the baseline setup
· For any alternate method(s) identified, verify equivalence per agreed criteria and quantify impact on the measurement uncertainty budget
2	Motivation
In [2], the complexity of a direct implementation of the 3GPP 3-D channel models [3] using the MPAC methodology [4] was considered and found to be extremely high. This is due to the difficult task this methodology has in reproducing the Laplacian angular spread of a cluster. It could potentially be implemented using a sectorized approach [5], but would still require many antennas per cluster. Some ways of simplifying the model were considered, but no evaluation of the effect of simplifications was presented.
In [6], the SS-MPAC (“simplified sectorized”) methodology was described. New metrics for evaluating the effectiveness of various strategies for using multiple probe antennas were defined and evaluated in the context of the SS-MPAC [7], [8]. The papers describe a general methodology involving a large array of antennas but it is not firm how these antennas would be employed to produce clusters.
In [9], the authors offered various ways to reduce model complexity by truncating clusters. There were no quantitative measures of the effects of the reductions, but some of these ideas informed the model reduction methods employed in this paper.
For this paper, the two chief goals are
1. To determine the effect of reducing the number of clusters represented in a model
2. To determine if representing a cluster by a single antenna (with no angular spread) is a simplification worth pursuing
To these ends, we present some quantitative comparisons between one of the ideal 3-D channel models (CDL-A) and a set of simplified models based on this model, described in a companion paper [10]. The models are compared to see how the model reduction strategies impact measured performance. The comparisons are made on the basis of MIMO channel capacity and condition number, the details and motivation of which can be found in another companion paper [11].
3	Simulation Conditions
The starting point for channel models are the clustered delay line models of [3]. These models and the modifications and simplifications discussed herein are described in a companion document [10]. The original plan was to evaluate both CDL-A, which is an NLOS model and CDL-D, an LOS model. However, the work ended up focusing on simplifications of CDL-A. Investigation of CDL-D is FFS.
Since the primary goal of the simulation is to evaluate differences in spatial characteristics between the ideal model and various reduced models, we will concentrate on model parameters that impact spatial characteristics:
· 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.
3.1	Antenna Models
For simplicity, the baseline gNodeB array is selected to be an 8x4 rectangular array of cross-polarized pairs (“8x4x2” in the terminology of[13]), rotated +/– 45 degrees with a 0.5 wavelength spacing. We assume that there are 64 TXRUs, consistent with a description in [12]. 
The UE array is selected to be a 2x2 panel of cross-polarized pairs, oriented 0 and 90 degrees, with 0.5 wavelength separation between the pairs. Both arrays assume ideal dipole responses as a baseline.


Figure 1. Antenna arrays used in the simulations.
A point should be made about the polarizations. The cross-polarized pairs in the arrays shown in [12] are both oriented as 0 and 90 degrees. Here, however, we orient the pairs on the gNodeB array at +/–45 degrees as assumed in the 8-antenna LTE model, and 0/90 degrees for the UE. The main reason for this choice was to permit better coupling between the gNodeB and UE arrays. In reality, the orientation of the UE array can be arbitrary and unpredictable. Further study using multiple orientations of the UE array is necessary to understand the impact polarization has on reduced complexity models.
3.2	Propagation Models
As already stated, the CDL-A model is the focus of this contribution, with five different modifications. The details of the reduced channel models are described in [10]; a summary table is provided below for easy reference.
	Channel model labeling
	Conditions

	CDL-A Baseline
	Ideal implementation from [3]

	CDL-A-ASA=0
	
Set arrival angular spreads to zero for azimuth and zenith ()

	CDL-A-ModZeroASA
	Modified zero ASA – slight changes to the ray-based model to preserve Doppler spectrum lost in CDL-A-ASA=0

	CDL-A-Truncated-10dB, “Truncated” model
	Truncate all clusters with power lower than 10 dB relative to the maximum (0 dB). Arrival angular spread per [3].

	CDL-A-Truncated-ModZASA
	Like the “truncated” model, but also using the ModZeroASA technique.

