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1	Introduction
This contribution is a companion paper to [1] that describes the channel models evaluated in that document. The models described herein are:
· CDL-A (baseline)
· Single Cluster
· 10 dB Truncated
· ASA=0
· Modified Zero ASA
· 10 dB Truncated + Modified Zero ASA
These models are derived from [2]. Performance of these models using certain statistical measures is described in [1].
2	CDL Models from TR 38.901
The general model described in [2] is a system level model, meant for large scale system simulations for evaluating overall system capacity. In this model, a large number of random parameters are evaluated to produce a channel model for an individual link between a BS and MS; this is known as a “drop”. In system simulations, many drops are created.
The document also describes a handful of specific drops for calibration purposes. These are the clustered delay-line (CDL) models A through E described in Section 7.7.1. Each model is specified by a set of large-scale parameters that represent five environment instances.
The mathematical form of the model is known as a “sum of rays”, or “ray-based” model; also as a “geometric-stochastic” channel model. This is because at the heart is a summation of rays departing from a transmitter, bouncing off some reflectors and arriving at a receiver. The rays are modelled as departing with individual angles of departure and arriving with individual angles of arrival, all specified by the mean angle of departure, mean angle of arrival, and angular spreads of arrival and departure. The spatial distribution follows the description in Table 7.5-3 and accompanying text, which is known as a “discrete Laplacian” distribution. Each cluster is modelled this way, a cluster being a set of rays with the same excess delay and directional properties. People have agreed that twenty rays per cluster are sufficient in the model as far back as the original SCM [3].
To implement the CDL models, one follows the development in Section 7.5 of [2], substituting the values from the CDL tables for the random values. For instance, in Step 5, a set of random excess delays for clusters are generated. To implement a CDL, the excess delays from the appropriate table in 7.7.1 are used. The same goes for cluster powers (Step 6), angles of arrival and departure (Step 7) and all parameters encountered in 7.5, with the exception of initial random phases (Step 10). These initial phases are the only randomness in a CDL channel model.
To generate channel samples, we evaluate equations listed in Step 11. The overall equation is shown in 7.5-27, but it is made up of several parts that have this form (Eq. 7.5-28):


[bookmark: ZEqnNum506127]		
This is the expression for a single ray m within a single cluster n, for gNB antenna s and UE antenna u and applies to a NLOS cluster, and yields the value of the channel for the set of indices (u, s, n, m). LOS clusters are a special case version of the same equation.
Crucial parts of the channel model are the antenna arrays of the transmitter and receiver. These are not discussed here, as they are described in sufficient detail within [1].
3	The Models
3.1	Baseline Model CDL-A
The parameters defining CDL-A are repeated below for ease of discussion. The delays are normalized such that the RMS delay spread of the model is 1. To obtain a desired RMS delay spread, we simply multiply each delay by that delay spread and the resulting model has that delay spread. For simulation purposes, the resulting delays are not rounded to a particular sampling interval.
Table 1. Baseline CDL-A model parameters.
	Cluster #
	Normalized delay
	Power in [dB]
	AOD in [°]
	AOA in [°]
	ZOD in [°]
	ZOA in [°]