	CDL-A “Single Cluster”
	Truncated to cluster 1 of CDL-A only. Arrival angular spread per [3]



3.3 	Metrics
As mentioned in Section 2, comparisons are made on the basis of two metrics:
· MIMO channel capacity
· Ergodic capacity vs. SNR
· Capacity distribution at a specific SNR
· Condition number
· Rank 2
· Rank 4
· Rank 8
The details and motivation are extensively discussed in a companion paper [11].

4	Results
The first set of results are for the ergodic capacity versus SNR (Figure 2). The heavy gray line is the IID capacity curve, plotted for reference. As stated in [11], this is not a bound of any kind, but is simply a reference curve.
The dark blue curve (square symbols) shows the capacity for the baseline CDL-A channel model. The red curve (triangles) shows the “ASA=0” result, while yellow curve (diamond) shows the result for the “modified zero ASA” model. The teal curve (circle) shows the result for the truncated model, the magenta curve (star) is for a combination of truncated and “modified zero ASA”, and the green curve is the result for a single cluster.
The capacity for the ASA=0 case falls higher than that of the baseline. This is interesting, and persisted in the results despite attempts to find errors in the simulation. An explanation for it will be offered in discussion of later graphs.
The modified zero ASA model falls just slightly below that of the baseline result, requiring 0.4 dB higher SNR to achieve the same capacity at 10 dB SNR. This clearly shows that, at least from a capacity standpoint, this model suffers little degradation due to the modification. Recall that with this model, all rays from a single cluster appear to come from a single AOA/ZOA, but fading and Doppler spread are properly modeled.
The truncated model falls lower than the baseline, requiring about 0.8 dB higher SNR. This model contains only four directionally-unique clusters, bolstering the argument that the remaining of the 19 directionally-unique clusters in the baseline model do not contribute so much to the performance (the sparse channel argument).
The fact that the truncated model performance fell so close to the baseline raises the question about how truncation of clusters combined with the modified zero ASA technique would perform. That question is answered in the magenta curve. It does degrade about 0.8 dB from the truncated model.
Observation 1: A model truncated to clusters within 10 dB of the highest power cluster, combined with the modified zero ASA technique shows promise for model complexity reduction.
The single cluster result shows a large degradation in capacity. At 10 dB SNR, the capacity is about 7.5 bps/Hz. If we assume two spatial channels per cluster because of the two polarizations, then four similar clusters should yield four times the capacity or 30 bps/Hz. Yet the truncated model (4 clusters), is capable of about 49 bps/Hz at the same SNR (factor of 6.5). This would seem to indicate that the single cluster has trouble achieving gains due to polarization diversity, much less spatial diversity.
Observation 2: Single cluster OTA model performs poorly.
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[bookmark: _Ref488689249]Figure 2. Ergodic Capacity vs. SNR.
Figure 3 shows the CDFs of the capacity at a 10 dB SNR. The mean values of these CDFs appear in Figure 2 at the 10 dB point with the same color code. We see the baseline CDL (blue) is quite stretched out, covering about a 10-12 dB range. This indicates the random nature of the CDL model, produced by the summation of the rays of different Doppler frequencies within a cluster. Compare this with the ASA=0 model (red), whose CDL is a much steeper transition from zero to one, indicating a much narrower variance in the channel fluctuations. This is chiefly due to the fact that there is no fading on each cluster – instead, each cluster is a single Doppler component, which, in combination with the other clusters is still not Rayleigh in amplitude distribution.
The result for the modified zero ASA model (yellow) falls closely to the baseline result, indicating again the similarity of performance.
The truncated model (teal) shows lower capacity, but the CDF has the same shape as the baseline. This is to be expected since only clusters were truncated – fading and Doppler spread are modeled as defined in the standard. The same can be said of the combined truncation and modified zero ASA result (magenta). Capacity is somewhat degraded, which was observed in Figure 2, but the shape of the CDF is very similar to that of the truncated model and of the baseline.
The single cluster model performance is much lower, as expected. The shape of the CDF seems to fall between the baseline and the ASA=0 case, probably as a result of being a single cluster.
Observation 3. The ASA=0 model shows a very steep capacity CDF, which differs greatly from the baseline, while the truncated, modified zero ASA and combined truncated/ModZeroASA all echo the shape of the baseline curve.
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[bookmark: _Ref488693420]Figure 3. Capacity CDF at 10 dB SNR.