	1
	0.0000
	-13.4
	-178.1
	51.3
	50.2
	125.4

	2
	0.3819
	0
	-4.2
	-152.7
	93.2
	91.3

	3
	0.4025
	-2.2
	-4.2
	-152.7
	93.2
	91.3

	4
	0.5868
	-4
	-4.2
	-152.7
	93.2
	91.3

	5
	0.4610
	-6
	90.2
	76.6
	122
	94

	6
	0.5375
	-8.2
	90.2
	76.6
	122
	94

	7
	0.6708
	-9.9
	90.2
	76.6
	122
	94

	8
	0.5750
	-10.5
	121.5
	-1.8
	150.2
	47.1

	9
	0.7618
	-7.5
	-81.7
	-41.9
	55.2
	56

	10
	1.5375
	-15.9
	158.4
	94.2
	26.4
	30.1

	11
	1.8978
	-6.6
	-83
	51.9
	126.4
	58.8

	12
	2.2242
	-16.7
	134.8
	-115.9
	171.6
	26

	13
	2.1718
	-12.4
	-153
	26.6
	151.4
	49.2

	14
	2.4942
	-15.2
	-172
	76.6
	157.2
	143.1

	15
	2.5119
	-10.8
	-129.9
	-7
	47.2
	117.4

	16
	3.0582
	-11.3
	-136
	-23
	40.4
	122.7

	17
	4.0810
	-12.7
	165.4
	-47.2
	43.3
	123.2

	18
	4.4579
	-16.2
	148.4
	110.4
	161.8
	32.6

	19
	4.5695
	-18.3
	132.7
	144.5
	10.8
	27.2

	20
	4.7966
	-18.9
	-118.6
	155.3
	16.7
	15.2

	21
	5.0066
	-16.6
	-154.1
	102
	171.7
	146

	22
	5.3043
	-19.9
	126.5
	-151.8
	22.7
	150.7

	23
	9.6586
	-29.7
	-56.2
	55.2
	144.9
	156.1

	Per-Cluster Parameters

	Parameter
	cASD in [°]
	cASA in [°]
	cZSD in [°]
	cZSA in [°]
	XPR in [dB]

	Value
	5
	11
	3
	3
	10



3.2	Single Cluster Model
It is important to see what the effect of an OTA model consisting of a single cluster would be on the results. Perhaps the results would be good? If so, we could focus on creating a system which required only a single, well-simulated cluster (that is, one in which the angular spread was accurately modelled). This did not turn out to be the case. At any rate, the single cluster model consists of taking the angular parameters from CDL-A Cluster 1. The power is set to zero dB.
3.3	Truncated Model
For the truncated model, clusters whose power was within 10 dB of the cluster with the highest power were selected for the model; all other clusters are deleted. The choice of 10 dB is somewhat arbitrary, but in this case yields a total of four clusters with unique directional parameters. These are highlighted in color in the table below. The four clusters that remain in this model are assumed to have the angular spread accurately simulated.
It’s worth a small aside to talk about what constitutes a “cluster”. In [2], when a CDL model is generated (Section 7.5), the two strongest clusters are spread in delay to three “sub-clusters”. These sub-clusters will have identical directional parameters as the original cluster, but will have different excess delays, as specified by (7.5-26). This is carried over to the CDL models in 7.7.1, where one can see that rows 2-4 and 5-7 have the same directional parameters. This model was created with sub-clusters in mind.
[bookmark: _GoBack]The difference between the methodology in Section 7.5 and the CDL models is that the sub-clusters use a number of rays defined according to Table 7.5-5, which one might recognize as how sub-clusters were defined for SCME [4]. On the other hand, instructions for generating channel samples from the CDL tables explicitly state that all clusters are to be treated as “weaker clusters” and are not split into further sub-clusters (see Step 4).
Table 2. Color-highlighted rows are clusters included in the truncated model.
	Cluster #
	Normalized delay
	Power in [dB]
	AOD in [°]
	AOA in [°]
	ZOD in [°]
	ZOA in [°]