Moving on to Figure 4, we have the CDFs of condition number for rank 2 (top), rank 4 (middle) and rank 8 (bottom). The color coding remains the same as the previous graphs. In addition to curves for the six models, the black curve shows the condition number CDF for the IID case as a reference.
The ASA=0 result shows a steeper CDF, indicating a narrower range of condition numbers created by that channel model. As discussed in the previous results, the shape differs noticeably from the other models.
Interestingly, in the rank 2 case, the baseline and truncated models show condition number CDFs that fall almost exactly on top of each other, similarly the two models using the modified zero ASA technique. This does not hold fully for the rank 4 and rank 8 cases, but all four models show condition number CDFs that keep fairly close to each other. In the rank 8 case, the results of these four models are ordered as (1) baseline, (2) baseline + ModZeroASA; (3) truncated, (4) truncated + ModZeroASA, showing that the truncated model does suffer a worse condition number spectrum as a result of having only four clusters, and likewise, the modified zero ASA technique further increases the condition number distribution.
Probably the most noticeable curve is that for the single cluster case. Even for rank 2, it shows a high average condition number, and it only gets worse with the rank 4 and 8 cases. For these cases, we should just assume the channels are not full rank in practical terms, even if in mathematical terms the condition number is still finite. This is confirmation that using a single cluster is not a viable option for OTA testing with even two spatial layers.
Observation 4. Truncation of clusters and use of the modified zero ASA technique with the generation of channel coefficients can simulate reduced complexity OTA models that can be implemented with a single physical antenna per cluster.
Observation 5: Simplifying a CDL by setting the arrival angular spreads to zero produces conditions that are easily remedied by the modified zero ASA technique, meaning the drawbacks suffered by this simplification need not be accepted.
Observation 6: Single cluster models are unsuitable for OTA testing due to their poor condition number statistics.
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[bookmark: _Ref488694353]Figure 4. Condition number CDFs for rank 2 (top), rank 4 (middle) and rank 8 (bottom).
5	Discussion
The primary goal of this paper is to measure the effects of simplifications of channel models on the capacity and condition number metrics. This is done by simulating the over-the-air channel (propagation and antenna arrays) connecting the “real” eNodeB to the “real” UE. What is not done in this paper is a simulation of an over-the-air measurement environment (i.e., anechoic chamber with probe antennas, measurement volume, etc.).
It must be stated, however, that the general assumption for the OTA methodology is to construct a chamber with probe antennas located at the mean angles of arrival relative to the test volume, thereby “simulating” the angles of arrival by a direct positioning of the probe antennas; the probes would be driven by the outputs from a channel emulator providing the fading and multipath effects on the downlink signal, and providing the mapping to the probes.
Part of the exploration of the various models in this paper is to see what happens with simplifications, but also to find the right simulation conditions. The simplification of reducing the number of clusters is pretty straightforward: select which clusters to keep and simulate the channel that results. Making the cluster angular spread be zero was a bit trickier, and resulted at first in the “ASA=0” model. This turns out to not be a good idea for reasons previously explained.
As a work-around, the “modified zero ASA” idea was conceived. This brings the simulation closer to an OTA chamber implementation where we imagine that, instead of environmental reflectors making up clusters with the perfect Laplacian angular distribution, there are single antennas with a LOS angular distribution, driven by a channel simulation that creates Doppler spread.
Having said all this, of the various candidate reduced models, it appears that truncating clusters that are more than 10 dB lower than the maximum power cluster seems like a good methodology for reducing the number of clusters, at least for the CDL-A model. Clusters described in the CDL model definition table [3] should be coalesced into a set of clusters each of which has unique spatial parameters.
[bookmark: _GoBack]The modified zero ASA technique was useful to simulate the single-antenna cluster to produce a reduction in model complexity without too much of a degradation or distortion in model statistics. This gives encouragement that a single cluster can be implemented in an OTA chamber as a cross-polarized pair of antennas at a single probe location.
The 10 dB criterion produced four unique clusters for CDL-A, which seems like a relatively practical number of probe antennas to have in a chamber. However, the same criterion applied to CDL-B produces 15 unique clusters. In [9], the authors suggest keeping clusters within 9 dB of the strongest cluster as one criterion for simplification; a second idea is to keep clusters that give e.g., 90% of the power. We suggest a third criterion: If we want to support only N probe antennas, then perhaps the criterion should simply be to limit the model to N clusters. This investigation is FFS.