	1
	0.0000
	-13.4
	-178.1
	51.3
	50.2
	125.4

	2
	0.3819
	0
	-4.2
	-152.7
	93.2
	91.3

	3
	0.4025
	-2.2
	-4.2
	-152.7
	93.2
	91.3

	4
	0.5868
	-4
	-4.2
	-152.7
	93.2
	91.3

	5
	0.4610
	-6
	90.2
	76.6
	122
	94

	6
	0.5375
	-8.2
	90.2
	76.6
	122
	94

	7
	0.6708
	-9.9
	90.2
	76.6
	122
	94

	8
	0.5750
	-10.5
	121.5
	-1.8
	150.2
	47.1

	9
	0.7618
	-7.5
	-81.7
	-41.9
	55.2
	56

	10
	1.5375
	-15.9
	158.4
	94.2
	26.4
	30.1

	11
	1.8978
	-6.6
	-83
	51.9
	126.4
	58.8

	12
	2.2242
	-16.7
	134.8
	-115.9
	171.6
	26

	13
	2.1718
	-12.4
	-153
	26.6
	151.4
	49.2

	14
	2.4942
	-15.2
	-172
	76.6
	157.2
	143.1

	15
	2.5119
	-10.8
	-129.9
	-7
	47.2
	117.4

	16
	3.0582
	-11.3
	-136
	-23
	40.4
	122.7

	17
	4.0810
	-12.7
	165.4
	-47.2
	43.3
	123.2

	18
	4.4579
	-16.2
	148.4
	110.4
	161.8
	32.6

	19
	4.5695
	-18.3
	132.7
	144.5
	10.8
	27.2

	20
	4.7966
	-18.9
	-118.6
	155.3
	16.7
	15.2

	21
	5.0066
	-16.6
	-154.1
	102
	171.7
	146

	22
	5.3043
	-19.9
	126.5
	-151.8
	22.7
	150.7

	23
	9.6586
	-29.7
	-56.2
	55.2
	144.9
	156.1

	Per-Cluster Parameters

	Parameter
	cASD in [°]
	cASA in [°]
	cZSD in [°]
	cZSA in [°]
	XPR in [dB]

	Value
	5
	11
	3
	3
	10



3.4	ASA=0

For this model, we use the CDL-A parameters from the table except that we set the arrival angular spread parameters to zero. That is, . The values are normally 11 and 3 degrees, as shown in the last row of the table. The model contains the same number of clusters as the baseline CDL-A.
This could be very attractive from an implementation standpoint, because creating a two-dimensional angular spread in a chamber takes many antennas. The problem with this model is that simply setting the ASA and ZSA parameters to zero causes the angle of arrival of each ray in the ray-based model to become equal to the mean angle of arrival. It’s a bit difficult to see from Eq. , but this causes the Doppler spread within a cluster collapses to a single value. Equation 7.5-25 of [2], repeated below, shows this:

	 	



The term  is the spherical unit vector ([2], Eq. 7.5-23) and varies with ray index, m. If the arrival angular spreads are set to zero, then  is the same value for all m, hence  is the same for all m, leading to identical Doppler shifts for each cluster. So instead of Rayleigh fading, each cluster contributes a pure Doppler shift.
The resulting model is not realistic, but represents one possibility for model simplification where each cluster is represented by a single antenna. The results show the difference in statistics clearly.
Figures 1 and 2 show the expected Doppler spectra for the ASA=0 and the baseline CDL-A models, color-coded by cluster. Figure 1 clearly shows a single Doppler component for each cluster, while Figure 2 shows the normal Doppler spectra. Each cluster has a tone per ray, totalling 20 impulses per cluster.
[image: ]
[bookmark: _Ref489016766]Figure 1. Doppler spectrum for the ASA=0 model; UE moving directly away from eNodeB.
[image: ]
[bookmark: _Ref489016807]Figure 2. Doppler spectrum for the baseline CDL-A model; UE moving directly away from eNodeB.
3.5 Modified Zero ASA
Because of the issue with Rayleigh fading in the ASA=0 model, some new thinking was required. The goal is to model a situation where the reflectors represented in a channel model appear to originate from a single direction, not a spread of directions as dictated by the Laplacian angular distribution ([2], Table 7.5-3). But simply setting angular spread to zero doesn’t preserve Doppler or Rayleigh fading.
Instead, consider what can be emitted by a probe antenna connected to a single channel emulator port. The emulator cannot, with a single port, reproduce the Laplacian angular spread, but it can reproduce the fading. To simulate this as a signal being transmitted from an antenna, there needs to be a slight modification to the equation used to generate channel samples.
Consider again Eq. , repeated below with some color highlighting:

	 	
For this model, as can be seen, the red terms define the arrival angles (azimuth and zenith), and depend on the ray index, m, which embodies the discrete Laplacian angular spectrum, with a mean equal to the mean angles of arrival. The modified model replaces the angle for each ray with the mean angle of arrival for the cluster. All rays still exist, it’s just that for the red terms, their values are identical within a cluster.
The blue term is in the time-varying part of the model, and we preserve the discrete Laplacian angular values, which will yield the proper Rayleigh fading and Doppler spectrum (as in Figure 2).
The bottom line is that this model preserves the fading and the mean angles of arrival. The spatial characteristics are very close, but the angular spread is reduced to zero. Using this model, we can say that it allows each cluster to be represented by a single OTA chamber antenna.
3.6	Truncated + Modified Zero ASA
After simulation results looked positive for both the truncated model and the modified zero ASA model, plus the fact that these aspects can be combined without conflict, it seemed reasonable to combine these aspects into a single model. Results for this combination are presented in [1].
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