A related observation is that there may be a rank dependence on the number of clusters. CDL-A was reduced to four clusters without too much degradation, but further reductions may produce a severe degradation, leading to the poor performance of the single-cluster model. It may be that four clusters are the minimum number to support up to rank 8 channels. This work is FFS.
It’s worth restating that the results here are for only one of the CDLs in [3]. The other models, especially the LOS models, may show undesirable effects on the model statistics. This is also FFS.
Some preliminary simulations not included here show there is not much difference in the results due to changes in the gNodeB antenna array. However, this is probably not as important as differences in the UE array, since there are many possible UE arrays, and after all, the UE is the device under test. Investigation of the effects with different UE arrays is important to make sure a methodology is developed that can support a wide variety of UE array implementations; this work is FFS.
The relationship of rank with condition number raises another point. If the intention is never to test UEs with more than two spatial streams, it’s very possible that additional model reductions are possible. However, the standard currently being developed promises up to rank 8 transmission to a single UE. It would seem wise to develop an OTA method that supports this maximum rank, otherwise, this activity will need to be done over again for the higher rank case. All the same, the group is asked for their opinion by supporting one of the following proposals:
Proposal 1: The test system needs only support up to rank 2 transmission.
Proposal 2: The test system needs only support up to rank 4 transmission.
Proposal 3: The test system must support up to rank 8 transmission.
Finally, modelling a cluster with a single antenna and thus not modelling, in the OTA chamber, the angular spread specified in the cluster, looks to have a predictable effect on a channel model, allowing a reduced complexity OTA implementation. This looks like a worthwhile idea to pursue, and for this reason, the following proposal is made:
Proposal 4: Further investigation of the viability of using a single dual-polarized (V and H) antenna per cluster is worthwhile and should be pursued.
The group is kindly requested to help prioritize the future investigations:
Proposal 5: Further investigation of the LOS CDL models (e.g., CDL-D) is warranted.
Proposal 6: Further investigation of the channel modelling accuracy dependency on the number of clusters is warranted.
Proposal 7: Further investigation of the channel rank dependence on the number of clusters is warranted.
Proposal 8: Further investigation of the capacity and condition number properties as a function of UE antenna array is warranted.6	Conclusions
Based on all of the above, we summarize the following observations:
Observation 1: A model truncated to clusters within 10 dB of the highest power cluster, combined with the modified zero ASA technique shows promise for model complexity reduction.
Observation 2: Single cluster OTA model performs very poorly.
Observation 3. The ASA=0 model shows a very steep capacity CDF, which differs greatly from the baseline, while the truncated, modified zero ASA and combined truncated/ModZeroASA all echo the baseline’s shape.
Observation 4. Truncation of clusters and use of the modified zero ASA technique with the generation of channel coefficients could produce reduced complexity OTA models that can be implemented with a single physical antenna per cluster.
Observation 5: Simplifying a CDL by setting the arrival angular spreads to zero produces conditions that are easily remedied by another technique, making this idea not as good as others.
Observation 6: Single cluster models are unsuitable for OTA testing due to their poor condition number statistics.
The following proposals are made and the group is asked to help prioritize next steps:
Proposal 1: The test system needs only support up to rank 2 transmission.
Proposal 2: The test system needs only support up to rank 4 transmission.
Proposal 3: The test system must support up to rank 8 transmission.
The primary outcome from this effort is the following recommendation:
Proposal 4: Further investigation of the viability of using a single dual-polarized (V and H) antenna per cluster is worthwhile and should be pursued.
These subsidiary investigations were proposed and the group is asked to endorse their pursuit:
Proposal 5: Further investigation of the LOS CDL models (e.g., CDL-D) is warranted.
Proposal 6: Further investigation of the channel modelling accuracy dependency on the number of clusters is warranted.
Proposal 7: Further investigation of the channel rank dependence on the number of clusters is warranted.
Proposal 8: Further investigation of the capacity and condition number properties as a function of UE antenna array is warranted.
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